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In Het Heelal

In het heelal is altijd wat te doen.
Sterren, planeten razen door elkaar
en moeten in banen worden geleid.

Melkwegstelsels in kaart gebracht
en onderhouden, clusters uiteen
gerafeld. Altijd druk, altijd druk.

En dan die reizigers,
altijd hun geliefdes kwijt, altijd weer.
Kosmische stormen trotserend
zweven zij die grote ruimte in
en vereenzamen.

Er valt gelukkig ook te lachen.
Lekker ineens verdwijnen
in zo’n sympathiek zwart gat;
eeuwig geborgen. Maar dan:

Een twee drie supernova hoepla,
daar ben ik weer.
Dáág.

Ruben van Gogh
(Uit: De Man van Taal, Prometheus, 1996)
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Nederlandse Samenvatting

Nederlandse Samenvatting

1 Een oude wetenschap

De sterrenkunde is wellicht de oudste wetenschap die
de mens bedrijft. Ook al beschikken we in deze mo-
derne tijd over geavanceerde technologieën, methodes
en theorieën, we kijken nog steeds met dezelfde ver-
wondering en verbazing naar het heelal als onze ja-
gende voorouders tijdens de donkere prehistorische nach-
ten. De essentie van de astronomie is tijdloos. Het is
een kwestie van goed observeren en proberen te begrij-
pen wat er zich in het universum afspeelt. We kunnen
immers niet naar de sterren zelf reizen en ermee expe-
rimenteren.

Zo’n 6500 jaar geleden bouwde men al graftombes
in de richting waar heldere sterren aan de horizon op-
kwamen en weer ondergingen. De eerste stenen van
Stonehenge, niets meer of minder dan een prehistori-
sche sterrewacht, werden 4600 jaar geleden opgericht.
In dezelfde periode werden ook de grote pyramides van
Gizeh met een astronomische precisie gebouwd. De
eerste astronomische aantekeningen werden gemaakt
door de Babyloniërs in spijkerschrift op kleitabletten,
zo’n 3500 jaar geleden. Deze aantekeningen beschrij-
ven een methode waarmee de verschijningen van de
morgen- en avondster bepaald konden worden. Vragen
omtrent de oorsprong en aard van zon, maan, planeten,
sterren en kometen hadden een zuiver religieus karak-
ter. Een onverwachte zons- of maansverduistering was
dan ook altijd goed voor een kleine volkshysterie. In
deze situatie is gedurende millennia weinig veranderd.
De beschrijving van de sterrenhemel en haar regelma-
tige beweging werd echter steeds verder verfijnd. Uit-
eindelijk bracht het nauwkeurig navigeren op de ster-
ren ons tot in Indië, wat bijdroeg aan een geslaagde
Gouden Eeuw.

Echter, het beschrijven en begrijpen van de com-
plexe bewegingen van de ‘dwaalsterren’ (planeten) ten
opzichte van de vaste sterren was minder succesvol.
De vooruitgang hierin werd voornamelijk gefrustreerd
door filosofische en kerkelijke dogma’s die voorschre-
ven dat de mensheid wel zó belangrijk was dat alles let-

terlijk om de aarde en voornamelijk om de kerk draaide.
Kortom, de aarde werd lange tijd gezien als het schitte-
rende centrum van het heelal en de zon, maan en ster-
ren vormden een hemels aureool.

Het was Copernicus die in 1543 voor een door-
braak zorgde door een theorie te ontwikkelen waarin
niet langer de aarde het middelpunt van het heelal was.
Deze theorie werd enige tijd als zuiver hypothetischbe-
schouwd, maar toen Galileo Galilei en enkele tijdge-
noten zo rond 1610 de eerste teleskoopjes op de maan
en de planeten richtten ging er een wereld voor hen
open. De aarde bleek inderdaad niet het centrum van
het heelal te zijn maar rustig haar rondjes te draaien om
de zon. Dit gold ook voor de ‘dwaalsterren’ die geen
sterren maar komplete werelden op zich bleken te zijn
met hun eigen wolken en maantjes. Deze nieuwe be-
vindingen werden door de oppermachtige kerk als ket-
terij van de hand gedaan, iets waartegen Galileo zich
tot na zijn dood heldhaftig heeft verzet1. Het heeft
toen nog zo’n 75 jaar geduurd voordat Isaac Newton
zijn gravitatietheorie publiceerde waardoor het moge-
lijk werd om exact tevoorspellenwaar en wanneer bij-
voorbeeld een zonsverduistering zou plaats vinden. Na
vele millennia overgeleverd te zijn geweest aan de gril-
len van ondoorgrondelijke hemelgoden, ontstond tegen
het einde van de 17e eeuw het beeld van een mecha-
nisch en voorspelbaar heelal waarin alles zijn plaats
had.

We hadden nu weliswaar een beter begrip gekre-
gen van de structuur en bewegingen in ons zonnestel-
sel maar hoe zat het met die schijnbaar eindeloze zee
van sterretjes? Hoe ver weg staan de sterren en wat is
hun verdeling in het heelal? In de 18e eeuw werden er
steeds grotere teleskopen gebouwd waarmee het aan-
tal sterren in verschillende richtingen werd geteld en
nauwkeurig in kaart gebracht. Het bleek dat de lich-
tende band die we de Melkweg noemen in feite een
enorme verzameling van ontelbare zwakke sterretjes is.

1Volgens een legende zou zijn grafschrift luiden:
"Eppur si muove!" (En toch beweegt zij!)
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Het werd ook duidelijk dat de sterren ten opzichte van
elkaar bewegen, zij het heel erg langzaam.

Behalve sterren en planeten had men ook wazige
neveltjes waargenomen waar men tot het midden van
de 18e eeuw slechts weinig aandacht aan schonk. In
1780 waren er zo’n 90 bekend. In de daaropvolgende
20 jaar heeft Herschel door middel van een systemati-
sche zoektocht met zijn
ongeëvenaarde teleskoop een katalogus van maar liefst
2500 nevels samengesteld. Het verband tussen deze
nevels en de talloze sterren die de Melkweg vormen
was echter volledig onbekend.

De uitvinding van de fotografie en spectroscopie
in de 19e eeuw veroorzaakten een ware revolutie in de
astronomie. Men ondekte dat de sterren, net als onze
zon, gigantische lichtgevende gasbollen zijn. Het be-
palen van de afstanden tussen de sterren werd echter
bemoeilijkt toen bleek dat niet alle sterren evenveel
licht uitstralen. Heldere sterren staan dus niet per se
dichterbij dan zwakke sterretjes. Bovendien bleek dat
er zich enorme stofwolken tussen de sterren bevinden
die het licht van daarachter gelegen sterren verzwak-
ken en het zicht op ver afgelegen gebieden ontnemen.
Na uitgebreide studies van de verdeling en bewegingen
van sterren door onder anderen de Groningse astrono-
men Kapteyn en Van Rhijn, ontstond in de jaren 20
het idee dat de Melkweg een sterk afgeplatte bol moest
zijn die om zijn as draait. Rond diezelfetijd ontdekte
Leavitt dat een speciaal soort sterren allemaal even-
veel licht uitstralen. Dankzij haar ontdekking kon men
een verbeterde relatieve afstandsschaal voor deze soort
sterren binnen de Melkweg bepalen. Hieruit volgde
dat de Melkweg veel groter was dan men aanvankelijk
vermoedde en meer lijkt op een ronddraaiende dunne
schijf dan op een afgeplatte bol.

Spectroscopische studies van de eerder genoemde
nevels toonden aan dat er voornamelijk twee soorten
bestaan. De ene soort is groenachtig en lijkt te bestaan
uit lichtgevende gaswolken. De wittige kleur van de
andere soort nevels leek meer op de gemiddelde kleur
van de sterren. In 1924 lukte het om afzonderlijke ster-
retjes in deze witte neveltjes te fotograferen. Dit leidde
tot de conclusie dat onze Melkweg niet het enige stelsel
van sterren in het heelal is maar dat er nog talloze an-
dere sterrenstelsels bestaan ver buiten de grenzen van
onze Melkweg. Men schat nu dat er honderden miljar-
den sterrenstelsels zijn, elk bestaande uit tien tot dui-
zend miljard sterren. Onze zon bevindt zich in de bui-
tendelen van de roterende Melkwegschijf en met een
snelheid van 220 km/s doet zij er zo’n 200 miljoen jaar
over om 1 rondje te maken. Ze heeft er inmiddels al
zo’n 25 rondjes op zitten sinds haar ontstaan.

In 1929 ontdekte Hubble dat nagenoeg alle sterren-
stelsels zich van de Melkweg af bewegen en dat deze
snelheid toeneemt naarmate een sterrenstelsel verder
weg staat. Deze uitdijing van het heelal wordt tegen-

5000 km/s

10000 km/s

15000 km/s

Melkweg

Vluchtsnelheid

Figuur 1: Een doorsnede van een gedeelte van het
heelal ver buiten onze Melkweg. Ieder puntje corre-
spondeert met de positie van een sterrenstelsel. Het is
duidelijk dat de sterrenstelsels niet regelmatig verdeeld
zijn maar samenklonteren in groepen en langs filamen-
ten. Onze Melkweg bevindt zich onderaan in de hoek.
(overgenomen uit de Lapparentet al, 1986, ApJ, 302,
L1)

woordig ook wel de Hubble-expansie genoemd. Door
nu deze zogenaamde vluchtsnelheid van een sterren-
stelsel te meten kon men dus grofweg schatten hoe ver
een sterrenstelsel van de Melkweg vandaan staat. Op
die manier kon men de ruimtelijke verdeling van de
sterrenstelsels in kaart brengen. Deze kosmische kar-
tografie kwam slechts langzaam op gang maar dankzij
grote moderne teleskopen en efficiënte digitale technie-
ken heeft men sinds het begin van de jaren 80 al vele
miljoenen sterrenstelsels in kaart gebracht. Op deze
kaarten kunnen we zien dat de sterrenstelsels zich groe-
peren langs gigantische filamenten en muren (zie figuur
1). Er blijken ook enorme gebieden te bestaan waar
zich nauwelijks sterrenstelsels bevinden. Het heelal
lijkt, op de allergrootste schaal, een soort spons-structuur
te bezitten.

Veel sterrenstelsels staan dicht bij elkaar in zoge-
naamde clusters. De sterrenstelsels in deze clusters
worden bijeen gehouden door hun onderlinge zwaar-
tekracht en bewegen kris-kras door elkaar. De snel-
heid van deze bewegingen hangt af van de hoeveelheid
massa in de cluster; hoe meer massa, des te sterker de
zwaartekracht en des te sneller de sterrenstelsels zullen
bewegen. Zwicky ontdekte in 1933 dat de sterrenstel-
sels in zo’n cluster veel sneller door elkaar bewegen
dan men op grond van de hoeveelheid licht en de daar-
uit afgeleide hoeveelheid massa zou voorspellen. Men
moest dus wel concluderen dat er een grote hoeveel-
heid Donkere Materie is die we niet kunnen zien maar
die zich wel indirekt verraadt door de zwaartekracht die
ze uitoefent op de sterrenstelsels in de cluster. In som-
mige clusters is er meer dan honderd maal zoveel Don-
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kere Materie als zichtbare materie. De zwaartekracht
van de Donkere Materie speelt dus een dominante rol
in het heelal. De exacte verdeling en samenstelling van
deze Donkere Materie is tot op de dag van vandaag nog
onbekend.

De ontdekking van de Hubble-expansie heeft ver-
gaande implicaties. Het feit dat alle stelsels zich van
elkaar vandaan bewegen betekent dat ze vroeger dich-
ter bij elkaar stonden. Zo’n 15 miljard jaar geleden
moeten alle sterrenstelsels zich op nagenoeg één punt
hebben bevonden. Alle materie in het heelal was toen
dicht op elkaar gepakt en gasvormig door de extreem
hoge temperatuur. De materie bestond toen alleen nog
maar uit waterstof, helium en grote hoeveelheden Don-
kere Materie. Er bestonden nog geen sterren of plane-
ten. Deze extreme situatie was het gevolg van een al-
lesomvattende explosie, de Big Bang, welke een felle
hoeveelheid licht uitstraalde. Het overblijfsel van deze
felle lichtgloed kunnen we nu, 15 miljard jaar later, nog
steeds meten en werd voor het eerst waargenomen in
1965 door Penzias en Wilson. Het opmerkelijke aan
deze zogenaamde kosmische achtergrondstraling is dat
de gemeten temperatuurverschillen uiterst klein zijn,
slechts 1:100000. Dit impliceert dat de materie bijzon-
der gelijkmatig verdeeld was in het jonge heelal.

Een van de belangrijkste vraagstukken in de mo-
derne astronomie is dan ook hoe de sterrenstelsels en
de enorme clusters, filamenten en muren waarin zij zich
nu bevinden zijn gevormd uit de eens zo egale verde-
ling van het waterstof- en heliumgas. Wellicht duizen-
den astronomen over de hele wereld werken aan de op-
lossing van dit geweldig complexe probleem, ieder met
een eigen benaderingswijze van een bepaald deelpro-
bleem. Ik ben slechts een van hen.

2 Dit proefschrift

Mijn onderzoek richt zich op het bestuderen van de
structuur van individuele sterrenstelsels en heeft twee
aan elkaar gerelateerde thema’s als onderwerp: de ver-
deling van de Donkere Materie binnen sterrenstelsels
en het bepalen van de afstanden tot deze stelsels.

Het bepalen van nauwkeurige afstanden is belang-
rijk omdat de gemeten vluchtsnelheid van een sterren-
stelsel niet alleen het gevolg is van de Hubble-expansie.
Andere stelsels die in de buurt staan trekken immers
via hun zwaartekracht aan het sterrenstelsel waardoor
er plaatselijk afwijkingen van de Hubble-expansie op-
treden. Deze afwijkingen worden ook wel de ‘pecu-
liaire bewegingen’ van sterrenstelsels genoemd. De
grootte en richting van deze peculiaire bewegingen zijn
gerelateerd aan de algemene eigenschappen van het heelal
zoals de gemiddelde dichtheid van de materie. Het zijn
deze algemene eigenschappen van het heelal die we be-
ter willen leren kennen.

De peculiaire bewegingen kunnen gemeten wor-
den als men eenmaal weet wat de werkelijke afstan-
den tot de sterrenstelsels zijn. Aan de hand van deze
werkelijke afstand kan men bepalen hoe sterk de ge-
middelde Hubble-expansie op die bepaalde afstand zou
moeten zijn. Als men nu de snelheid ten gevolge van de
Hubble-expansie aftrekt van de waargenomen vlucht-
snelheid vindt men de peculiaire beweging van een stel-
sel. Een methode om de werkelijke afstand tot een ster-
renstelsel te meten is via de zogenaamde Tully-Fisher
relatie. Een deel van dit proefschrift is gewijd aan deze
methode en manieren om haar te verfijnen zodat de pe-
culiaire bewegingen nauwkeuriger en tot op grotere af-
standen bepaald kunnen worden.

Op de tweede plaats kunnen we wat meer te we-
ten komen over het vormingsproces van sterrenstelsels
als we precies weten hoe de zichtbare en de Donkere
Materie binnen deze stelsels verdeeld is. Bevindt het
zich in een schijf of is het juist bolvormig verdeeld?
Tot hoe ver strekt deze Donkere Materie zich buiten
het sterrenstelsel uit en hoe verloopt de dichtheid van
deze materie naarmate het dichter bij het centrum van
het stelsel zit? Is er een verband tussen de verdeling
van de sterren en de verdeling van de Donkere Mate-
rie? Op enkele van deze vragen heb ik geprobeerd een
antwoord te vinden.

3 Sterrenstelsels

Er zijn grofweg drie soorten sterrenstelsels; elliptische
stelsels, spiraalstelsels en onregelmatige stelsels. Ellip-
tische stelsels hebben de algemene vorm van een afge-
platte rugby-bal waarin de sterren kris-kras door elkaar
bewegen. Een voorbeeld van een dergelijk stelsel is
te zien in figuur 2a. Deze stelsels vertonen bijna geen
structuur. Onze Melkweg behoort tot de categorie van
spiraalstelsels. Dit zijn dunne roterende schijven met
een centrale verdikking. Figuur 2b toont een spiraal-
stelsel van bovenaf gezien. De sterren zijn verdeeld
in een soort spiraalstructuur, vandaar de naam. Figuur
2c toont een foto van een spiraalstelsel gezien vanaf
de zijkant. We zien dat het centrale gebied wat dik-
ker is en dat er een stofband door het midden loopt die
het licht van erachter gelegen sterren tegenhoudt. Een
voorbeeld van een onregelmatig stelsel is te zien in fi-
guur 2d. Dit zijn meestal kleine stelsels met een gerin-
ger aantal onregelmatig verdeelde sterren. Er bestaan
ook allerlei tussenvormen zoals elliptische stelsels met
een schijf erin. Vooral de overgang tussen spiraalstel-
sels en onregelmatige stelsels verloopt heel geleidelijk.
De meeste heldere stelsels in het heelal zijn van het
type spiraalstelsel en mijn onderzoek heeft zich vooral
gericht op de structurele eigenschappen van deze soort
stelsels.

Hoe weten we nu dat de spiraalstelsels inderdaad
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(a) (b) (c) (d)

Figuur 2: Negatief foto’s van sterrenstelsels. (a): twee dicht bij elkaar staande elliptische stelsels. (b): een
spiraalstelsel van bovenaf gezien. (c): eenzelfde soort spiraalstelsel maar dan van opzij gezien. Let op de streep
die in de lengte over het stelsel loopt. Dit zijn stofwolken die het sterlicht tegen houden. (d): een onregelmatig
stelsel. Deze vijf sterrenstelsels staan te ver weg om individuele sterren te kunnen zien. De meeste zwarte puntjes
zijn voorgrondsterren die bij onze eigen Melkweg horen. Dat geldt ook voor de heldere ster nabij het centrum van
het stelsel in figuur (c).

ronddraaien? A priori kan men al bedenken dat deze
schijven direkt ineen zouden storten als ze niet zou-
den roteren teneinde de zwaartekracht van de sterren te
compenseren met de middelpuntvliedende kracht. Af-
gezien van deze overweging bestaat er ook direkt ob-
servationeel bewijs. Zoals eerder opgemerkt bevatten
spiraalstelsels niet alleen sterren maar ook stof en gas.
Dit gas bestaat voornamelijk uit waterstofatomen en
kan gezien worden als een restant van de enorme gas-
wolk waaruit het sterrenstelsel is gevormd. Het gas be-
vindt zich in een dunne schijf net als de sterren. De
bewegingssnelheid van het gas kan gemeten worden
omdat de waterstofatomen radiostraling uitzenden met
een specifieke golflengte. Deze straling kan met radio-
teleskopen opgevangen worden. Door de beweging van
het gas verandert de golflengte van de straling. Dit ef-
fect is vergelijkbaar met het geluid van een passerende
trein: als de trein op ons af komt horen we een hogere
toon dan wanneer ze van ons af beweegt. Door nu de
golflengteverschillen van de radiostraling te meten we-
ten we precies hoe het waterstofgas in een spiraalstelsel
beweegt. Het blijkt dat de gasschijf inderdaad roteert.
De rotatiesnelheid neemt vanaf het centrum naar buiten
toe totdat het een maximum waarde bereikt. De rota-
tiesnelheid blijft vervolgens nagenoeg constant tot in
de buitenste delen van de gasschijf. Dit verloop van de
rotatiesnelheid noemt men een rotatiekromme en een
dergelijke rotatiekromme kan bepaald worden door de
snelheid van het gas te meten langs een lijn die door
het centrum van een sterrenstelsel gaat. Drie gemeten
rotatiekrommen zijn afgebeeld in figuur 3. Horizontaal
staat voor ieder stelsel de afstand tot het centrum uitge-
zet en vertikaal de gemeten rotatiesnelheid. De verti-
kale streepjeslijnen vallen samen met de middelpunten
van de stelsels. De linkerkant van elk stelsels beweegt

van ons af (positieve snelheid) en de rechterkant komt
naar ons toe (negatieve snelheid). De vertikale pijltjes
geven aan hoe groot de schijf is waarin de sterren zich
bevinden. In het midden zien we een klassiek voor-
beeld van een stijgende en vervolgens afvlakkende ro-
tatiekromme. De linker rotatiekromme mist het vlakke
deel omdat de gasschijf niet ver genoeg naar buiten
reikt. De rechter figuur laat zien dat rotatiekrommen
ook weer een beetje kunnen dalen alvorens het vlakke
deel te bereiken.

4 De Waarnemingen

Voor mijn studie naar de eigenschappen van spiraal-
stelsels is een groep van 49 stelsels in het sterrenbeeld
Ursa Major (de Grote Beer) geselecteerd. Het bijzon-
dere van deze groep stelsels is dat ze representatief zijn
voor de sterrenstelsels in het heelal. Dat wil zeggen dat
ze niet speciaal uitgezocht zijn vanwege hun afmeting,
kleur of hoeveelheid waterstofgas.

Deze stelsels vormen een zogenaamde cluster en
staan allemaal op ongeveer dezelfde afstand: zo’n 50
miljoen lichtjaar. Dat wil zeggen dat het licht van de
sterren in deze stelsels er 50 miljoen jaar over gedaan
heeft om de aarde te bereiken2. De verdelingen en ro-
tatiesnelheden van het waterstofgas in deze sterrenstel-
sels zijn gemeten met behulp van de Westerbork Syn-

2Vanaf de maan duurt het 1,5 seconde, vanaf de zon 8,5 mi-
nuten, vanaf de dichtsbijzijnde ster ongeveer 4,3 jaar en vanaf het
centrum van onze Melkweg duurt het zo’n 28000 jaar voordat het
licht de aarde bereikt. Als we ons de Melkweg net zo groot voor-
stellen als de aarde, dan zou de aarde, op diezelfde schaal, in zijn
geheel niet veel groter zijn dan de kleinste bacterie. Het hele zon-
nestelsel past dan in een voetbal en de dichtsbijzijnde ster staat 820
meter verderop.
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Figuur 3: Drie voorbeelden van rotatiekrommen. Zie de tekst voor een uitleg van hun betekenis.

these Radio Teleskoop (WSRT) in het Drentse plaatsje
Westerbork. Deze Nederlandse teleskoop is een van
de krachtigste ter wereld. De voorkant van dit boekje
toont een compilatie van alle waargenomen gasschij-
ven in deze stelsels. Sommige sterrenstelsels staan zo
dicht bij elkaar dat hun wederzijdse zwaartekracht de
fragiele gasschijven danig heeft verstoord.

De verdeling van de sterren in ieder stelsel is geme-
ten met optische teleskopen van het Mauna Kea Obser-
vatorium. Deze sterrewacht is gebouwd op de top van
een uitgedoofde vulkaan op Hawaii op een hoogte van
ruim 4 kilometer, ver boven alle vertroebelingen van
de lager liggende atmosfeer. Met behulp van digitale
camera’s is de verdeling van het blauwe, het rode en
het infra-rode licht van deze stelsels vastgelegd. En-
kele van deze foto’s zijn gebruikt om figuur 2 te maken.
Het voordeel van infra-rood licht is dat het nauwelijks
wordt tegengehouden door de stofwolken die tussen de
sterren zweven. Daardoor kunnen we beter meten hoe-
veel sterren er in een spiraalstelsel zitten en wat hun
verdeling is. De achterkant van dit boekje geeft een
overzicht van alle gefotografeerde stelsels op dezelfde
schaal.

Deze verzameling waarneemgegevens is te omvang-
rijk om gedurende een promotie-onderzoek volledig te
analyseren en vormt een bijna onuitputtelijke bron van
informatie voor toekomstig onderzoek.

5 Oppervlaktehelderheden

De verdeling van de sterren in een spiraalstelsel kan
gekarakteriseerd worden met behulp van twee groot-
heden: de oppervlaktehelderheid en de schaallengte.
De oppervlaktehelderheid geeft het aantal sterren per
oppervlakte-eenheid aan. De schaallengte beschijft hoe
snel de oppervlaktehelderheid afneemt vanaf het cen-

trum naar de buitendelen. Deze begrippen worden geïl-
lustreerd in figuur 4 waarin twee stelsels van dezelfde
totale helderheid op dezelfde schaal zijn afgebeeld. In
het linker stelsel zijn de sterren verdeeld over een uit-
gestrekte diffuse schijf met een grote schaallengte en
een lage oppervlaktehelderheid. In het rechter stelsel,
dat evenveel sterren bevat, zijn de sterren veel dichter
op elkaar gepakt. Als gevolg daarvan is de oppervlak-
tehelderheid veel hoger en de schaallengte vele malen
kleiner.

Een van de meest opmerkelijke resultaten van mijn
onderzoek is dat sterrenstelsels zich bij voorkeur of-
wel in een toestand van hoge oppervlaktehelderheid
ofwel in een toestand van lage oppervlaktehelderheid
bevinden. Er lijkt een regime van oppervlaktehelder-
heden te zijn dat vermeden wordt: dit was volkomen
onverwacht. Bovendien is deze waarneming schijn-
baar in strijd met die van andere astronomen die bewe-
ren dat de verdeling van oppervlaktehelderheden een
meer continu karakter heeft. Zij beschikken echter niet
over infra-rode metingen en zij moeten dan ook onze-
kere correcties toepassen voor de verduisterende effec-
ten van het stof.

De verdeling van de sterren is gerelateerd aan de
verdeling van het waterstofgas op het moment dat de
sterren uit dit gas geboren werden. Kennelijk zijn de
eigenschappen van dit waterstofgas zodanig dat het een
bepaalde mate van oppervlaktedichtheid vermijdt. Op
dit moment kunnen we alleen nog maar speculeren over
de mogelijke oorzaken. Een uiteindelijke fysische ver-
klaring zal gezocht moeten worden in de gedetaileerde
hydrodynamische eigenschappen van een samentrek-
kende gasschijf. Dit valt echter buiten het kader van
mijn onderzoek.
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Figuur 4: Twee spiraalstelsels van dezelfde helderheid
maar met verschillende oppervlaktehelderheden. Het
linker stelsel heeft een uitgebreide schijf met een lage
oppervlaktehelderheid. Het rechter stelsel is veel com-
pacter en heeft een hoge oppervlaktehelderheid.

6 De Tully–Fisher Relatie

In 1977 ontdekten Tully en Fisher een verband tussen
de helderheid van een spiraalstelsel en de rotatiesnel-
heid van de gasschijf. Dit verband wordt de Tully-
Fisher (TF) relatie genoemd. Een dergelijke relatie is
kwalitatief eenvoudig te begrijpen aangezien een gro-
tere helderheid suggereert dat er meer sterren aanwe-
zig zijn en meer sterren betekent een sterkere zwaar-
tekracht. Teneinde ineenstorting van de schijf te voor-
komen dient deze een grotere rotatiesnelheid te hebben
om een sterkere middelpuntvliedende kracht te verkrij-
gen. Deze rotatiesnelheid kan onafhankelijk van de af-
stand tot een stelsel gemeten worden uit de mate van
golflengteverandering van de radiostraling die het wa-
terstofgas uitzendt. Vervolgens kan men aan de hand
van de gemeten rotatiesnelheidvoorspellen wat de wer-
kelijke helderheid is en deze vergelijken met de schijn-
bare helderheid van het stelsel aan de hemel. Uit deze
vergelijking volgt de afstand aangezien de schijnbare
helderheid afneemt met toenemende afstand. Dit is
te vergelijken met een lange rij straatlantaarns langs
een rechte weg. Hoewel alle lantaarns dezelfde hoe-
veelheid licht uitstralen lijken de verder weggelegen
lantaarns toch zwakker. De nauwkeurigheid waarmee
men via deze methode de afstand tot een stelsel kan be-
palen hangt af van de mate waarin de punten in figuur 5
afwijken van de rechte lijn.

Met eenvoudige radioteleskopen kan men echter
alleen de maximale rotatiesnelheid van het gas meten
(horizontale pijltjes in figuur 3), en is het niet mogelijk
om de vorm van de rotatiekromme te bepalen. Men
meet dan slechts de maximale golflengteverandering
over het gehele spiraalstelsel. Deze waarneemtechniek
is weliswaar snel en efficient maar men weet doorgaans
niet of de rotatiekromme vlak is of mogelijkerwijs weer

Rotatiesnelheid
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Figuur 5: De Tully-Fisher relatie tussen rotatiesnelheid
van een spiraalstelsel en de helderheid. Hoe helderder
een spiraalstelsel is des te sneller het waterstofgas ro-
teert. De verschillende symbolen corresponderen met
verschillende vormen van de rotatiekromme (zie figuur
3).

een stukje daalt. Misschien wordt het vlakke deel niet
eens bereikt door de gasschijf. Door nu informatie
over de vorm van de rotatiekromme te gebruiken kan
de nauwkeurigheid van de TF-relatie vergroot worden
en daarmee ook de nauwkeurigheidwaarmee de afstan-
den tot spiraalstelsels gemeten kunnen worden. Dit is
geïllustreerd in figuur 5 waarin ieder symbool een ster-
renstelsel representeert. De driehoekjes corresponde-
ren met stelsels waarvan de rotatiekromme het vlakke
deel niet bereikt. Deze punten liggen systematisch aan
de linkerkant van de relatie. Als de gasschijven in deze
stelsels groter geweest zouden zijn had men hogere ro-
tatiesnelheden kunnen meten en zouden de driehoek-
jes in figuur 5 verder naar rechts komen te liggen. De
open cirkels behoren bij stelsels met een gedeeltelijk
dalende rotatiekromme. Als men in deze stelsels de
iets lagere rotatiesnelheden van de buitendelen had ge-
meten zouden deze punten een beetje naar links zijn
verschoven. De gevulde symbolen horen bij stelsels
met een ‘klassieke’ rotatiekromme. Het blijkt dat deze
stelsels een kleinere spreiding vertonen dan alle punten
bij elkaar. Met behulp van rotatiekrommen kan men de
methode van afstandsbepaling via de Tully-Fisher rela-
tie dus aanmerkelijk verbeteren door alleen die stelsels
te selecteren die een klassieke rotatiekromme bezitten.
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7 Rotatiekrommen en Donkere Mate-
rie

De vorm van een rotatiekromme wordt bepaald door
de aantrekkingskracht van de materie binnen een ster-
renstelsel volgens de zwaartekrachtswetten die Isaac
Newton in de 17e eeuw heeft ontdekt. Met behulp van
deze wetten kunnen we voorspellen hoeveel de ster-
ren bijdragen aan de totale zwaartekracht en hoeveel
het gas bijdraagt. We kunnen dus voor beide compo-
nenten uitrekenen wat de vorm van de rotatiekromme
zou moeten zijn en deze vergelijken met de waarge-
nomen rotatiekromme zoals weergegeven in figuur 3.
Toen men deze vergelijking voor het eerst kon maken
in het begin van de jaren 70 bleek dat de waargeno-
men rotatiekromme niet overeenkwam met de voor-
spelde kromme. (Deze situatie is vergelijkbaar met
de bevindingen van Zwicky.) De waargenomen rota-
tiekrommen bleven doorgaans ‘vlak’ in de buitende-
len terwijl de verdeling van de zichtbare materie bin-
nen het sterrenstelsel voorspelde dat de rotatiekromme
juist zou moeten dalen in de buitendelen. Deze discre-
pantie is geïllustreerd in figuur 6 waarin de waargeno-
men rotatiekromme wordt aangeduid door middel van
de punten. De rotatiekromme die men zou verwachten
ten gevolge van de massa van de sterren is weergege-
ven door de getrokken lijn. Deze kromme stijgt snel in
de binnendelen, bereikt een maximum en daalt vervol-
gens in de buitendelen. De rotatiekromme ten gevolge
van het gas is weergegeven door middel van de streep-
jeslijn. Omdat de massa van het gas kleiner is dan de
massa van de sterren ligt deze kromme ook veel lager.
Het blijkt dat de waargenomen vlakke kromme niet
verklaard kan worden uit de waargenomen verdeling
van de lichtende materie (sterren en gas). Men conclu-
deert hieruit dat er nog een extra onzichtbare compo-
nent moet bestaan die er via haar zwaartekracht voor
zorgt dat de rotatiekromme vlak blijft in de buitende-
len. Deze extra component wordt geïdentificeerd met
de reeds eerder genoemde Donkere Materie. In som-
mige sterrenstelsels kan men uit de rotatiekromme af-
leiden dat er minstens tien keer zoveel Donkere Mate-
rie als zichtbare lichtende materie aanwezig moet zijn.
Het wordt algemeen aangenomen dat de schijf van ster-
ren en gas ligt ingebed in een uitgestrekte diffuse bol
van Donkere Materie, ook wel een donkere halo ge-
noemd.

Als het grootste deel van de massa van een ster-
renstelsel uit Donkere Materie bestaat heeft deze on-
getwijfeld veel invloed gehad op het vormingsproces
van een sterrenstelsel. Door uit de vorm van de ro-
tatiekromme af te leiden wat de verdeling is van de
Donkere Materie binnen de halo, kan men beter bepa-
len wanneer en hoe zo’n stelsel gevormd is. Uit com-
puterberekeningen die de vorming van een sterrenstel-
sel simuleren, blijkt dat de rotatiekromme ten gevolge

van de Donkere Materie een universele vorm zou moe-
ten hebben. Volgens sommige astronomen vertonen
de waargenomen rotatiekrommen ook een universele
vorm. Hun conclusie is echter gebaseerd op onvolle-
dige gegevens. Sommige rotatiekrommen die ik met
de WSRT heb waargenomen, blijken in strijd te zijn
met deze ‘universele’ beschrijving.

In de laatste jaren is er een discussie onstaan om-
trent de vraag of sterrenstelsels van dezelfde totale hel-
derheid maar met een verschillende oppervlaktehelder-
heid (zie figuur 4), omgeven worden door dezelfde halo’s
of juist niet. Sommige astronomen menen dat de halo’s
rond stelsels met een lage oppervlaktehelderheid ook
een lagere dichtheid van de Donkere Materie bezitten
dan de halo’s rond stelsels met een hoge oppervlakte-
helderheid. In de unieke collectie sterrenstelsels die ik
heb waargenomen bevinden zich slechts enkele stelsels
van dezelfde helderheid maar met verschillende opper-
vlaktehelderheden. Een analyse van hun rotatiekrom-
men laat zien dat mijn waarneemgegevens consistent
zijn met de veronderstelling dat deze stelsels zich in
eenzelfde soort halo bevinden.

Verder vinden we dat ook de stelsels met een lage
oppervlaktehelderheid voldoen aan de
TF-relatie, gebruikmakend van de infra-rode helder-
heid. Dit impliceert dat de rotatiesnelheid gerelateerd
is aan de hoeveelheid en de verdeling van de Donkere
Materie in de halo en niet zozeer aan de massaverde-
ling van de sterren. Voor de TF-relatie doet het er ken-
nelijk niet toe hoe de sterren en het gas verdeeld zijn
binnen de halo.

0 10 20 30
0

50

100

150

200

Figuur 6: Het verschil tussen de waargenomen rota-
tiekromme (punten) en de voorspelde rotatiekrommen
van de sterren (getrokken lijn) en het gas (gestreepte
lijn). Overgenomen uit het proefschrift van Begeman,
1987.
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8 Conclusies

De belangrijkste conclusies van mijn onderzoek zijn:
1) De afstanden tot sterrenstelsels kunnen nauwkeu-
riger bepaald worden als we de vorm van de rotatie-
kromme kennen. Het feit dat stelsels met een con-
tinu stijgende rotatiekromme schijnbaar te langzaam
roteren en stelsels met een gedeeltelijk dalende rotatie-
kromme schijnbaar te snel geeft aan dat de helderheid
van een sterrenstelsel sterk gekoppeld is aan de verde-
ling van de Donkere Materie. 2) Sterrenstelsels vermij-
den een zekere mate van oppervlaktehelderheid. Dit
geeft een bepaalde toestand aan die vermeden wordt
door het waterstofgas op het moment dat de sterren
hieruit gevormd worden. 3) Het concept van een uni-
versele rotatiekromme heeft slechts een beperkte be-
tekenis. 4) De waarneemgegevens zijn consistent met
het idee dat stelsels van dezelfde helderheid in nage-
noeg dezelfde donkere halo’s zijn ingebed.

Deze conclusies leveren slechts enkele puzzelstuk-
jes op die nog steeds op hun juiste plaats gelegd moeten
worden. Onze kennis van het universum heeft sinds
de oprichting van Stonehenge een geweldige ontwik-
keling doorgemaakt. Onze intellectuele en technolo-
gische ontwikkeling heeft talloze fascinerende ontdek-
kingen mogelijk gemaakt die ons telkens weer versteld
deden staan van de complexiteit en schoonheid van het
heelal. Met zo’n magnifiek universum om me heen ver-
geet ik gelukkig wel eens de absurditeit van het dage-
lijks bestaan.
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Chapter 1
Introduction

ABSTRACT– The scope of the research presented in this thesis is twofold: 1) to
investigate the statistical properties of the Tully-Fisher relation and 2) to study the
properties of dark and luminous matter in spiral galaxies. The TF-relation and the
properties of dark matter haloes are intimately related to eachother. For this study
we make use of detailed photometric and kinematic information of individual spiral
galaxies obtained via optical and near-infrared photometric imaging and 21-cm line
synthesis observations. We consider a complete sample of spirals in the Ursa Major
Cluster of galaxies, intrinsically brighter than the SMC. Since all these galaxies are
nearly at the same distance, there is little doubt about their relative luminosities, sizes
and masses.

1 Tully-Fisher relations

The Tully-Fisher (TF) relation describes the well
known, empirically established correlation between the
intrinsic luminosity of a spiral galaxy and its rotational
velocity (Tully and Fisher 1977). Two important as-
pects of the TF-relation make it one of the most widely
studied and applied correlations in extra-galactic as-
tronomy.

In the first place, it serves as an empirical tool to
obtain accurate distances to spiral galaxies. The scatter
in the TF-relation and consequently its usefulness as
a precision distance estimater is, however, still a sub-
ject of debate. In the second place, the TF-relation re-
sults from the interplay between the various structural
and dynamical components of a spiral galaxy, both in
their present-day configuration and during the epoch of
galaxy formation. As such, the observed TF-relation
places strong constraints on galaxy formation theory.
Especially the observed tightness of the correlation and
the implied small intrinsic scatter provides a serious
challenge for those who model and simulate the pro-
cess of galaxy formation.

A large number of studies of the various aspects
of the TF-relation have been carried out in the past
two decades. Presenting a comprehensive overview
of these investigations is beyond the scope of this in-
troduction. See for instance Jacobyet al (1992, Sec-

tion 7), Strauss and Willick (1995, Section 6.1.1) and
Rhee (1996, Chapter 1) for overviews of the develop-
ment of the TF-relation.

The strength of the present study follows from the
combination of three observational aspects: 1) use of
a well-defined complete sample of equidistant spirals
in a cluster, 2) the availability of extended HI rotation
curves for all spirals, and 3)B, R, I and, above all,
K0 imaging photometry. In the following subsections,
these three aspects are briefly described.

1.1 The importance of a proper sample

The properties of a sample of galaxies are of crucial
importance for the study of the statistical characteris-
tics (slope and scatter) of the TF-relation in the context
of both its usefulness as a distance estimater and the
origin of its observed and intrinsic scatter and slope.

For instance, if the TF-relation is to be used as a
distance tool, one would preferably select regular, non-
interacting, highly inclined and luminous Sc galaxies
with steep HI profile edges. However, with such a re-
stricted sample it would be impossible to properly ad-
dress the issues related to the intrinsic scatter in the TF-
relation. On the other hand, the accuracy with which
cosmic velocity fields can be mapped by means of the
TF-relation may be undermined by the inclusion of
early type spirals and the faintest dwarf galaxies in the
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analysis. For instance, Rubinet al(1985), using optical
rotation curves, showed that a morphological segrega-
tion is present in the TF-relation in the sense that the
zero point of the relation defined by early type spirals
is offset to lower luminosities (or higher rotational ve-
locites) compared to the zero point of late type spirals.

Furthermore, the derived statistical properties of
the TF-relation may depend on the region of the uni-
verse from which the galaxies were selected. If galax-
ies from the nearby field are selected, distance uncer-
tainties may be the dominant cause of scatter in the cor-
relation. If, however, distances of nearby field galax-
ies are inferred from radial velocities by considering
a model for the velocity field of the Local Superclus-
ter, one is likely to find an artificially small scatter if
this applied model velocity field itself is derived from
TF distances. Moreover, the statistical properties of a
field sample can be severely affected by the effects of a
Malmquist bias and ingenious correction schemes have
been developed to cope with these effects.

Many of these potential problems can be circum-
vented by selecting a complete sample of galaxies from
a cluster. This procedure, however, has its own pitt-
falls. In the late eighties, the tightest correlations were
found by using near-infrared luminosities for cluster
samples. Scatters as low as 0.3 mag were reported by
Pierce and Tully (1988) for the UMa cluster. Bothun
and Mould (1987) found scatters of 0.20-0.25 mag for
the more distant Pisces and A2634 clusters. Such low
values imply relative distance uncertainties to individ-
ual galaxies of only 10-15%. These low scatters were
disputed by Kraan-Korteweget al (1988) who found
for a sample of spirals in the Virgo cluster a scatter as
large as 0.7 mag and a significant offset of the zero
point. It was subsequently argued by Pierce and Tully
(1988) that such an offset and large observed scatter
is caused by severe background contamination in the
region of the Virgo cluster which was confirmed by
Pierce (1989) and Jacobyet al (1990). This illustrates
that cluster samples with a large velocity dispersion
should be avoided.

For our study we carefully selected a volume lim-
ited and complete sample of equidistant spirals from
the Ursa Major cluster of galaxies at a distance of 15.5
Mpc with a velocity dispersion of only�150 km/s.
Within a particular window on the sky and in reces-
sion velocity, 62 galaxies, intrinsicallybrighter than the
SMC, make up a complete sample. Seventeen more
dwarf systems are identified in this volume but these
are fainter than our completion limit.

Another important issue is less related to the prop-
erties of a sample. The scatter in the TF-relation is
mostly evaluated in terms of magnitudes and is thus
related to the slope of the relation. Determination of
this slope depends on the applied fitting method. Espe-
cially when the observed correlation is not very tight,

performing direct, bi-sector or inverse fits to the same
data points will result in different estimates of the to-
tal observed scatter. Consequently, a correlation with
a larger scatter but with a steeper slope may still be
tighter than a correlation with a lower scatter but with
a shallower slope.

All the different sample selection and fitting pro-
cedures used by the various investigators make it prac-
tically impossible to consistently intercompare the re-
sults from the numerous studies of the TF-relation. It
seems unlikely that in the near future a census will be
reached on the statistical properties of the TF-relation.

1.2 The advantage of HI rotation curves

The rapid development of optical and near-infrared de-
tector arrays has led to greatly improved measurements
of the luminosities of spiral galaxies, ranging from the
originally estimated photographicB magnitudes (Tully
and Fisher 1977) to the present-day high quality near-
infrared surface photometry (cf. Peletier and Willner
1993 and Chapter 2 of this thesis). Relatively little at-
tention, however, has been given to the meaning of the
HI linewidth. To some approximation, the rotational
velocity of a spiral galaxy might be determined from
the properly corrected width of its global HI profile.
Indeed, this might be the case if the rotation curve of
the HI disk rises in the inner regions and levels off to
a constant velocity in the extended outer parts. How-
ever, from HI synthesis mapping of spirals it has be-
come clear that there are two basic deviations from this
classical rotation curve shape.

First, many low surface brightness and dwarf
galaxies only show the rising part of the rotation curve;
the HI disks do not extend far enough to probe the
regime of constant rotational velocity. Theirobserved
maximum rotational velocity provides merely a lower
limit to the actual maximum rotational velocity in-
duced by the potential of their dark matter halo.

Second, the more massive and compact galaxies of-
ten show a steep rise of the rotation curve with a max-
imum in the optical region followed by a modest de-
cline until the flat part is reached in the outer regions
(cf. Casertano and Van Gorkom, 1991).

Furthermore, the width and shape of the global HI
profile will also be affected by the distributionof the HI
gas in the disk and the possible presence of a warp or
non-circular motion. The present study is aimed at un-
derstanding the statistical properties of the TF-relation
(tightness, scatter and slope) using knowledge of the
detailed shape of the extended HI rotation curves.

In recent years, optical H� rotation curves obtained
from long-slit spectroscopy (e.g. Matthewsonet al,
1992) or from Fabry-Perot mapping of galactic veloc-
ity fields (e.g. Schommeret al, 1993) has been used
to evaluate the scatter in the TF-relations (e.g. Rhee,
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1996, Raychaudhuryet al, 1997 and Courteau, 1997).
However, applications of these techniques exclude low
surface brightness (LSB) galaxies and do not allow the
detection of possibly declining rotation curves beyond
R25. The more extended HI rotation curves, do not
have these limitations.

1.3 Near-infrared photometric imaging

Apart from B, R and I photometric imaging,K0 near-
infrared surface photometry is obtained for 61 of the
62 galaxies in the complete sample. TheK0 photome-
try has two major advantages above optical photome-
try. First of all, the near-infrared light is hardly affected
by internal and Galactic extinction. Consequently,
any additional scatter in the observed TF-relation in-
troduced by uncertain extinction corrections is mini-
mized in theK0-band. Obvious dust-lanes in optical
images of nearly edge-on systems are almost invisible
at K0. Furthermore, it is a generally accepted idea that
the near-infrared luminosity of a stellar population is
more closely related to the mass locked-up in the stars
than the optical luminosity. However, the near-infrared
wavelength range is "not yet fully explored to study
the stellar populations in the central parts of galaxies"
(Leithereret al, 1996).

2 Dark Matter in spiral galaxies

The second scientific driver for the present research
is to obtain a better understanding of the structural
properties of dark matter haloes and of the dark-to-
luminous mass ratios as a function of the character-
istics of the luminous mass in spiral galaxies such as
bulge-disk ratio and surface brightness. For overviews
on the topic of dark matter in spiral galaxies see for
instance Trimble (1987) and Ashman (1992). Here, I
will only discuss how the present study of dark matter
in spiral galaxies using HI rotation curves, fits in past
and present investigations which applied similar tech-
niques.

2.1 Investigating dark haloes using
HI rotation curves

Properties of dark matter haloes around spiral galaxies
are usually derived from extended HI rotation curves
which are decomposed into the contributions of the
various dynamical components like a bulge (if present),
stellar and gaseuos disks and a dark matter halo. Since
rotation curves are generically flat in the outer re-
gions, dark matter haloes are in general modelled by
an isothermal sphere, modified to have a roughly con-
stant density within a certain core radius. The tech-
nique of decomposition then allows to adjust the mass-

to-light ratios of the stellar components and the two pa-
rameters that describe the density profile of a modified
isothermal sphere, i.e. the core radius and the asymp-
totic maximum rotational velocity.

What follows is a brief overview of the most elab-
orate studies of the properties of dark haloes using ex-
tended HI rotation curves.

Bosma (1981a,b) presented the first systematic
study of dark matter in spirals using extended HI ro-
tation curves. He obtained HI velocity fields of 6 spiral
galaxies using the Westerbork Synthesis Radio Tele-
scope (WSRT) and collected from the literature similar
observations of 16 more spirals. From these observa-
tional results it became clear that rotation curves re-
mained more or less flat until the last measured point
which lies at many optical scale lengths from the cen-
ter. Bosma also demonstrated that two-dimensional in-
formation on a galactic velocity field is necessary to
detect possible deviations from circular motions and to
assess the reliability of rotation curves obtained from
(the radio equivalent of) long-slit spectroscopy along
the optical major axis.

Carignan and Freeman (1985) discussed the dark
halo parameters of dwarf galaxies using HI synthesis
data of four systems. Because their observed rotation
curves do not turn over into a flat part, they could infer
only lower limits on the core radii and maximum halo
velocities. However, from the well determined central
densities of the dark haloes, they concluded that the
dark-to-luminous mass ratio is comparable to those de-
termined for the brighter Sc spirals.

Weverset al (1986) obtained HI velocity fields of
16 more nearby spiral galaxies in the field. Their ob-
served rotation curves were not analyzed in any detail.

The existence of extended flat rotation curves as
observed by Bosma and others was consolidated by
Begeman (1987, 1989) who used the upgraded WSRT
to obtain high quality rotation curves of 8 spirals in-
cluding several of Bosma’s galaxies. Begeman further
refined the technique of extracting rotation curves from
galactic velocity fields by actually fitting tilted rings.
The findings of Begeman’s thesis research and of other
similar studies were presented in several high impact
papers in the mid-eighties (van Albadaet al 1985, van
Albada and Sancisi 1986 and Sancisi and van Albada
1987). In these papers, the concepts of maximum-disk
decompositions and the disk-halo conspiracy were es-
tablished.

It was pointed out by Lake and Feinswog (1989)
that the technique of decomposing the observed rota-
tion curves does not put strong constraints on the struc-
tural properties of isothermal dark matter haloes. Most
observed rotation curves can be well fitted by just an
isothermal sphere model alone, i.e. the stellar (M/L)=0.
On the other extreme, the stellar mass-to-light ratio can
be increased until the rotation curve induced by the lu-
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minous mass reaches the observed rotation in the in-
ner region. This situation corresponds to a so-called
maximum-disk fit (Sancisi and van Albada, 1987) and
may result in unrealistic halo properties like a hollow
core which should be carefully avoided. Clearly, the
stellar mass-to-light ratios and the inferred halo prop-
erties are closely related and the two extreme cases
sketched above merely provide upper and lower lim-
its on the halo parameters. Additional contraints on the
stellar mass-to-light ratios are required if trends in the
structural properties of dark matter haloes as a function
of luminosity, bulge-disk ratio and surface brightness
are to be revealed.

Casertano and van Gorkom (1991) showed that
massive high surface brightness galaxies with short
scale lengths may show declining rotation curves in
the outer regions. Their findings demonstated that the
disk-halo conspiracy, the interplay between luminous
and dark matter which results in flat rotation curves,
does not hold in these systems.

The thesis work of Broeils (1992) aimed at de-
termining the properties of dark matter haloes using
12 spiral galaxies which cover a wider range of lumi-
nosities and morphologies than previous studies. Es-
pecially the earliest type spirals and the fainter dwarf
galaxies had Broeil’s special attention. He adopted the
maximum-disk approach when decomposing the rota-
tion curves. The galaxies he selected were drawn from
the nearby field and, unfortunately, the distance uncer-
tainties to individual galaxies were quite significant.

Carignan, Puche and co-workers published a series
of papers describing HI observations of six galaxies in
the Sculptor group (Puche and Carignan 1991 and ref-
erences therein). Their aim was to compare the dark
matter content of individual galaxies to the dark matter
content of the group as a whole. They concluded that
the global dark-to-luminous mass ratio of the whole
group was roughly ten times larger than that of indi-
vidual galaxies.

Other extensive HI synthesis surveys of galaxies at
approximately equal distances in the Virgo cluster were
carried out by Warmels (1988) and Cayatteet al(1990)
who observed 25 spirals with the VLA. Their data was
of too low angular and spectral resolution to derive ro-
tation curves suitable for decomposition (Guhathakurta
et al 1988). Other HI synthesis surveys of rich clus-
ter environments have been performed by McMahon
(1993) of the Hydra cluster and by Dickey (1997) of the
distant Hercules Supercluster. However, these surveys
were not intended to study the dark matter contents of
individual galaxies.

Coté (1995, 1996) focussed her thesis research on
extremely faint dwarf galaxies and obtained detailed
HI velocity fields for eight systems. Most of these
galaxies are clearly supported by rotation and the dy-
namical importance of the dark matter increases toward

lower luminosities.
In most recent years, low surface brightness galax-

ies have gained much interest. Their number, mass
and luminosity densities as well as their evolutionary
and dynamical status can put strong constraints on cos-
mological models and galaxy formation scenarios. De
Blok et al(1996) and De Blok (1997) have obtained HI
synthesis observations of a sample of 19 low surface
brightness (LSB) galaxies. Pickeringet al (1997) have
obtained sensitive VLA observations of 4 giant LSB
galaxies, including Malin 1. Because the HI surface
densities in LSB disks are quite low, it is very difficult
to determine reliable rotation curves for these elusive
galaxies.

2.2 This thesis research

The selected sample of spiral galaxies in the Ursa
Major cluster, used for this thesis research, has many
advantages compared to samples used in previous
studies:
1) All galaxies are at the same distance and con-
sequently there is little doubt about their relative
luminosities and masses.
2) All galaxies, intrinsically brighter than the SMC,
that are in a specified window on the sky and in
redshift are selected. This ensures that the selected
galaxies potentially cover a wide range of luminosities,
morphologies and surface brightnesses.
3) Although this sample is at the same distance as the
Virgo cluster, WSRT observations were performed
at a four times better angular and spectral resolution
than the VLA observations of Virgo spirals mentioned
above.
4) K0 photometry is available for all galaxies brighter
than the SMC. Relatively minor differences in the
near-infrared stellar (M�/LK0) ratios are expected.
Assuming equal (M�/LK0) ratios for all the equidistant
spiral galaxies in the sample is probably the best
approach when decomposing their rotation curves
and investigating possible trends in the inferred halo
properties. Note that the maximum rotational velocity
induced by the stellar disk is proportional to

p
M�⁄ LK0

and is thus not very sensitive to the anticipated small
galaxy-to-galaxy variations in (M�/LK0).

A potential disadvantage of this sample is that the
galaxies were not selected for their regular morphol-
ogy nor for a large HI content. Consequently, several
galaxies may be unsuited to derive extended HI rota-
tion curves.

In this study, the decompositions are not restricted
to maximum-disk fits. As implied above, the rotation
curves are also decomposed assuming equal (M�/LK0)
ratios for all galaxies. Furthermore, sub-maximum-
disk fits and constrained-halo fits are performed as
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well.
In recent years, the concept of a universal density

profile for dark haloes has emerged from N-body simu-
lations of galaxy formation (Navarroet al1996). In the
radial regime where the rotation curves can actually be
measured, this density profile of the dark halo closely
resembles the so-called Hernquist profile (Hernquist
1990). Therefore, the rotation curves are also decom-
posed by adopting this analytical Hernquist model for
the dark matter halo density profile. The isothermal
sphere and Hernquist models are compared with ea-
chother in terms of how successful the observed rota-
tion curves can be fit.

It is claimed by Persicet al(1996 and all references
therein) that theobservedrotation curves also follow a
particular universal shape as a function of luminosity.
The shapes of the rotation curves of Ursa Major spirals
are qualitatively compared to their prescription of this
universal rotation curve shape.
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Chapter 2
Cluster Definition
and Photometric Data1

R. Brent Tully, Marc A.W. Verheijen, Michael J. Pierce, Jia-Sheng Huang, and Richard
Wainscoat

ABSTRACT– The Ursa Major Cluster has received remarkablylittle attention, al-
though it is as near as the Virgo Cluster and contains a comparable number of HI-rich
galaxies. In this paper, criteria for group membership are discussed and data are pre-
sented for 79 galaxies identified with the group. Of these, all 79 have been imaged at
B;R; I bands with CCDs, 70 have been imaged atK0 with a HgCdTe array detector, and
70 have been detected in the HI 21 cm line. A complete sample of 62 galaxies brighter
thanMB = −16:5 is identified. Images and gradients in surface brightness and color are
presented at a common linear scale. As has been seen previously, the galaxies with the
reddest global colors are reddest at the centers and get bluer at large radii. However,
curiously, among the galaxies with the bluest global colors there are systems with very
blue cores that get redder at large radii.

1 What is the Ursa Major cluster?

Within a radius of 3000 km s−1 of our Galaxy there
are three moderate-sized clusters. By happenstance,
they are all at roughly the same distance. Two are
well-known: the Virgo and Fornax clusters. The third
is remarkably poorly known: the Ursa Major Cluster.
These three clusters are very different in their proper-
ties. The Virgo Cluster is the most massive, with a ve-
locity dispersion of 715 km s−1 and a virial radius of
730 kpc (Tully 1987; see group 11-1), and contains a
mix of early-type galaxies concentrated toward a core
and late-type galaxies over a more dispersed region.
The Fornax Cluster is the most compact, with a veloc-
ity dispersion of 434 km s−1 and a virial radius of only
270 kpc (see group 51-1), and a majority of members
are early-type systems. The Ursa Major Cluster is the
most poorly defined, with a velocity dispersion of only
148 km s−1 and a virial radius of 880 kpc (see group
12-1), and contains essentially only late-type galaxies

1Published in The Astronomical Journal, 1996,
vol.112, p.2471

distributed with no particular concentration toward any
center. The total numbers of gas-rich systems in the
Ursa Major and Virgo clusters are comparable. These
group properties are summarized in Table 1. In terms
of galaxy content, one would construct a Virgo Cluster
with three parts Fornax and one part Ursa Major.

The Ursa Major Cluster has been difficult to define
and has received relativelylittle attention for two main
reasons. The first, already stated cause for ambiguity,
is the lack of concentration toward any core. Second,
the Ursa Major Cluster lies in a particularly confusing
part of the sky because it is in the plane of the Local
Supercluster at the junction of filamentary structures.
In particular, it lies behind the long axis of the filament
of galaxies we live in, the so-called theComa-Sculptor
Cloud (Tully & Fisher 1987; Tully 1988a). Figure 1
illustrates the location of the Ursa Major Cluster with
respect to the Virgo Cluster and ourselves.

In spite of the potential for confusion, we claim
there is probably little contamination in the Ursa Ma-
jor sample that will be presented, basically because the
velocity range of the cluster is so small. The defini-
tion of the cluster that will be pursued here is essen-
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Figure 1: Groups and non-group galaxies in the plane
of the Local Supercluster. The double concentric cir-
cles are centered on the Virgo Cluster; the inner cir-
cle defines the dimension of the cluster and the outer
circle indicates the current observed turnaround radius.
The Ursa Major Cluster lies within the other circle near
the tangent with the Virgo infall sphere. The Local
Group lies at the origin of the plot and the 10� wedge
locates the zone of obscuration where there is incom-
pleteness. The three stars identify Virgo, Ursa Major,
and Virgo W, the three clusters in the supercluster plane
with logLB � 11:5. Open circles identify groups with
10:5� logLB < 11:5 and crosses indicate groups or in-
dividual galaxies that are fainter.

tially the same as in our previous work (Tully 1987;
Pierce & Tully 1988). However, it is radically different
from the closest correspondence in the group catalogs
by Huchra & Geller (1982; their group No. 60) and
Geller & Huchra (1983; their group No. 94). Their al-
gorithm caused them to blend much of the structure in
the filaments Tully & Fisher called the Coma-Sculptor
Cloud and Ursa Major Cloud into one unit. The Ursa
Major Cloud contains the Ursa Major Cluster. The cor-
respondence with the catalog by de Vaucouleurs (1975)
is better but he split the cluster in two (his groups 32
and 34) and there are membership exchanges with his
CVn II group (his No. 10 = group 14-4 in Tully 1987).
Fouqué et al. (1992) similarly split the cluster in two.
Their UMa I S group completely overlaps with our ver-
sion of the cluster but their UMa I N group is drawn
from Tully’s 12-1, 12-2, and 12-3 groups. Differences
will be revisited once our definition has been described.
The more recent catalog by Nolthenius (1993) contains
the Ursa Major Cluster as group 73 and in this case the

Table 1: Properties of Three Nearby Clusters

Properties Virgo Fornax Ursa Major
No. E/S0 66 19 9
No. S/Ir 91 16 53
Distance (Mpc) 15.6 14.5 15.5
Vel. dispersion (km s−1) 715 434 148
Virial radius (Mpc) 0.73 0.27 0.88
Crossing time (H−1

0 ) 0.08 0.07 0.5
Log luminosity 12.15 11.40 11.62
Log mass 14.94 14.10 13.64

agreement is excellent. There is only slight exchange
with Tully’s group 12-6.

Although at least Nolthenius (1993) and Tully
(1987) are consistent, the situation is still sufficiently
confused that an effort at graphical clarification is war-
ranted. There will be progression through three fig-
ures. Figure 2 provides an overview of the region and
the problem. The expedient of the supergalactic coor-
dinate system is used because in this reference frame
the cluster is equatorial so rectangular plots are almost
free of distortion. The cluster and associated filaments
are conveniently strung out along the longitude axis in
this display. The symbols locate all 275 galaxies in
theNearby Galaxies Catalog(Tully 1988a; NBGcat-
alog) in the projected region withV� < 2000 km s−1

(V� = Vhelio+ 300siǹcosb). The filled circles identify
members of cloud 12 = Ursa Major Cloud, which con-
tains the Ursa Major Cluster. The open squares identify
members of the foreground cloud 14 = Coma-Sculptor
Cloud. The crosses at the edges of the figure identify
the fringes of other filamentary clouds.

One may be discouraged by the confusion in Fig-
ure 2, particularly with the appreciation that galax-
ies do not come with cloud labels attached. Figure 3
provides the third dimension. Velocities are plotted
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Figure 2: Projection on the sky of all galaxies in the
NBG catalog withV� < 2000 km s−1 and 45deg<
SGL< 95deg,−10deg< SGB< 15deg. Filled circles:
identified with Ursa Major Cloud; open squares: iden-
tified with our local Coma-Sculptor Cloud; crosses:
identified with other structures.
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Figure 3: Redshift cone diagram of the region displayed in Figure 2. Symbols have the same meaning. In panelb
the separate groups identified in Tully (1987) are outlined.

against the supergalactic longitude projection in this
cone diagram. The symbols make the same associa-
tions with clouds 12 and 14. The members of other
clouds are ignored because, as seen in Fig. 2, they are
sufficiently distinct in supergalactic latitude. In panel
a, the data is presented with no more editorial comment
than implicit in the cloud identifications. In panelb, the
space has been broken up into the group identifications
given by Tully (1987, 1988a).

Our focus is on the Ursa Major Cluster, group 12-
1. It can be seen that the potential confusion in this
case is with the entities called 12-2, 12-3, 12+6, and
14-4 (the negative group numbers refer to units with
luminosity densities above a threshold such that they
qualify as ‘bound’ while the positive numbers refer to
‘associations’ with gravitationally unbound members).
With Figure 4, we zoom in on this region. The spatial
scale is increased from Fig. 2 and the velocity window
has been shaved to 400<V� < 1700 km s−1.

In this new figure, only the proposed members of
group 12-1 (the Ursa Major Cluster) are represented by
filled circles. The small 12-2 group is marked by boxes
with inner crosses. The troublesome 12-3 group mem-
bers are labeled with open circles and inner crosses.
Other members of the 12 cloud are represented by
crosses. The 14 cloud members are still open squares;
they all belong to group 14-4 in this region.

The Ursa Major Cluster (12-1) is defined in this
paper by a window in projection, the 7:5deg circle cen-

tered at 11h56:9m+ 49�220 (SGL= 66:03,SGB= 3:04)
superimposed on Fig. 4, and a window in velocity,
700< Vhelio+ 300siǹcosb < 1210 km s−1. The fussy
upper velocity bound was chosen to differentiate from
the 12-3 group at a slightly higher velocity and slightly
displaced in projection. From Fig. 4 one sees that con-
fusion in projection onto the 7:5deg circle of group 12-
1 = Ursa Major Cluster comes only from groups 12-2,
12-3, and 14-4. The first two of these are a problem
and are discussed in the next paragraph. On the other
hand, there is a clean velocity gap below 700 km s−1

that separates the 14-4 group.

Why do we differ from Fouqué et al. (1992)? If
the tiny 12-2 group is ignored, then each of us agrees
that the galaxies on the supergalactic plane spanning
73:5< SGL< 56 and 700< V0 < 1700 km s−1 lie in
two groups and the difference is in the split. There
mustbe at least two groups in this window because
there is a strong gradient to higher velocities in pro-
ceeding to lower supergalactic longitudes (see Fig. 3).
We contend that the Fouqué et al. split is unsatisfac-
tory because their UMa I N still contains the strong ve-
locity gradient with longitude and the separation from
UMa I S is arbitrary. With our split between 12-1 and
12-3 groups there is only a slight velocity gradient with
longitude, at a level that could easily be real. Obvi-
ously, though, some individual objects in the vicinity
of SGL� 60 may be misplaced between the two groups
12-1 and 12-3. Ten galaxies within our 12-1 group win-
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Figure 4: Amplification of Figure 2. Velocity limits
are now 400<V�< 1700 km s−1. Filled circles: group
12-1 = Ursa Major Cluster; boxes with inner crosses:
group 12-2; crosses in circles: group 12-3; crosses:
other galaxies in cloud 12; open squares: galaxies in
cloud 14. The circle encloses the Ursa Major Cluster
systems. It has a radius of 7:5deg and is centered at
� = 11h56:9m, � = 49deg220.

dow withSGL< 61 are most subject to confusion.
Is it unreasonable to call this region a cluster?

The referee says “I see no evidence for anything that
even vaguely resembles a cluster. This region is a
supercluster filament.” Evidently, this region is not
like our common perception of a cluster. Maybe Fig-
ure 5 helps. Each panel illustrates an equal window
of �SGL= 14deg and�SGB= 9deg, with the middle
panel centered on the cluster and the top and bottom
panels shifted up and down the supergalactic plane.
The filled histogram is associated with the cluster.

For the moment, let us only worry about the galax-
ies we associate with the putative cluster which con-
tribute to the filled histogram. In this projected area
similar to the dimension of the Virgo Cluster there are
a comparable number of HI-rich galaxies as in Virgo,
and there are almost enough luminous galaxies to meet
the Abell richness zero standard. Besides Virgo, there
is no other 2 Mpc-scale region with anything like this
richness within 3000 km s−1. It can be seen from the
group parameters in Tully (1987) thatjpotential energy
j > jkinetic energyj for this region (ie, it is bound) if
M⁄ LB > 40M�⁄ L�. In this reference it is shown that
70% of nearby galaxies are in groups and that essen-
tially all groups with at least 5 members have virial
M⁄ LB values in excess of 40M�⁄ L�. Hence, it is prob-
able that the region under discussion is bound, which is
a reasonable distinction of a ‘cluster’ from a ’filament’.

Admittedly, the region is not cleanly distinct from
a filament. It is perhaps arbitrary to separate the 12+6
group/association from the cluster. The 12-3 and 14-
4 groups are almost certainly separate but individual
galaxies could easily be given erroneous group assign-
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Figure 5: Velocity histograms of the galaxies in three
equal projected areas. The top panel is the histogram
of 49 galaxies with 73� SGL< 87. The middle panel
involves 100 galaxies with 59� SGL< 73. The bot-
tom panel involves 28 galaxies with 45�SGL< 59. In
all three cases, the galaxies lie within the latitude lim-
its −2< SGB< 7. Galaxies associated with the Ursa
Major Cluster contribute to the filled histogram.

ments. There is ambiguity about the stability of the
cluster because of the strong sheer caused by the prox-
imity of the Virgo Cluster. In actuality, perhaps only
sub-units are bound and some parts have positive en-
ergy.

It should be clarified that the cluster definition used
here serves some needs but not others. It gives a list of
high probabilityassociates with the cluster. The result
is a sample of galaxies thatprobably share similar dis-
tances. The primary original motivation for this work
was to identify a sample that would minimize relative
distance effects in luminosity-linewidth distance esti-
mator relationships (Tully & Fisher 1977). We want
to have an unbiased sampling of a volume to a magni-
tude limit. It is not a tragedy for this purpose to loose
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some cluster members as long as the process of elimi-
nation is random with respect to the individual galaxy
properties. With windows in projection and velocity,
true members that are rejected because they lie outside
the prescribed windows would not be expected to lie
in any preferred part of the luminosity-linewidth dia-
grams. The only cost of rejection is reduced statistics.
Of course, the erroneous inclusion of interlopers add
scatter to the derived properties of the group. Fortu-
nately, the cluster is actually cleanly defined except at
the border with the 12-3 group.

It is to be appreciated that a window definition
would be unacceptable if our purpose is to conduct a
virial analysis, for example. The outlying members
in velocity and space contribute significantly to the
energy budget. There are two high velocity systems
(NGC 4142 and UGC 6802) projected onto the 7:5deg
cluster that would deserve consideration as members
and the disposition of the 12-2 triplet might be recon-
sidered.

In summary, although the Ursa Major Cluster is
embedded in a messy region, the restrictive spatial and
velocity window isolates a sample of high-probability
cluster members. This procedure works in large part
because the universe is built such that there are not
many ‘free-floating’ galaxies and the velocity disper-
sions in groups are low (Tully 1987).

2 Members of the cluster

To date, we reckognize 79 cluster members. Their
distribution on the sky is seen in Figure 6 free of the
distraction of non-cluster projections. All these galax-
ies have known redshifts since an appropriate veloc-
ity is a membership prerequisite (in the absence of
velocities, the potential contamination from the Lo-
cal Supercluster would be intolerable). There is sam-
ple completion within limits to be discussed but the
79 member-designates includes all known systems that
pass through the selection window.

The principal objective when the project began was
to have a complete magnitude limited sample of late-
type galaxies to aid in the calibration of luminosity-
linewidth relationships. There is completion for galax-
ies of type Sab and later to a limiting magnitude of
mzw = 15:2m. Among earlier types, there is completion
to the CfA1 survey limit ofmzw = 14:5m (Huchra et al.
1982). Fainter galaxies than these limits have turned
up in neutral hydrogen observations of the region of
the cluster. In particular, our collaborative study of the
Ursa Major Cluster has recently involved observations
of selected fields with the Westerbork Synthesis Radio
Telescope and a few dwarf, gas-rich objects have been
uncovered.

The 79 galaxies currently accepted into the clus-
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Figure 6: Projected positions of the 79 galaxies in our
Ursa Major sample in supergalactic coordinates. The
cluster is contained within a 7:5� radius. Filled cir-
cles denote types E-S0; open circles, types Sa-Scd;
crosses, types Sd-Im. Larger symbols denote galaxies
with MB < −19.

ter are identified in Table 2. Col. (1) provides the
Principal Galaxies Catalogueidentification (de Vau-
couleurs et al. 1991). Col. (2) gives the common
name. Cols. (3-8) contains equatorial, galactic, and
supergalactic coordinates. The equatorial coordinates
have been determined by registration of stars on the
CCD images with the Space Telescope guide star cata-
log and should be accurate to 1

00

. Col. (9) gives a nu-
meric morphological type (de Vaucouleurs et al. 1991)
evaluated from the CCD images presented in this ar-
ticle. Col. (10) gives the Burstein & Heiles (1984)
galactic reddening value atB band. Cols. (11-13) give
systemic velocities (heliocentric and adjusted for mo-
tion of 300siǹcosb km s−1) and uncertainties. Cols.
(14-15) give linewidths at 20% of full intensities and
uncertainties. Col. (16) gives HI integrated fluxes in
units of Jy km s−1. The velocities and HI information
are accummulated from theliterature.

There are flags “f ” and “q” by the names of some
entries in Table 2. There are 17 cases with “f ” that
are fainter thanMB = −16:5, hence not part of the
luminosity-limited complete sample. There are 10
cases with “q” at SGL< 61 that are questioned mem-
bers because of possible confusion with groups 12-2
and 12-3.
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Figure 7:B- and K0-band images of 79 galaxies in the Ursa Major Cluster. TheB-band images are displayed on
the left-side pages while the available K0-band images of the same galaxies are displayed on the facing right-side
pages. All images are on a common scale: at a distance of 15.5 Mpc, 1 arcmin = 4.5 kpc. Galaxies are ordered
from brightest to faintest in integrated blue light. The first 2�8 pages contain the complete sample. Images are
reproduced with a logarithmic grey scale.
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Figure 7: (Continued)
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Figure 7: (Continued)
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Figure 7: (Continued)
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Figure 7: (Continued)
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Figure 7: (Continued)
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Figure 7: (Continued)
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Figure 7: (Continued)
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Figure 7: (Continued)

– 28 –



Chapter 2. Cluster Definition and Photometric Data

Figure 7: (Continued)
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Figure 7: (Continued)
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Figure 7: (Continued)
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Figure 7: (Continued)
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Figure 7: (Continued)
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Figure 7: (Continued)
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Figure 7: (Continued)

– 35 –



The Ursa Major Cluster of Galaxies

Figure 7: (Continued)
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Figure 7: (Continued)
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3 Imaging photometry

Optical images have been acquired in theB;RC; IC
(C=Cousins) passbands for all 79 galaxies with a va-
riety of CCD and telescope combinations. Early ob-
servations were with a TI 500 device behind a focal
reducer on an 0.61m telescope at Mauna Kea Observa-
tory in order to acquire a large field. Later, the detector
was upgraded to a TI 800 device and, for the most part
thereafter, the focal reducer and detector were used on
the University of Hawaii 2.24m telescope. After 1992,
the focal reducer was eliminated and observations were
made at the 2.24m telescope with Tektronics CCDs,
first with 1024 pixels on a side and later with 2048 pix-
els on a side. With these various combinations, it was
possible to obtain data with a satisfactory amount of
sky background in each image.

Infrared images atK0 have been obtained for 70 of
these galaxies with a 256x256 HgCdTe detector using
two telescope set-ups. The large galaxies have been
observed with the 0.61m telescope which gave an 80

field, while the small galaxies have been observed with
the 2.24m telescope and a 30 field. As with the opti-
cal observations, the fields are chosen large enough to
provide sky background in each image.

A log of the observational set-ups for each galaxy
and all passbands is provided in Table 3. The obser-
vation and reduction procedures are familiar with the
CCD material and only brief comments are in order.
Standard exposures were 3 minutes atR; I and 6 min-
utes atB;K0 on the 2.24m telescope and 5 minutes at
R; I and 10 minutes atB;K0 on the 0.61m telescope.
The high surface brightness galaxies could saturate in
the central pixels with our standard exposures designed
to reach faint levels of emission and in such cases short
exposures were also taken. The information from the
short and long exposures are combined.

The K0 observations are somewhat more compli-
cated because of the high and variable sky background.
The images are composites of six dithered exposures
in each case. An exposure sequence on a target galaxy
would always be either preceded or followed by a se-
quence of exposures on blank sky with identical expo-
sures and nearly identical inter-readout histories. The
sky stability conditions were superior for the observing
run on the 2.24m telescope. However, the galaxies ob-
served with the 0.61m telescope were the high surface
brightness objects, hence were more prominent above
the sky. A side benefit of the dithering procedure is the
elimination of dead spots from bad pixels.

All the images were reduced with two separate re-
duction packages. The CCD data was initially an-
alyzed with the GASP software described by Pierce
(1988) and theK0 data was initially analyzed by soft-
ware developed by JSH and RJW. Subsequently, all im-
ages were reanalyzed within the GYPSY environment

of the University of Groningen by MV. This reanaly-
sis permitted all frames in all bands ofeach galaxy to
be treated the same. Foreground stars and companion
galaxies are masked out by hand.

Figure 7 (Plates 1-9) areB CCD images of the 79
galaxies in the Ursa Major Cluster observed in our pro-
gram, ordered from brightest to faintest in integrated
blue light. The first 8 plates contain the complete sam-
ple and the fainter galaxies are shown in the ninth. The
linear scales are the same for each system. At our es-
timated distance for the cluster of 15.5 Mpc, 100 = 75
pc.

4 Surface brightnesses and scale
lengths

Our photometric analysis begins with attempts to de-
fine the ellipticities and position angles of isophots.
The bottom panels of Figure 8 provide plots of axial
ratio values as a function of radius fromR-band im-
ages. In roughly a quarter of the cases the axial ra-
tios are well constrained and hardly change with ra-
dius, in roughly half the cases the axial ratios are ade-
quately constrained, and in the remaining quarter of the
cases the isophotal axial ratios are quite unstable. In
those difficult cases, the axial ratio instabilities are at-
tributable (with roughly equal occurances) to (i) inter-
actions with companions, (ii) bars, (iii) edge-on lentic-
ulars where disks give way to bulges, and (iv) intrinsic
irregularities among late, low surface brightness sys-
tems. The horizontal lines in the panels labeledb⁄ a of
Fig. 8 indicate the ellipticities that we ultimately as-
sociate with the inclinations of the galaxies. In some
cases, information leading at least partially to these in-
clinations is provided by velocity fields (NGC’s 3718,
4051, 4389, UGC’s 6917, 6930) or morphological con-
siderations (UGC’s 6816, 6922, 6956). Radially av-
eraged position angles and ellipticities (1− b⁄ a) are
recorded in the summary of the photometric results,
Table 4.

Once position angles and ellipticities are fixed, sur-
face brightnesses are computed in annuli at one arc-
second intervals. Bad pixels, foreground stars, field
boundaries, and other anomalies are masked. Posi-
tion angles, ellipticities, and incrementation intervals
are kept the same for all four passbands. The run of
surface brightness with radius is shown in the top pan-
els of Figure 8 and the color differentialB− R is given
in the middle panels.

From inspection of the luminosityprofiles in Fig. 8,
it is seen that there is good agreement between the var-
ious passbands except that theK0 material is truncated
� 2m shallower than theB;R; I material. The sky back-
ground is much worse atK0. It would require long ex-
posures (� 102 min) to reach surface brightnesses at
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Table 2: Instrumental Setups for the Various Observing Runs
Date Telescope Filter Detector Pixel Size # Frames
1984 Feb 3,4 0.61m f3.1 B;R; I TI500 1.603 9
1984 Dec 31 0.61m f3.1 B;R; I TI500 1.630 9
1985 Dec 14 0.61m f3.1 B;R; I TI500 1.620 6
1986 Mar 6-9 2.24m f2.3 B;R; I TI500 0.598 53
1990 Apr 22,23 2.24m f2.3 B;R; I TI800 0.586 34
1991 May 19 2.24m f3.2 B;R; I TI800 0.424 20
1991 May 14-18 0.61m f6.8 K0 NICMOS256 2.052 30
1992 Feb 15 2.24m f5 K0 NICMOS256 0.753 4
1992 May 25 2.24m f10 B;R; I Tek1024 0.220 13
1993 Mar 3-5 2.24m f5 K0 NICMOS256 0.753 36
1994 Feb 4 2.24m f10 B;R; I Tek2048 0.220 12
1995 Feb 2,4-6 2.24m f10 B;R; I Tek2048 0.220 98
1996 Mar 24 2.24m f10 B;R; I Tek2048 0.220 41

K0 comparable to those at optical bands. Such long ex-
posures are intolerable for survey programs involving
hundreds or thousands of targets.

Inspection of the luminosity profiles also confirm
that most of the galaxies are reasonably well described
by single exponential growth curves. This circum-
stance is not surprising since essentially all the objects
clearly have disk components. Consequently, exponen-
tial fits have been made to all the galaxies in the sam-
ple. The fits are characterized by two free parameters:
a central surface brightness and a scale length.

The fits are sometimes far from perfect. It is com-
mon for profiles to deviate near the center. The devi-
ations can be in either direction but it is more usual
for there to be excess light compared with the expecta-
tions of the exponential disk. These situations are well
known (cf, de Vaucouleurs 1959; Kent 1985). In cases
where the profiles deviate at small radii, the central sur-
face brightness associated with the exponential disk is
an inward extrapolation of the fit across the main body
of the galaxy. Growth curves can also deviate from the
exponential relation at large radii. There can be evi-
dence of truncation (van der Kruit & Searle 1981; eg,
NGC 3953, UGCs 6399, 6917, 6969). Occasionally,
there is an indication of upward curvature as if anr1⁄ 4

bulge component is taking over, or perhaps the disk
approximation is inappropriate (eg, NGC 4220). Of-
ten there is enough uncertainty in the sky subtraction
that the possibility of a deviation from an exponential
fall-off at large radius is difficult to evaluate.

For some purposes, it is desired to have exponential
disk two-parameter fits for a complete sample but suffi-
cient if these characterizations are crude. That is, even
if on occasion a description in terms of an exponential
disk does not fully make sense, the fit is a rough de-
scription that will be useful for statistical comparisons.
It is with this motivation that the fits were made to all

galaxies of all types in the sample.
At this stage, complicated bulge-disk separations

are being avoided. Instead, we record several direct
observables that are sensitive to the relative importance
of bulges. There is computation of effective radii con-
taining 20%, 50%, and 80% of the total light. A ‘con-
centration index’ can be formed out of the ratio of the
80% radius and the 20% radius. A galaxy with a promi-
nent bulge contains 20% of its light within a relatively
small radius and consequently has a large concentra-
tion index. We also record themeasuredcentral surface
brightness (as opposed to the extrapolated disk central
surface brightness) within a radius of 4

00

of the cen-
ter. Presuming the galaxies are at the same distance,
these surface brightnesses are relativemetric quanti-
ties; ie, they are measures of light from equal volumes
of space. For the Ursa Major sample, 4

00

radius corre-
sponds to 300 pc.

Although in this paper our intention is to present
raw data and to hold off on interpretation, there are
some curious correlations in the basic data that de-
serve to be shown. Consider Figure 9. The left panels
compare integrated colors with the disk central surface
brightness colors while the right panels compare ratios
of scale lengths with the disk central surface brightness
colors. The top panels compareB andR, the middle
panels compareB and I , and the bottom panels com-
pareB andK0.

From the left panels, one sees that therangeof col-
ors is greater in the disk central surface brightnesses
than in the integrated colors. The correlations in the
data are steeper than the 45deg line that maps equality
between the two measures of colors. From the right
panels, one sees that, in the progression from redder
to bluer galaxies,the redder scale lengths increase in
comparison with the blue scale lengths. It is not sur-
prising that scale lengths are shorter toward the red for
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Figure 8: Surface brightnesses, colors, and isophotal axial ratios as a function of radius. Surface brightness depen-
dencies are shown in the top panels, with data from bottom to top corresponding toB;R; I ;K0 respectively. Small
arrows indicate the disk central surface brightness and exponential scale length atB band. Color dependencies at
B− Rare shown in the central panels. Isophotal axial ratios as a function of radius are shown in the bottom panels.
The horizontal line indicates the axial ratio consistent with the preferred inclination.
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Figure 8: (Continued)
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Figure 8: (Continued)
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Figure 8: (Continued)
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big galaxies as this observation is consistent with the
proposition that galaxies get bluer at larger radii (cf,
de Jong 1996). However, it appears that the situation
is inverted among bluer galaxies. The bluest galaxies
are particularly bluest at their centers and getredderat
larger radii.

These bluest galaxies tend to be the faintest galax-
ies. There is a rough correlation, albeit with consid-
erable scatter, between the tendancy to redden with
radius and total magnitude. Roughly, the cross-over
from galaxies reddening with radius (shorter exponen-
tial scale lengths at longer wavelengths) to the inverse
occurs atMB � −17. Perhaps the phenomenon can be
understood at the faintest end because the centers of
such galaxies are ambiguous and may tend to be de-
fined by the brightening caused by recent star forma-
tion. Older stars would be more diffused. However,
it is remarkable that the progression in properties in
Fig. 9 is so tight.

5 Isophotal vs. total magnitudes

Fortunately, wide-field CCD photometry catches all
but a few percent of the total light of high surface
brightness galaxies. The common practise is to extrap-
olate to total magnitudes with the assumption that the
light at large radii falls off in the manner of an expo-
nential disk with central surface brightnesses and scale
lengths that can be characterized by fits to the main
body of the galaxies (Willick 1991; Courteau 1992;
Mathewson, Ford, & Buchhorn 1992; Giovanelli et al.
1994). Sometimes the extrapolation is to a specific
isophotal level (Schommer et al. 1993) or sometimes
both isophotal and total magnitudes are provided (Han
1992; Lu et al. 1993).

The extension of the Ursa Major sample across
a wide dynamic range to very low surface brightness
galaxies provides an opportunity to study this problem
in some detail. While extrapolations to total magni-
tudes are small for bright galaxies, the extrapolations
become increasingly important for fainter galaxies.If
light profiles are approximated by exponential decay
with radius, it is theoretically anticipated and obser-
vationally confirmed that the fraction of the light con-
tained within a specified isophotal level is a simple
function of the disk central surface brightness.
The total luminosity in some passband� is:

L�T = L�lim + 2�(b⁄ a)�0

Z
1

xlim

xe−x⁄ hdx (1)

where the observed luminosity within a limiting
isophot isLlim, the axial ratio of the isophots isb⁄ a,
the exponential disk central surface brightness is�0 in
solar units per arcsec2, the disk scale length ish, and
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Figure 9: Measures of radial color change. The left
panels compare integrated colors (horizontal) vs col-
ors from differences between the disk central surface
brightnesses (vertical). Colors are identical at a point
along the 45deg line. The right panels compare scale
length ratios with the disk central surface brightnesses.
The color comparisons areB− R on top,B− I in the
middle, andB− K0 on the bottom.

the radius from the center isx. Performing the integra-
tion:

L�T = L�lim − 2�(b⁄ a)�0h
2[(1 + (x⁄ h))e−x⁄ h]1xlim

(2)

These relations can be transformed to logarithmic
units, where�0 = −2:5log�0, the total magnitude is

m�

T = ��0 − 2:5log2�(b⁄ a)− 5logh (3)

and the magnitude within an isophot corresponding to
the radiusx is

m�

x = m�

T + 2:5log[1− (1+ (x⁄ h))e−x⁄ h] (4)
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At n scale lengths,x⁄ h= n, the surface brightness drops
by

−2:5loge−n = 1:086n: (5)

Hence, we can specify the number of scale lengths we
observe between�0 and�xlim

�n = (�0 −�xlim)⁄ 1:086 (6)

Hence, the extrapolation beyond the observedm�
x is

�mext = 2:5log[1− (1+�n)e−�n]: (7)

The fraction of the total light above, or below, a given
isophot just depends on the number of scale lengths,
�n, down the exponential growth curve to the spec-
ified isophot. Hence, there is no dependency on the
scale length h or the axial ratio b⁄ a. The formulation
provided by equations (6) and (7) is a simplification of
those presented by the references in the first paragraph
of this section. As usual, we require that the axial ratio
is constant and the growth curve is well described by
an exponential form.

The Ursa Major sample provides a wide enough
range of central surface brightnesses to test the extrap-
olation model. While it is impossible to know what is
going on at the isophotal levels lost below the sky, it
is possible to test that the luminosity growth curves are
behaving as expected as the faintest observable levels
are approached. In Figure 10, there is a comparison
between observations and model with the increment to
total magnitudes over a two magnitude surface bright-
ness interval just above the limiting observed isophots.
The following isophotal levels are taken as the limits of
our observations because these levels are just slightly
above the levels we can consistently reach:�B

lim = 27,
�R

lim = 26, �I
lim = 25:5, and�K0

lim = 23:5. Hence, the
points plotted in Fig. 10 indicate the changes in mag-
nitudes in the 2 mag isophotal range above these lim-
its. Members of the complete sample (MB < −16:5)
are seen as filled circles. The expectations of the expo-
nential disk growth curve model are given by the solid
curves. The four panels give the equivalent informa-
tion in the four passbands. There is the least scatter
at R because the sky background conditions are most
favorable. The scatter is only marginally worse atB
(CCD quantum efficiency is lower) and atI (sky back-
ground is increased), but considerably worse atK0 (sky
background is much higher compared with the galaxy
signal).

In fact, the model corrections are a small, but sta-
tistically significant, amountlarger than the observed
magnitude increments between the last two-magnitude
isophotal surface brightness contours. The differ-
ences between passbands are not statistically signifi-
cant. Similar results are found if, say, the last one-
magnitude interval is considered instead. Averaging
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Figure 10: Magnitude increments at the radial interval
of the faintest two magnitudes of the surface brightness
growth curve plotted as a function of the disk central
surface brightness. Members of the bright complete
sample are indicated by dots and the fainter galaxies
are indicated by crosses. The expectations of the expo-
nential disk growth-curve model are given by the solid
curves. In the lower part of each panel, the model ex-
trapolations beyond the observed limiting isophotes are
shown as solid curves and the 88% values that are the
adjustments that are actually made are shown as dashed
lines. The four panels are forB;R; I and K0 respec-
tively.

over the different passbands and different magnitude
increments near but above the faint limits, it is con-
cluded that the modeloverestimatesthe magnitude in-
crements by 12%, with 3� significance compared with
no adjustment. There are two plausible reasons why
the exponential model might give an overestimate: (i)
there could be an additional bulge component so addi-
tions to the disk contribute fractionally less to the to-
tal light, and (ii) the disk may truncate at large radii
(van der Kruit & Searle 1981). Since these possibili-
ties are very real, we take an empirical approach and
accept that statistically corrections should only be 88%
of the exponential disk model corrections. It might
be possible to do better by considering the particulars
of individual galaxies but the corrections are usually
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small and uncertainties to corrections usually negligi-
ble. There are inserts in the panels of Fig. 10 that illus-
trate the adjustments that are adopted as a function of
disk central surface brightness. Within the range of the
complete sample, adjustment to total magnitudes are
< 0:12 even atK0 and uncertainties are< 0:04. How-
ever, the figures warn us that the situation rapidly be-
comes less favorable as one enters the dwarf regime.
With dwarfs much of the light might lurk below the
sky cut-off, especially atK0.

6 Tables of photometric results

The directly measured optical and near-infrared pho-
tometry results are accummulated in Table 4. The sec-
ond column contains general information. Row 1: a
numeric formulation of the morphological type (car-
ried over from Table 2); row 2: the galaxy position
angle (measured east from north); row 3 the ellipticity
� = 1− (b⁄ a) whereb⁄ a is the observed ratio of minor
axis to major axis; row 4: the radius in arcsec at the
isophotal level of 25 mag arcsec−2 in B band.

With the following columns, each row carries in-
formation for one of the photometric bands:B;R; I , and
K0 respectively. Col. 4: the dates indicate when thebest
data was obtained for a given object and filter. Col. 5:
isophotal magnitudes; the isophotal levels are 27.0 in
B, 26.0 inR, 25.5 in I , and 23.5 inK0. Col. 6: total
magnitudes; the isophotal magnitudes given in the pre-
vious column are extrapolated to infinity as described
in Section 5. Col. 7: the mean surface brightness of the
center of the galaxy within an ellipse of axial ratiob⁄ a
and major axis radius of 4

00

= 300 pc. Col. 8: the ex-
trapolated exponential disk central surface brightness.
Col. 9: the disk exponential scale length. Cols. 10-12:
the radii containing 20%, 50%, and 80% of the light,
respectively.

Parameters that can be derived from the directly
measured results are gathered for convenience into Ta-
ble 5. The magnitudes in this table are adjusted for
the effects of inclination by procedures that will not
be described in detail in this paper. The recipe for
these corrections are based on the model described by
Tully & Fouqué (1985) except that a revised analysis
has been independently carried out in each of the pass-
bands. The amplitude of the correction can be found in
an individual case by comparison of the adjusted mag-
nitude in Table 5 with the raw total magnitude in Ta-
ble 4. For reference, the maximum adjustment from
face-on to edge-on is 0.84 mag atB, 0.58 mag atR, 0.46
mag atI , and 0.06 mag atK0. The absolute magnitudes
are based on a distance modulus of 30.95 (distance of
15.5 Mpc) to the cluster.

The entries in Table 5 are the following. Col. 1:
names are repeated. Col. 2:top, morphological type is

repeated.;bottom, inclinations,i, are calculated from
ellipticities in a standard fashion:

cosi =
q

((b⁄ a)2 − q2
0) ⁄ (1− q2

0) where the observed
minor-to-major axial ratio isb⁄ a and the intrinsic flat-
tening is assumed to beq0 = 0:2. Cols. 3-5: top,
B;R; I ;K0 magnitudes adjusted for internal and galac-
tic obscuration.;bottom, absolute magnitudes, assum-
ing a distance modulus of 30.95. Cols. 7-9:top, the
global colorsB− R, B− I , andB− K0, respectively;bot-
tom, colors associated with the exponential disk central
surface brightnesses;�B

0 −�R
0, �B

0 − �I
0, and�B

0 −�K0

0 ,
respectively. Cols. 10-13:top, cols. 10-12, ratios of
exponential scale lengths between the various bands;
hR⁄ hB, hI ⁄ hB, andhK0 ⁄ hB, respectively;top, col.13, a
light concentration index,C82, formed from the ratio
of the effective radii containing 80% and 20% of the
light. There are only small differences in this quan-
tity between different filter bands. The values formed
with the K0 data are less stable because of higher sky
noise. For these reasons, the concentration index pro-
vided here is a straight average of theB;R; I informa-
tion and does not use theK0 information; bottom, a
measure of theexcesslight above the exponential disk
component at the center of the galaxy. The difference
is taken between the exponential disk central surface
brightness and the mean surface brightness within the
central 4

00

= 300 pc radius;�B
0 −�B

4, �R
0 −�R

4, �I
0 −�I

4,
and�K0

0 −�K0

4 , respectively. Col. 14: logarithms of the
total luminosities in theB andK0 bands in solar units
assuming the absolute magnitude of the sun is 5.48 at
B and 3.36 atK0.

7 Summary

Although the Ursa Major Cluster lacks concentration
and lies in a confusing part of space, it is reason-
ably cleanly defined because it has such a small dis-
persion in velocity. We define the cluster by win-
dows on the plane of the sky and in velocity in or-
der to define a list of high-probability members. The
79 galaxies that are accepted lie within 7:5deg of� =
11h56:9m, � = +49deg220 and have measured velocities,
Vhelio + 300siǹcosb, between 700 and 1210 km s−1.
Most of the galaxies identified with the Ursa Major
Cluster are spirals with normal gas content. The cluster
almost qualifies as an Abell richness class 0 entity but
it has not received much attention because it is soill-
defined. Probably the cluster is at an early evolutionary
state.

We have managed to image all the cluster candi-
dates with wide-field CCD set-ups and almost all the
objects with a HgCdTe detector. A complete sam-
ple of 62 galaxies brighter thanMB = −16:5 has been
defined. Images are provided for all the galaxies on
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a common metric scale and photometric parameters
have been tabulated, including a measure of the central
light concentration, exponential disk surface brightness
zero-points and scale lengths, and effective radii con-
taining 20%, 50%, and 80% of the light.

The data presented here has not been corrected for
absorption effects or other inclination considerations.
In parallel with these optical observations we are in-
volved in a program of 21 cm HI observations with
the Westerbork Synthesis Radio Telescope (Verheijen,
Ph.D. thesis in preparation). The neutral hydrogen ob-
servations, adjustments to the raw optical information,
and analyses of the physical properties of the sample
will be addressed in subsequent papers. The one phys-
ical property of the sample that we have presented at
this time is the curiosity that, while redder galaxies
(typically the more luminous ones) have very red cen-
ters and tend to get bluer at large radii, the bluer (typi-
cally smaller) galaxies tend to do the inverse. Galaxies
with bluer centers and which usually are globally bluer
tend to get redder at large radii.
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Appendix: Comments on individual
objects

UGC 6399:Slightly lopsided toward the SE.
UGC 6446:Patchy low surface brightness disk makes
it difficult to determineb⁄ a. There is a bright star at
the southern edge which somewhat contaminates the
background.
NGC 3718:This galaxy is the largest in the cluster and
has by far the largest disk scale length. The galaxy is
so peculiar that it is difficult to categorize morphologi-
cally. It is probably strongly warped although the outer
disk is kinematically well behaved. An obvious dust
lane crosses in front of the nucleus which reddens the
central regions considerably. There are several bright
stars scattered across the disk.
NGC 3726: Lopsided toward the north with a rather
bright star near the northern edge.
NGC 3729: Possibly a companion of NGC 3718 and
responsible for the peculiar appearance of that galaxy.
It has a high surface brightness ring surrounding a bar
and a blob at the NE edge. There is a bright star in front
of the SW part of the disk.
NGC 3769: Interacting with 1135+48. A high surface
brightness ring surrounds a central bar. Extended and
distorted HI tidal tails are detected in this galaxy.
1135+48 : Interacting companion of NGC 3769. It
is an irregular dwarf probably in the process of be-
ing tidally disrupted by NGC 3769. Kinematically,
it merges smoothly into the HI velocity field of NGC
3769.
NGC 3782: A bar dominated dwarf. The position an-
gle and ellipticity were estimated from the envelope of
the surrounding low surface brightness disk.
1136+46 : HI discovered companion of NGC 3782.
Among the optically faintest identified cluster mem-
bers.
1137+46 :Same comments as for 1136+46.
UGC 6628: Small point-like nucleus. Bright star in
SE part. Too little sky in theK0-band image to allow a
determination of the magnitude in that band.
UGC 6667: Highly flattened edge-on system suggests
an intrinsic thickness of less than 0.2.
UGC 6713:Faint.
NGC 3870: High surface brightness bar embedded in
a featureless disk or envelope. There is a small knot in
the NW part of the disk.
NGC 3877:Very regular spiral with a small point-like
nucleus. There is a very bright star just outside the field
of view which corrupts the background somewhat.
UGC 6773:Faint diffuse system without a central con-
centration. There is a very bright star just off the frame
which heavily corrupts the background. As a result, the
magnitudes are badly determined.
NGC 3893: Heavily distorted outer regions due to its
companion NGC 3896. Two pronounced spiral arms.

A patchy tail of debris runs off to the SE and reaches
as far as 1 arcmin south of NGC 3896. The adopted
ellipticity corresponds to that of the main unperturbed
disk. The HI kinematics shows a strong warp.
NGC 3896:Companion to NGC 3983.
NGC 3906:Smooth face-on disk with a bar offset from
the center. The adopted ellipticity was defined by the
outermost isophotes.
UGC 6805:Among the smallest systems in the cluster.
It shows a double nucleus at a small angular separation.
High surface brightness with very short scale length.
NGC 3913:Lopsided disk with a sharp southern edge
and a diffuse northern boundary.
NGC 3917:Very regular spiral with a small nucleus.
UGC 6816:Patchy and irregular.
UGC 6818:Probably interacting with a small dwarf at
its NW edge. There seems to be a faintm = 1 mode
spiral arm in the western part of this galaxy.
1148+48 : This galaxy is the smallest identified clus-
ter member. It was discovered as a Markarian galaxy
(MK1460).
NGC 3931:Possible elliptical galaxy.
NGC 3928:Faint spiral structure near nucleus.
UGC 6840: Bar dominated nearly face-on patchy low
surface brightness system. Previously classified as an
edge-on when only bar was seen. The kinematic posi-
tion angle is roughly 45 degrees.
NGC 3924:Faint.
NGC 3938: Slightly lopsided toward the north. Small
point-like nucleus.
NGC 3949:Note the diffuse extended halo which sur-
rounds this system.
NGC 3953: One of the largest well-formed spirals in
the cluster with a small bar and a point-like nucleus.
UGC 6894:Edge-on, late.
NGC 3972: Same comment as for NGC 3877 and
NGC 3917.
NGC 3982: High surface brightness central region.
Note the filament along the SW edge.
UGC 6917: Regular low surface brightness galaxy
with a small central bar. There is a bright star just west
of the center.
NGC 3985: There is bright compact region, offset
from the center, from which anm= 1 mode spiral arm
emerges which can be traced over 270 degrees.
UGC 6922: There seems to be a diffuse extension to-
ward the SW.
UGC 6923: Companion to NGC 3992. Optical warp
probably due to the tidal influence of NGC 3992.
UGC 6930: Note the small central bar and the bright
star at the NW edge.
NGC 3992: This is the brightest and fastest rotating
galaxy in the cluster. It dominates three companions:
UGC 6923, UGC 6940 and UGC 6969. It shows a nice
grand-design spiral structure and a prominent central
bar.
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NGC 3990: Companion to N3998. A regular S0 with
a clearly visible disk component.
UGC 6940: Companion to N3992. Among the
faintest dwarfs identified in the cluster.
NGC 3998: Companion to N3990. It is classified as
a LINER and there is an HI polar ring with a position
angle perpendicular to the optical positionangle. There
is an extensive system of globular clusters associated
with this galaxy. Although classified as S0 in the RC3
and Carnegie Atlas of Galaxies, NGC 3998 might very
well be an elliptical.
UGC 6956:A bar dominated dwarf with a diffuse very
low surface brightness disk.
NGC 4013: This almost perfectly edge-on system
shows a prominent dust lane. There is a bright fore-
ground star close to the center. There is a boxy bulge
which extends far along the minor axis and is respon-
sible for the outer part of the luminosity profile. It
is extensively studied in HI and the outer gas disk is
strongly warped.
UGC 6962: Interacting with UGC 6973. It shows a
small diffuse central bar and the outer regions are kine-
matically distorted with warp characteristics.
NGC 4010:Note the dust patches in this edge-on sys-
tem. The NE half seems to be more puffed up than the
SW half.
UGC 6969:Dwarf companion to NGC 3992.
UGC 6973: Companion of UGC 6962. It has a very
high surface brightness central region and an obvious
dust lane in the SE part.
1156+46 : This very elusive system is the faintest
galaxy in our sample with the lowest central surface
brightness. It was detected at the edge of the CCD. It
seems to be resolved into individual stars. The gradient
of surface brightness with radius is so shallow that the
exponential scale length could not be defined.
UGC 6983: Classified as a low surface brightness
galaxy. Note the small but obvious central bar.
NGC 4026:There is an HI filament without an optical
counterpart just south of this edge-on S0 galaxy.
UGC 6992:Faint.
NGC 4051:This Seyfert galaxy is clearly lopsided to-
ward the NE. The HI velocity field shows global non-
circular motions.
NGC 4085: Probably a companion to or in recent in-
teraction with NGC 4088.
NGC 4088: A high surface brightness galaxy, among
the most luminous in the cluster. It shows two distorted
spiral arms causing irregular outer isophotes.
UGC 7089:Somewhat lopsided. Probably comparable
to NGC 4010 when seen edge-on.
1203+43 : One of the faintest dwarfs in the cluster.
Probably a companion to UGC 7094.
NGC 4100:A regular tightly wound spiral system with
a small nucleus. The outer region with a lower sur-
face brightness is probably seen more face-on as the

HI kinematics reveals a warp.
UGC 7094:Dwarf.
NGC 4102:Classified as a LINER, this galaxy shows a
bright central bar from which two tightly wound dusty
spiral arms emerge which almost form a closed ring.
HI is seen in absorption against a bright central radio
source. Note the bright foreground star at the western
edge.
NGC 4111: An edge-on S0 with a less pronounced
bulge than NGC 4026 overall. However the central 4

00

core is the most luminous of any galaxy in the sample.
There is a very bright star just off the CCD.
NGC 4117: Companion to NGC 4118. The isophotes
show some twisting probably due to the gravitational
influence of NGC 4118.
NGC 4118:Companion to NGC 4117.
UGC 7129:Note the small bar inside the diffuse disk.
Comparable to NGC 3870.
NGC 4138: Note the rings of various surface bright-
ness, apparently offset from the center.
NGC 4143:Lenticular.
UGC 7176:Faint, edge-on.
NGC 4157:There is an obvious dust lane in this nearly
edge-on spiral.
UGC 7218: Note the bright rim at the eastern edge of
this dwarf. The western side is more diffuse. There is
a foreground star at the western edge.
NGC 4183: A nearly edge-on system with a possible
warp comparable to NGC 4100.
NGC 4218: There is a bright star just off the CCD
which somewhat corrupts the background.
NGC 4217: Note the obvious dust lane in this nearly
edge-on system. There are many bright stars close to
this galaxy.
NGC 4220: There seems to be a high surface bright-
ness ring in this S0 galaxy.
UGC 7301:Faint, edge-on.
UGC 7401: There is a bright star at the eastern edge
of this faint dwarf galaxy.
NGC 4346:Lenticular.
NGC 4389: A bar dominated system with a diffuse
extended halo.
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Table 3: Cluster Members

R.A. Dec. Galactic Supergalactic Vhel V0 Error W20 Error HI flux
PGC Name (1950) Long. Lat. SLG SLB Type Ab

B – – – – – – – (km s−1) – – – – – – – (Jy km s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

34971 UGC 6399 11 20 35.9 51 10 09 152.08 60.96 62.02−1.53 9 0.00 805 873 20 173 20 ...
35202 UGC 6446q 11 23 52.9 54 01 21 147.56 59.14 59.72 0.22 7 0.00 644 727 8 157 10 43.4
35616 NGC 3718q 11 29 49.9 53 20 39 147.01 60.22 60.71 0.72 1 0.00 989 1070 3 481 5 114.0
35676 NGC 3726 11 30 38.7 47 18 20 155.38 64.88 66.21−1.79 5 0.01 863 916 5 294 6 92.7
35711 NGC 3729q 11 31 04.9 53 24 08 146.64 60.28 60.74 0.91 2 0.00 1064 1146 10 279 15 25.0
35999 NGC 3769 11 35 02.8 48 10 10 152.72 64.75 65.74−0.75 3 0.00 735 794 7 263 8 46.5
36008 1135+48 11 35 09.2 48 09 31 152.71 64.77 65.75−0.74 9 0.00 685 744 95 ... ... ...
36136 NGC 3782 11 36 40.2 46 47 25 154.44 65.96 67.12−1.07 6 0.01 739 792 9 136 9 27.4
36136.1 1136+46f 11 36 28.8 46 58 00 154.22 65.80 66.93−1.03 10 0.01 836 890 10 ... ... ...
36136.2 1137+46f 11 37 08.3 46 53 49 154.13 65.93 67.04−0.96 10 0.01 702 755 10 ... ... ...
36188 UGC 6628 11 37 25.7 46 13 10 155.17 66.47 67.69−1.19 9 0.01 850 900 6 56 6 23.8
36343 UGC 6667 11 39 45.3 51 52 32 146.27 62.29 62.67 1.47 6 0.00 978 1055 14 198 14 9.9
36528 UGC 6713f 11 41 45.5 49 06 52 149.31 64.72 65.33 0.65 9 0.01 899 964 6 107 6 13.4
36686 NGC 3870 11 43 17.5 50 28 40 147.02 63.75 64.17 1.42 0 0.00 758 830 8 121 8 5.7
36699 NGC 3877 11 43 29.3 47 46 21 150.72 65.96 66.68 0.38 5 0.01 901 961 7 357 8 23.8
36825 UGC 6773 11 45 22.1 50 05 12 146.89 64.27 64.67 1.57 9 0.00 923 994 7 119 7 5.3
36875 NGC 3893 11 46 00.2 48 59 20 148.15 65.23 65.73 1.24 5 0.02 970 1036 5 312 5 75.4
36897 NGC 3896 11 46 18.6 48 57 10 148.10 65.29 65.78 1.27 9 0.02 980 1046 50 ... ... ...
36953 NGC 3906 11 47 02.6 48 42 15 148.21 65.56 66.05 1.29 7 0.03 960 1025 7 55 8 4.5
36990 UGC 6805f 11 47 35.5 42 21 11 158.91 70.51 71.96−1.05 0 0.00 1033 1069 50 ... ... ...
37024 NGC 3913q 11 48 00.6 55 37 54 140.11 59.70 59.68 4.05 7 0.00 955 1052 5 63 5 12.8
37036 NGC 3917 11 48 07.7 52 06 09 143.65 62.79 62.97 2.74 6 0.01 968 1049 5 295 6 23.3
37037 UGC 6816q 11 48 09.3 56 44 02 139.11 58.73 58.67 4.48 9 0.00 890 992 7 141 7 13.1
37038 UGC 6818 11 48 10.1 46 05 09 151.76 67.78 68.54 0.47 7 0.00 812 866 12 176 12 15.4
37045 1148+48f 11 48 12.9 48 31 46 148.04 65.80 66.28 1.40 10 0.03 768 833 10 ... ... ...
37073 NGC 3931 11 48 35.9 52 16 44 143.32 62.68 62.83 2.88−3 0.01 928 1010 26 ... ... ...
37136 NGC 3928 11 49 10.8 48 57 41 147.17 65.54 65.94 1.71 1 0.04 982 1049 10 128 10 3.8
37164 UGC 6840f 11 49 29.8 52 23 10 142.94 62.66 62.79 3.04 9 0.00 1018 1101 8 155 8 14.7
37217 NGC 3924f 11 50 02.8 50 19 00 145.15 64.48 64.74 2.35 9 0.01 999 1073 11 111 11 5.7
37229 NGC 3938 11 50 13.2 44 23 56 153.87 69.32 70.24 0.17 5 0.00 808 855 5 115 5 78.9
37290 NGC 3949 11 51 05.5 48 08 14 147.63 66.40 66.83 1.70 4 0.03 799 863 6 285 6 41.4
37306 NGC 3953 11 51 12.4 52 36 18 142.21 62.59 62.68 3.36 4 0.01 1054 1139 5 426 5 34.4
37418 UGC 6894q 11 52 47.3 54 56 08 139.52 60.63 60.59 4.43 6 0.00 767 863 15 159 15 5.1
37466 NGC 3972q 11 53 09.0 55 35 56 138.85 60.06 59.98 4.72 4 0.00 843 942 11 266 11 14.7
37520 NGC 3982q 11 53 52.4 55 24 12 138.83 60.27 60.21 4.74 3 0.00 1108 1206 7 232 7 22.2
37525 UGC 6917 11 53 53.1 50 42 27 143.46 64.45 64.61 3.06 7 0.03 917 994 8 202 8 27.4
37542 NGC 3985 11 54 06.4 48 36 48 145.94 66.27 66.56 2.34 9 0.05 950 1018 8 179 10 13.4
37550 UGC 6922 11 54 16.7 51 05 41 142.91 64.14 64.26 3.26 6 0.04 885 964 7 154 7 8.5
37553 UGC 6923 11 54 14.4 53 26 19 140.51 62.06 62.07 4.09 8 0.00 1066 1155 6 174 6 9.7
37584 UGC 6930 11 54 42.3 49 33 41 144.54 65.51 65.71 2.77 7 0.06 779 851 8 139 8 43.4
37617 NGC 3992 11 55 00.9 53 39 11 140.09 61.92 61.91 4.27 4 0.00 1049 1140 4 479 5 64.1
37618 NGC 3990q 11 55 00.3 55 44 13 138.25 60.04 59.95 5.01−2 0.00 720 820 43 ... ... ...

Continued on next page
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R.A. Dec. Galactic Supergalactic Vhel V0 Error W20 Error HI flux
PGC Name (1950) Long. Lat. SLG SLB Type Ab

B – – – – – – – (km s−1) – – – – – – – (Jy km s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

37621 UGC 6940f 11 55 12.4 53 30 46 140.17 62.06 62.05 4.25 6 0.00 1112 1202 10 112 10 2.7
37642 NGC 3998q 11 55 21.0 55 43 55 138.17 60.06 59.93 5.08−3 0.00 1040 1140 50 617 50 6.4
37682 UGC 6956f 11 55 50.8 51 11 44 142.31 64.17 64.25 3.53 9 0.04 916 996 6 73 9 6.0
37691 NGC 4013 11 55 56.8 44 13 31 151.86 70.09 70.77 1.06 3 0.00 836 884 7 407 10 36.9
37692 UGC 6962 11 55 59.5 43 00 44 154.08 71.05 71.91 0.63 6 0.00 784 827 20 ... ... 9.3
37697 NGC 4010 11 56 02.0 47 32 16 146.68 67.36 67.69 2.26 7 0.00 905 968 8 276 8 36.1
37700 UGC 6969 11 56 12.9 53 42 11 139.70 61.96 61.92 4.46 9 0.00 1113 1204 7 152 7 6.4
37719 UGC 6973 11 56 17.8 43 00 03 153.97 71.10 71.94 0.68 2 0.00 713 756 90 ... ... 18.5
37722 1156+46f 11 56 18.8 46 00 46 148.78 68.67 69.13 1.76 10 0.00 1154 1210 10 65 10 6.0
37735 UGC 6983 11 56 34.9 52 59 08 140.27 62.62 62.61 4.26 6 0.01 1079 1167 7 198 8 37.8
37760 NGC 4026 11 56 50.7 51 14 24 141.94 64.20 64.27 3.68−2 0.04 878 959 75 ... ... ...
37832 UGC 6992f 11 57 44.8 50 55 50 141.98 64.54 64.61 3.71 10 0.02 749 829 10 ... ... ...
38068 NGC 4051 12 00 36.4 44 48 36 148.88 70.08 70.51 2.04 4 0.00 704 757 7 267 8 40.5
38283 NGC 4085 12 02 50.4 50 37 54 140.59 65.17 65.16 4.37 5 0.01 750 830 7 304 8 21.7
38302 NGC 4088 12 03 02.0 50 49 03 140.33 65.01 65.00 4.46 4 0.01 758 839 5 373 5 111.5
38356 UGC 7089 12 03 25.4 43 25 18 149.90 71.52 71.99 2.05 8 0.00 777 825 7 159 7 16.5
38356.1 1203+43f 12 03 26.8 43 10 52 150.30 71.73 72.23 1.97 10 0.00 756 833 15 ... ... ...
38370 NGC 4100 12 03 36.4 49 51 41 141.11 65.92 65.93 4.23 4 0.04 1073 1150 8 404 10 41.4
38375 UGC 7094 12 03 38.5 43 14 05 150.14 71.70 72.19 2.02 8 0.00 780 827 20 112 20 6.0
38392 NGC 4102 12 03 51.3 52 59 22 138.08 63.07 62.99 5.29 2 0.01 838 929 11 328 11 8.7
38440 NGC 4111 12 04 31.0 43 20 40 149.53 71.69 72.13 2.20−1 0.00 801 849 11 327 15 9.3
38503 NGC 4117 12 05 14.2 43 24 17 149.07 71.72 72.13 2.35−2 0.00 958 1006 50 ... ... ...
38507 NGC 4118f 12 05 20.9 43 23 24 149.04 71.74 72.15 2.36 10 0.00 661 709 15 ... ... ...
38582 UGC 7129 12 06 23.6 42 01 08 151.00 72.99 73.47 2.11 1 0.00 927 970 50 ... ... ...
38643 NGC 4138 12 06 58.6 43 57 49 147.29 71.40 71.70 2.83 1 0.00 878 930 10 329 10 18.1
38654 NGC 4143 12 07 04.6 42 48 44 149.18 72.40 72.79 2.47−2 0.00 784 830 100 ... ... ...
38781 UGC 7176f 12 08 25.0 50 33 57 138.70 65.58 65.51 5.18 10 0.02 888 970 30 115 30 7.2
38795 NGC 4157 12 08 34.2 50 45 47 138.47 65.41 65.33 5.27 3 0.02 770 853 8 425 8 111.5
38951 UGC 7218f 12 10 27.2 52 32 36 136.37 63.84 63.71 6.09 10 0.02 779 870 12 112 12 5.3
38988 NGC 4183 12 10 46.5 43 58 33 145.39 71.73 71.90 3.48 6 0.00 933 986 7 256 7 47.5
39237 NGC 4218 12 13 17.4 48 24 36 138.88 67.88 67.81 5.27 9 0.00 720 794 9 156 8 7.4
39241 NGC 4217 12 13 21.6 47 22 11 139.90 68.85 68.82 4.96 3 0.00 1025 1095 10 430 17 40.5
39285 NGC 4220 12 13 42.8 48 09 41 138.94 68.13 68.07 5.26 1 0.00 932 1005 15 372 15 3.0
39344 UGC 7301f 12 14 13.2 46 21 24 140.62 69.84 69.84 4.79 7 0.00 707 773 9 163 10 8.5
39864 UGC 7401f 12 18 21.4 48 06 22 137.02 68.45 68.36 5.98 10 0.00 741 816 10 72 10 1.8
40228 NGC 4346 12 21 01.2 47 16 15 136.57 69.39 69.30 6.17−2 0.00 770 843 28 ... ... ...
40537 NGC 4389 12 23 08.8 45 57 41 136.73 70.74 70.65 6.16 4 0.00 712 780 8 192 8 6.6

f = fainter than complete-sample limit
q = questioned membership
1148+48 = Mkn 1460; 1156+46 = UGCA 259
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The Ursa Major Cluster of Galaxies

Table 4: Raw Photometric Data

PGC Type Observed Magnitudes Surface Brightness Dimensions
Name P.A. Date miso mtot �4 �0 h R20 R50 R80

1− (b⁄ a) (mag/arcsec2) – – – – – (arcsec) – – – – –
R(B25)

34971 9 B 08 Mar 86 14.38 14.33 22.37 21.83 24.2 21.6 39.8 64.5
UGC 6399 140 R 08 Mar 86 13.36 13.31 21.22 20.79 24.0 20.0 39.1 65.7

0.724 I 05 Feb 95 12.93 12.88 20.42 20.28 23.1 18.5 37.5 64.7
72 K 04 Mar 93 11.16 11.09 19.04 18.72 26.3 20.4 38.7 63.6

35202 7 B 24 Mar 96 13.61 13.52 22.19 22.61 34.8 25.1 51.1 90.8
UGC 6446 20 R 24 Mar 96 12.90 12.81 21.19 21.66 30.9 20.2 46.4 85.8

0.384 I 05 Feb 95 12.68 12.58 20.88 21.25 27.9 18.0 42.7 79.5
68 K 03 Mar 93 11.60 11.50 19.31 19.31 19.6 13.6 31.8 52.9

35616 1 B 04 Feb 84 11.33 11.28 20.97 21.88 80.4 56.4 124.6 216.7
NGC 3718 15 R 04 Feb 84 9.98 9.95 18.23 20.36 70.7 41.9 102.9 196.7

0.577 I 04 Feb 84 9.32 9.29 17.13 19.67 68.8 35.7 96.0 191.1
226 K 17 May 91 7.50 7.47 14.17 17.52 56.6 16.4 63.8 134.0

35676 5 B 02 Feb 95 11.03 11.00 19.16 21.07 58.1 45.5 84.6 130.2
NGC 3726 14 R 02 Feb 95 9.99 9.97 18.27 19.87 52.1 41.0 79.4 127.8

0.384 I 02 Feb 95 9.53 9.51 17.83 19.23 47.3 37.9 74.1 120.3
175 K 15 May 91 7.98 7.96 16.10 17.19 37.9 31.6 62.0 99.6

35711 2 B 09 Mar 86 12.32 12.31 20.48 20.22 19.4 18.6 34.4 61.1
NGC 3729 164 R 09 Mar 86 10.95 10.94 18.61 18.97 20.1 17.6 35.0 62.5

0.318 I 09 Mar 86 10.31 10.30 18.02 18.50 21.6 17.8 36.2 64.3
84 K 16 May 91 8.61 8.60 15.92 16.44 18.5 14.3 31.1 53.2

35999 3 B 19 May 91 12.81 12.80 20.22 19.93 19.0 15.6 29.9 53.4
NGC 3769 150 R 19 May 91 11.57 11.56 18.84 18.85 20.3 15.2 30.5 56.9

0.691 I 19 May 91 11.00 10.99 18.28 18.33 20.7 15.2 30.8 58.0
89 K 03 Mar 93 9.11 9.10 16.28 16.34 19.6 14.7 29.9 58.5

36008 9 B 19 May 91 14.97 14.95 21.28 20.68 9.6 8.6 15.7 29.5
1135+48 114 R 19 May 91 14.07 14.05 20.44 19.94 10.5 9.0 16.8 31.8

0.691 I 19 May 91 13.64 13.61 20.12 19.65 11.2 9.6 18.6 36.1
37 K 03 Mar 93 12.05 11.98 19.05 18.83 13.7 13.8 32.2 55.2

36136 6 B 06 Feb 95 13.23 13.22 20.64 20.34 11.8 10.3 20.0 32.0
NGC 3782 12 R 06 Feb 95 12.53 12.51 19.73 19.59 11.6 9.1 19.0 33.0

0.245 I 06 Feb 95 12.22 12.20 19.30 18.99 10.3 8.3 17.4 29.2
45 K 15 Feb 92 10.56 10.54 17.63 17.31 10.2 8.2 17.3 29.9

36136.1 10 B 02 Feb 95 16.57 16.53 22.46 21.72 4.9 3.9 8.5 14.4
1136+46 25 R 02 Feb 95 15.54 15.50 21.12 20.54 4.6 3.1 7.3 13.7

0.212 I 02 Feb 95 15.08 15.04 20.57 20.07 4.6 2.8 7.0 13.4
16 K ... ... ... ... ... ... ... ... ...

36136.2 10 B 02 Feb 95 16.58 16.54 22.58 21.72 4.9 4.3 8.3 13.7
1137+46 117 R 02 Feb 95 15.81 15.74 22.04 21.36 6.0 5.0 9.6 16.8

0.257 I 02 Feb 95 15.43 15.34 21.73 21.07 6.4 5.2 9.9 17.4
15 K ... ... ... ... ... ... ... ... ...

36188 9 B 06 Feb 95 13.24 13.17 22.17 22.39 29.2 25.8 49.8 79.8
UGC 6628 42 R 06 Feb 95 12.35 12.26 21.24 21.68 31.7 25.1 50.8 83.2

0.060 I 06 Feb 95 12.13 12.05 20.81 20.99 25.6 21.7 45.1 74.0
82 K ... ... ... ... ... ... ... ... ...
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PGC Type Observed Magnitudes Surface Brightness Dimensions
Name P.A. Date miso mtot �4 �0 h R20 R50 R80

1− (b⁄ a) (mag/arcsec2) – – – – – (arcsec) – – – – –
R(B25)

36343 6 B 08 Mar 86 14.37 14.33 22.24 21.50 31.3 30.8 58.0 98.0
UGC 6667 88 R 08 Mar 86 13.14 13.11 20.82 20.38 32.6 30.0 58.1 100.5

0.878 I 05 Feb 95 12.66 12.63 20.13 19.89 32.8 28.3 56.0 95.1
103 K 15 Feb 92 10.85 10.81 18.03 18.16 32.5 25.5 54.4 101.6

36528 9 B 22 Apr 90 14.98 14.90 22.80 22.42 13.8 12.4 24.4 37.4
UGC 6713 124 R 22 Apr 90 13.96 13.88 21.70 21.50 14.7 12.0 24.2 39.0

0.171 I 06 Feb 95 13.56 13.47 21.59 21.16 15.0 12.1 23.5 38.4
37 K 03 Mar 93 11.67 11.55 19.59 19.54 17.5 13.7 28.7 50.7

36686 0 B 07 Mar 86 13.69 13.67 18.89 20.76 9.3 2.4 7.3 18.3
NGC 3870 17 R 07 Mar 86 12.73 12.71 18.15 19.87 10.0 3.0 8.6 21.2

0.305 I 07 Mar 86 12.18 12.16 17.79 19.45 11.3 3.5 10.3 25.5
34 K 05 Mar 93 10.75 10.73 16.20 17.04 7.1 3.1 7.6 17.2

36699 5 B 24 Mar 96 11.92 11.91 18.93 19.72 33.4 35.6 68.6 108.4
NGC 3877 36 R 24 Mar 96 10.47 10.46 17.67 18.28 32.9 32.2 65.5 106.0

0.775 I 24 Mar 96 9.73 9.72 17.01 17.50 32.2 30.8 63.7 104.3
162 K 15 May 91 7.76 7.75 15.74 15.50 31.4 28.2 57.9 93.4

36825 9 B 24 Mar 96 14.46 14.42 22.24 21.67 15.0 12.9 24.5 41.7
UGC 6773 161 R 24 Mar 96 13.65 13.61 21.21 20.70 14.2 12.2 23.6 40.1

0.470 I 24 Mar 96 13.19 13.15 20.69 20.21 14.0 12.0 23.5 39.8
46 K 03 Mar 93 11.30 11.23 19.04 18.79 16.5 14.4 30.7 61.1

36875 5 B 06 Feb 95 11.21 11.20 19.07 19.88 25.8 18.7 42.7 80.3
NGC 3893 172 R 06 Feb 95 10.20 10.19 17.81 19.08 27.6 17.2 41.8 82.7

0.331 I 06 Feb 95 9.72 9.71 17.23 18.59 27.3 16.5 40.9 82.5
118 K 16 May 91 7.85 7.84 15.27 16.71 27.2 14.3 36.8 77.1

36897 9 B 06 Feb 95 13.79 13.75 20.02 21.70 15.8 5.7 17.5 41.0
NGC 3896 128 R 06 Feb 95 13.01 12.96 19.52 20.90 16.5 7.0 20.0 42.9

0.331 I 06 Feb 95 12.53 12.47 19.21 20.50 17.2 8.1 22.8 48.7
48 K 05 Mar 93 11.40 11.35 17.68 18.37 11.1 5.5 13.5 26.1

36953 7 B 06 Feb 94 13.68 13.66 21.53 20.79 10.8 11.3 23.6 37.1
NGC 3906 38 R 06 Feb 94 12.64 12.62 20.43 19.73 10.8 10.7 22.9 37.1

0.049 I 06 Feb 94 12.09 12.07 19.87 19.32 11.5 10.6 23.3 37.8
48 K 04 Mar 93 10.61 10.57 18.17 18.08 13.6 9.4 20.1 34.4

36990 0 B 19 May 91 14.91 14.90 19.95 19.30 3.4 1.9 4.7 9.6
UGC 6805 120 R 19 May 91 13.76 13.75 18.85 18.19 3.4 2.0 4.9 9.8

0.212 I 19 May 91 13.23 13.22 18.43 17.76 3.5 2.2 5.4 10.6
18 K 05 Mar 93 11.62 11.61 16.57 15.52 2.7 1.7 4.1 7.6

37024 7 B 02 Feb 95 13.33 13.27 20.83 22.21 24.0 12.8 32.4 63.0
NGC 3913 165 R 02 Feb 95 12.37 12.29 19.69 21.43 25.4 11.2 31.1 63.7

0.073 I 02 Feb 95 12.00 11.94 19.18 20.70 21.4 9.9 27.3 57.5
68 K 04 Mar 93 10.39 10.30 17.33 19.09 20.8 8.4 23.0 49.7

37036 6 B 04 Feb 95 12.68 12.66 21.00 20.59 32.2 37.6 69.0 105.5
NGC 3917 77 R 04 Feb 95 11.44 11.42 19.52 19.39 32.5 34.0 65.3 103.5

0.758 I 04 Feb 95 10.86 10.85 18.93 18.58 29.8 32.4 62.3 99.2
140 K 16 May 91 9.10 9.08 17.13 17.12 34.4 28.6 54.1 84.6
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PGC Type Observed Magnitudes Surface Brightness Dimensions
Name P.A. Date miso mtot �4 �0 h R20 R50 R80

1− (b⁄ a) (mag/arcsec2) – – – – – (arcsec) – – – – –
R(B25)

37037 9 B 08 Mar 86 14.39 14.31 22.81 22.45 19.5 15.2 33.5 51.0
UGC 6816 39 R 08 Mar 86 13.71 13.62 21.95 21.67 18.9 14.4 32.1 50.4

0.257 I 08 Mar 86 13.17 13.07 21.47 21.32 21.6 15.1 32.8 50.6
51 K 15 Feb 92 12.09 11.91 20.18 20.01 19.8 13.7 30.3 47.8

37038 7 B 06 Feb 94 14.47 14.43 21.95 21.62 21.1 17.1 35.3 55.3
UGC 6818 77 R 06 Feb 94 13.66 13.62 20.94 20.63 19.2 15.7 32.4 53.3

0.724 I 06 Feb 94 13.19 13.15 20.44 20.17 19.3 15.5 32.1 53.6
66 K 04 Mar 93 11.76 11.70 18.90 18.68 19.5 14.1 28.4 48.3

37045 10 B 06 Feb 94 17.00 16.98 21.41 20.70 2.5 1.1 2.7 6.5
1148+48 31 R 06 Feb 94 16.15 16.12 20.75 20.03 2.8 1.3 3.5 8.0

0.293 I 06 Feb 94 15.82 15.79 20.48 19.81 3.0 1.4 3.8 8.9
9 K ... ... ... ... ... ... ... ... ...

37073 −3 B 06 Feb 94 14.23 14.19 20.28 21.55 11.5 4.7 13.4 27.4
NGC 3931 155 R 06 Feb 94 12.87 12.84 18.85 20.15 11.2 4.4 12.9 26.6

0.191 I 06 Feb 94 12.20 12.17 18.19 19.50 11.2 4.4 12.9 26.7
34 K 04 Mar 93 10.61 10.59 16.10 17.09 7.9 2.3 9.7 20.5

37136 1 B 19 May 91 13.31 13.29 18.99 20.68 10.2 2.7 10.0 25.1
NGC 3928 20 R 19 May 91 11.95 11.93 17.78 19.89 13.0 3.0 11.6 29.2

0.039 I 05 Feb 95 11.44 11.42 17.29 19.12 11.9 3.1 11.9 28.0
42 K 05 Mar 93 9.65 9.63 15.15 16.90 9.3 2.1 8.1 21.3

37164 9 B 22 Apr 90 14.60 14.39 22.18 23.73 29.1 12.2 37.4 66.6
UGC 6840 53 R 22 Apr 90 13.55 13.35 21.25 22.67 29.2 13.2 37.7 67.0

0.152 I 05 Feb 95 12.97 12.75 20.81 22.28 32.5 14.9 39.7 69.7
30 K 05 Mar 93 12.25 11.86 19.26 21.03 25.0 8.7 22.1 44.9

37217 9 B 22 Apr 90 14.93 14.83 22.94 22.74 17.7 13.4 25.5 38.7
NGC 3924 105 R 22 Apr 90 13.98 13.88 21.88 21.75 17.1 12.7 24.9 39.6

0.171 I 22 Apr 90 13.62 13.52 21.43 21.30 16.2 12.0 24.1 39.1
39 K 04 Mar 93 12.03 11.88 19.77 19.75 17.1 11.9 23.4 37.5

37229 5 B 04 Feb 95 11.00 10.98 19.76 20.99 44.1 31.6 65.3 110.8
NGC 3938 22 R 04 Feb 95 10.00 9.98 18.37 19.83 39.6 26.9 60.0 106.1

0.117 I 04 Feb 95 9.55 9.53 17.76 19.22 36.5 23.7 55.0 97.3
154 K 17 May 91 7.84 7.82 15.91 17.16 31.1 19.1 44.8 79.8

37290 4 B 04 Feb 95 11.56 11.55 18.91 19.54 18.7 14.9 28.8 48.1
NGC 3949 117 R 04 Feb 95 10.70 10.69 17.84 18.92 20.3 13.1 28.2 49.7

0.384 I 04 Feb 95 10.29 10.28 17.35 18.45 19.9 12.1 27.5 48.8
87 K 16 May 91 8.44 8.43 15.76 16.55 19.3 12.4 28.8 59.0

37306 4 B 04 Feb 95 11.05 11.03 18.86 20.43 42.9 34.3 78.8 130.6
NGC 3953 13 R 04 Feb 95 9.67 9.66 17.10 19.08 42.5 27.7 71.0 126.6

0.500 I 04 Feb 95 9.03 9.02 16.37 18.34 40.6 25.2 66.5 121.8
183 K 15 May 91 7.04 7.03 14.48 16.47 42.7 23.5 61.8 113.5

37418 6 B 22 Apr 90 15.29 15.27 21.56 20.36 11.2 12.1 23.1 36.8
UGC 6894 89 R 22 Apr 90 14.34 14.31 20.71 20.02 14.4 12.7 24.9 40.4

0.844 I 22 Apr 90 14.02 14.00 20.43 19.45 13.0 12.8 24.7 39.4
50 K 05 Mar 93 12.45 12.40 18.82 18.33 16.7 12.7 24.2 38.4
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PGC Type Observed Magnitudes Surface Brightness Dimensions
Name P.A. Date miso mtot �4 �0 h R20 R50 R80

1− (b⁄ a) (mag/arcsec2) – – – – – (arcsec) – – – – –
R(B25)

37466 4 B 02 Feb 95 13.10 13.09 20.94 20.23 22.9 27.3 50.0 76.4
NGC 3972 118 R 02 Feb 95 11.91 11.90 19.51 19.21 23.9 24.9 48.4 76.2

0.724 I 02 Feb 95 11.35 11.34 18.89 18.53 22.9 23.8 47.1 74.3
103 K 03 Mar 93 9.40 9.39 16.64 16.50 21.7 20.2 42.1 67.2

37520 3 B 22 Apr 90 12.27 12.26 19.58 19.27 10.6 9.9 17.8 31.0
NGC 3982 22 R 22 Apr 90 11.21 11.20 18.14 18.45 11.4 8.8 17.6 31.6

0.109 I 22 Apr 90 10.78 10.77 17.66 17.74 10.4 8.2 17.1 30.4
54 K 05 Mar 93 8.82 8.81 15.40 15.62 9.7 7.3 15.9 28.8

37525 7 B 07 Mar 86 13.22 13.15 21.90 22.27 37.4 28.9 57.1 94.0
UGC 6917 123 R 07 Mar 86 12.23 12.16 20.72 21.26 36.2 26.0 54.9 90.9

0.455 I 05 Feb 95 11.81 11.74 20.19 20.72 34.0 25.2 52.4 87.9
95 K 03 Mar 93 10.39 10.30 18.54 19.17 32.2 21.0 45.4 76.6

37542 9 B 02 Feb 95 13.26 13.25 20.53 20.04 10.5 9.1 16.7 25.3
NGC 3985 70 R 02 Feb 95 12.27 12.26 19.59 19.20 11.4 9.4 17.5 28.0

0.371 I 02 Feb 95 11.82 11.81 19.18 18.62 10.9 9.5 17.5 27.8
42 K 16 May 91 10.21 10.19 17.41 17.06 12.6 9.3 17.9 29.6

37550 6 B 22 Apr 90 14.57 14.52 21.61 21.91 13.1 8.4 20.1 40.0
UGC 6922 71 R 22 Apr 90 13.70 13.65 20.46 20.78 11.7 6.8 16.9 34.7

0.161 I 22 Apr 90 13.27 13.22 19.96 20.25 11.2 6.5 16.0 32.6
34 K 05 Mar 93 11.94 11.90 18.24 18.19 7.9 4.9 11.7 23.0

37553 8 B 08 Mar 86 13.94 13.91 20.69 21.06 16.6 10.2 25.3 49.8
UGC 6923 174 R 08 Mar 86 13.00 12.97 19.81 20.22 17.5 10.8 26.8 53.9

0.577 I 08 Mar 86 12.39 12.36 19.38 19.88 20.0 12.9 32.5 65.6
59 K 04 Mar 93 11.07 11.04 17.74 17.87 14.6 9.8 23.2 43.9

37584 7 B 09 Mar 86 12.76 12.70 21.55 22.09 32.9 24.3 50.5 85.2
UGC 6930 39 R 09 Mar 86 11.77 11.71 20.33 21.09 32.4 22.0 48.6 84.2

0.143 I 05 Feb 95 11.45 11.39 19.89 20.62 29.9 19.8 44.8 78.9
90 K 16 May 91 10.42 10.33 18.32 19.14 26.5 13.0 31.0 48.9

37617 4 B 02 Feb 95 10.87 10.86 18.95 20.29 45.7 46.3 102.0 156.8
NGC 3992 68 R 02 Feb 95 9.56 9.55 17.26 18.89 43.3 35.7 91.6 148.8

0.441 I 02 Feb 95 8.95 8.94 16.57 18.05 39.9 32.1 86.4 143.1
208 K 14 May 91 7.24 7.23 14.60 16.82 45.9 22.8 70.4 117.4

37618 −2 B 08 Mar 86 13.56 13.53 18.61 21.09 12.8 2.9 9.2 24.8
NGC 3990 40 R 08 Mar 86 12.10 12.08 17.11 19.63 12.7 2.8 8.9 24.3

0.500 I 24 Mar 96 11.37 11.36 16.43 18.72 11.8 2.9 9.1 23.6
44 K 04 Mar 93 9.55 9.54 14.47 16.04 8.9 2.6 7.7 20.3

37621 6 B 22 Apr 90 16.48 16.45 21.77 21.28 7.1 5.4 11.1 19.2
UGC 6940 135 R 22 Apr 90 15.70 15.65 21.22 20.82 8.2 6.2 12.7 21.9

0.724 I 22 Apr 90 15.50 15.44 21.05 20.56 8.1 6.3 12.5 20.8
25 K 04 Mar 93 14.13 13.99 19.99 19.66 12.3 6.9 12.9 19.6

37642 −3 B 25 May 92 11.75 11.73 17.55 20.63 20.7 3.7 15.9 44.8
NGC 3998 137 R 25 May 92 9.56 9.55 15.41 18.15 18.7 3.9 15.8 44.3

0.201 I 24 Mar 96 9.30 9.29 15.21 18.25 21.3 4.2 17.7 49.4
79 K 17 May 91 7.36 7.35 13.34 16.40 22.3 4.3 16.2 47.4
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PGC Type Observed Magnitudes Surface Brightness Dimensions
Name P.A. Date miso mtot �4 �0 h R20 R50 R80

1− (b⁄ a) (mag/arcsec2) – – – – – (arcsec) – – – – –
R(B25)

37682 9 B 22 Apr 90 15.36 15.12 23.46 23.88 27.5 17.2 41.5 66.7
UGC 6956 124 R 22 Apr 90 14.05 13.83 22.35 22.76 29.7 19.4 45.3 71.0

0.281 I 22 Apr 90 14.28 14.07 22.00 22.25 21.0 13.3 32.0 57.1
21 K 05 Mar 93 12.35 12.07 20.36 20.61 24.1 17.4 38.1 59.7

37691 3 B 24 Mar 96 12.46 12.44 21.96 20.79 38.3 34.8 66.8 124.9
NGC 4013 65 R 24 Mar 96 10.80 10.79 20.39 19.07 35.9 30.1 58.5 113.5

0.758 I 24 Mar 96 9.96 9.95 18.94 18.15 33.9 26.9 52.9 102.6
146 K 14 May 91 7.68 7.68 14.85 14.90 22.8 18.6 38.5 70.6

37692 6 B 02 Feb 95 12.90 12.88 21.30 20.52 16.7 19.8 35.3 54.5
UGC 6962 179 R 02 Feb 95 11.90 11.88 20.13 19.59 16.9 18.3 34.2 54.3

0.201 I 02 Feb 95 11.44 11.42 19.61 18.96 15.8 17.4 33.1 52.3
70 K 18 May 91 10.15 10.11 18.07 18.07 19.1 13.5 26.4 42.3

37697 7 B 02 Feb 95 13.37 13.36 22.13 20.17 32.1 40.1 73.7 113.1
NGC 4010 65 R 02 Feb 95 12.15 12.14 20.64 19.08 32.6 38.2 70.9 111.3

0.878 I 02 Feb 95 11.56 11.55 19.91 18.52 32.5 36.3 68.2 108.8
139 K 04 Mar 93 9.24 9.22 16.96 17.13 38.6 28.5 58.9 113.9

37700 9 B 22 Apr 90 15.15 15.12 22.14 21.28 12.4 12.3 23.1 36.0
UGC 6969 150 R 22 Apr 90 14.36 14.32 21.31 20.63 13.2 12.0 23.1 37.0

0.691 I 22 Apr 90 14.08 14.04 21.00 20.18 12.3 11.8 22.6 36.2
45 K 15 Feb 92 12.67 12.58 19.43 19.06 14.9 11.0 21.1 34.2

37719 2 B 02 Feb 95 12.97 12.94 19.56 21.17 22.9 10.1 23.4 55.4
UGC 6973 40 R 02 Feb 95 11.28 11.26 17.55 19.42 21.2 9.1 21.1 47.9

0.609 I 02 Feb 95 10.54 10.53 16.69 18.50 19.5 8.6 20.2 43.4
80 K 18 May 91 8.23 8.23 14.28 14.70 11.0 7.0 14.8 28.0

37722 10 B 25 May 92 16.90 16.24 25.38 25.17 ... 13.7 22.1 27.9
1156+46 21 R 25 May 92 15.70 15.05 24.29 24.16 ... 14.8 24.1 31.4

0.384 I 25 May 92 15.33 14.54 23.98 23.89 ... 15.5 24.9 32.1
9 K ... ... ... ... ... ... ... ... ...

37735 6 B 08 Mar 86 13.19 13.10 21.58 22.59 39.8 26.5 57.6 92.3
UGC 6983 90 R 08 Mar 86 12.35 12.27 20.48 21.54 35.3 22.5 51.6 87.5

0.344 I 08 Feb 95 12.00 11.91 20.26 21.08 33.2 20.8 48.6 83.8
96 K 04 Mar 93 10.63 10.52 18.45 19.41 29.5 16.8 39.6 68.3

37760 −2 B 04 Feb 95 11.72 11.71 17.26 19.88 27.8 9.3 29.0 68.2
NGC 4026 177 R 04 Feb 95 10.26 10.25 15.72 18.37 27.0 8.7 27.7 65.8

0.741 I 04 Feb 95 9.58 9.57 15.37 17.66 26.7 9.4 28.2 66.0
131 K 18 May 91 7.66 7.65 13.48 15.66 25.8 9.5 26.5 60.6

37832 10 B 24 Mar 96 14.79 14.77 21.88 20.98 10.7 10.2 18.7 31.7
UGC 6992 60 R 24 Mar 96 13.53 13.51 20.60 19.85 11.2 10.2 19.3 33.3

0.546 I 24 Mar 96 12.95 12.93 19.99 19.27 11.3 10.0 19.0 32.6
38 K ... ... ... ... ... ... ... ... ...

38068 4 B 04 Feb 95 11.00 10.98 17.94 20.78 46.4 36.5 75.0 129.4
NGC 4051 131 R 04 Feb 95 9.90 9.88 16.92 19.77 47.0 31.3 72.2 130.3

0.344 I 04 Feb 95 9.39 9.37 16.46 19.26 46.4 28.7 69.6 127.1
177 K 14 May 91 7.87 7.86 14.34 16.72 30.2 14.0 50.4 85.5
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PGC Type Observed Magnitudes Surface Brightness Dimensions
Name P.A. Date miso mtot �4 �0 h R20 R50 R80

1− (b⁄ a) (mag/arcsec2) – – – – – (arcsec) – – – – –
R(B25)

38283 5 B 05 Feb 95 13.10 13.09 20.75 19.67 17.3 19.2 35.5 56.5
NGC 4085 75 R 05 Feb 95 11.88 11.87 18.77 18.48 17.3 16.3 32.6 54.3

0.758 I 05 Feb 95 11.29 11.28 18.06 17.96 17.6 15.4 31.8 54.0
84 K 16 May 91 9.21 9.20 15.78 15.82 17.5 12.8 27.0 46.2

38302 4 B 24 Mar 96 11.24 11.23 20.02 19.77 34.0 41.6 77.3 110.9
NGC 4088 51 R 24 Mar 96 10.01 10.00 18.20 18.44 32.6 35.7 70.7 107.4

0.625 I 24 Mar 96 9.38 9.37 17.35 17.72 31.4 32.6 67.1 104.8
161 K 16 May 91 7.47 7.46 15.48 16.19 37.0 27.4 59.7 96.0

38356 8 B 04 Feb 95 13.77 13.73 21.65 21.51 32.7 28.3 53.7 93.7
UGC 7089 35 R 04 Feb 95 12.81 12.77 20.70 20.65 34.5 28.1 55.4 100.0

0.809 I 04 Feb 95 12.40 12.36 20.25 20.15 33.2 26.9 53.4 94.7
105 K 18 May 91 11.18 11.11 19.01 18.73 34.4 22.1 42.5 68.2

38356.1 10 B 04 Feb 95 16.75 16.65 23.20 22.71 7.4 5.7 10.0 19.6
1203+43 101 R 04 Feb 95 15.93 15.79 22.49 22.18 8.9 6.3 11.9 26.2

0.305 I 04 Feb 95 15.70 15.57 22.20 21.60 7.5 6.1 11.2 21.2
15 K ... ... ... ... ... ... ... ... ...

38370 4 B 05 Feb 95 11.92 11.91 19.53 19.82 31.3 37.8 64.7 98.5
NGC 4100 164 R 05 Feb 95 10.63 10.62 18.04 18.54 30.4 31.9 60.3 94.2

0.708 I 05 Feb 95 10.01 10.00 17.36 17.90 29.9 29.7 58.3 91.9
157 K 15 May 91 8.03 8.02 15.22 15.77 28.0 25.6 54.5 86.6

38375 8 B 04 Feb 95 14.79 14.74 21.76 21.99 19.0 12.7 27.8 58.1
UGC 7094 39 R 04 Feb 95 13.76 13.70 20.87 21.01 19.4 13.2 28.3 57.6

0.642 I 04 Feb 95 13.28 13.22 20.44 20.55 19.7 13.5 28.8 59.0
48 K 05 Mar 93 11.64 11.58 18.72 18.56 16.2 12.9 27.6 57.7

38392 2 B 06 Mar 86 12.05 12.04 18.49 19.28 17.1 9.9 34.3 57.5
NGC 4102 38 R 06 Mar 86 10.55 10.54 16.45 18.00 17.5 6.9 28.7 55.6

0.441 I 05 Feb 95 9.93 9.93 15.70 17.29 16.6 5.9 23.8 52.1
90 K 16 May 91 7.87 7.86 13.51 16.15 19.7 4.3 14.7 45.3

38440 −1 B 24 Mar 96 11.41 11.40 16.79 19.70 27.3 7.4 23.1 55.7
NGC 4111 150 R 24 Mar 96 9.96 9.95 15.22 18.51 29.0 6.8 21.9 54.5

0.775 I 24 Mar 96 9.26 9.25 14.60 17.63 27.9 7.0 22.6 55.5
134 K 18 May 91 7.61 7.60 13.18 15.63 23.9 7.7 19.7 46.2

38503 −2 B 19 May 91 14.08 14.05 19.76 21.16 13.1 5.7 14.1 31.7
NGC 4117 21 R 19 May 91 12.49 12.47 18.08 19.84 14.0 5.3 13.8 32.9

0.562 I 19 May 91 11.83 11.81 17.44 19.42 15.2 5.3 13.8 34.0
46 K 05 Mar 93 10.00 9.98 15.34 17.11 12.1 4.3 11.5 27.8

38507 10 B 19 May 91 15.90 15.85 21.17 21.99 7.2 3.1 7.9 18.5
NGC 4118 151 R 19 May 91 14.86 14.82 20.25 20.71 6.8 3.4 8.3 17.7

0.398 I 19 May 91 14.34 14.29 19.91 20.42 7.5 3.8 9.2 19.7
19 K 05 Mar 93 12.94 12.89 18.19 18.26 5.7 3.1 7.2 14.0

38582 1 B 24 Mar 96 14.17 14.13 20.62 21.44 12.6 7.1 15.7 32.1
UGC 7129 72 R 24 Mar 96 12.83 12.80 19.36 20.16 13.1 7.5 16.8 34.0

0.305 I 24 Mar 96 12.21 12.19 18.79 19.25 11.8 7.6 16.5 31.7
38 K ... ... ... ... ... ... ... ... ...

Continued on next page

– 57 –



The Ursa Major Cluster of Galaxies

Continued from previous page.

PGC Type Observed Magnitudes Surface Brightness Dimensions
Name P.A. Date miso mtot �4 �0 h R20 R50 R80

1− (b⁄ a) (mag/arcsec2) – – – – – (arcsec) – – – – –
R(B25)

38643 1 B 25 May 92 12.28 12.27 18.86 20.05 16.1 9.0 21.8 41.7
NGC 4138 151 R 25 May 92 10.73 10.72 17.07 18.80 18.0 8.2 22.5 44.9

0.371 I 25 May 92 10.10 10.09 16.35 18.18 18.1 7.8 22.2 45.0
73 K 05 Mar 93 8.20 8.19 14.43 15.98 15.7 6.5 20.0 39.6

38654 −2 B 24 Mar 96 12.07 12.06 17.85 20.34 19.4 5.5 19.0 42.4
NGC 4143 143 R 24 Mar 96 10.56 10.55 16.22 18.65 17.7 4.8 17.3 38.8

0.455 I 25 May 92 9.84 9.84 15.43 17.32 14.5 4.5 16.3 36.5
78 K 18 May 91 7.86 7.86 13.71 15.23 13.7 5.2 16.4 36.9

38781 10 B 22 Apr 90 16.36 16.20 23.64 23.37 24.3 15.7 28.3 41.5
UGC 7176 83 R 22 Apr 90 15.85 15.61 23.13 22.91 25.7 16.1 28.7 42.5

0.741 I 22 Apr 90 15.62 15.35 22.76 22.53 22.4 15.4 27.6 41.6
40 K 05 Mar 93 15.10 14.65 21.46 21.21 20.0 13.5 23.8 37.9

38795 3 B 14 Dec 85 12.14 12.12 20.44 20.92 55.0 41.8 93.1 152.4
NGC 4157 63 R 14 Dec 85 10.61 10.60 18.33 18.95 44.0 31.9 74.7 127.4

0.826 I 14 Dec 85 9.89 9.88 17.56 18.24 43.8 29.6 69.8 124.4
202 K 15 May 91 7.52 7.52 15.28 14.87 28.9 24.4 51.4 87.8

38951 10 B 24 Mar 96 14.93 14.88 22.72 21.74 12.1 12.8 21.5 33.5
UGC 7218 172 R 24 Mar 96 14.04 13.99 21.81 20.99 13.2 12.8 22.2 36.4

0.470 I 24 Mar 96 13.61 13.56 21.30 20.46 12.7 12.4 21.8 35.1
38 K 04 Mar 93 12.50 12.34 20.14 19.86 25.4 11.7 19.3 27.9

38988 6 B 04 Feb 95 12.98 12.96 20.85 20.66 37.2 37.0 72.6 111.3
NGC 4183 166 R 04 Feb 95 12.01 11.99 19.62 19.68 36.9 33.4 68.7 110.1

0.861 I 04 Feb 95 11.53 11.51 19.09 19.22 37.3 32.3 67.6 111.3
143 K 05 Mar 93 9.78 9.76 16.98 17.33 35.3 26.7 57.5 98.9

39237 9 B 24 Mar 96 13.71 13.69 20.29 20.35 9.6 6.6 12.5 20.5
NGC 4218 136 R 24 Mar 96 12.85 12.83 19.37 19.58 10.3 6.6 12.7 21.9

0.398 I 25 May 92 12.42 12.41 18.94 18.17 7.1 6.5 12.3 20.3
35 K 05 Mar 93 10.84 10.83 17.34 16.51 7.2 6.4 12.3 21.0

39241 3 B 24 Mar 96 12.18 12.15 21.85 21.03 46.9 44.5 85.4 139.1
NGC 4217 50 R 24 Mar 96 10.64 10.62 19.48 19.36 44.0 39.3 77.6 131.7

0.741 I 24 Mar 96 9.85 9.84 18.28 18.56 43.4 36.3 73.3 127.3
170 K 16 May 91 7.62 7.61 15.22 15.70 32.2 23.1 50.5 92.1

39285 1 B 24 Mar 96 12.35 12.34 19.29 20.08 24.7 17.7 37.5 71.2
NGC 4220 140 R 24 Mar 96 10.80 10.79 17.57 18.61 24.9 16.3 36.1 69.2

0.691 I 24 Mar 96 10.04 10.03 16.75 17.83 24.5 15.9 35.4 67.8
109 K 18 May 91 8.36 8.36 14.83 15.27 17.1 12.2 27.3 48.1

39344 7 B 22 Apr 90 15.59 15.54 22.19 21.77 17.6 15.4 30.5 47.7
UGC 7301 82 R 22 Apr 90 14.62 14.57 21.17 20.92 18.9 15.4 30.9 51.1

0.844 I 22 Apr 90 14.31 14.26 20.82 20.34 16.4 14.6 29.0 46.7
55 K 05 Mar 93 12.80 12.73 19.08 18.86 17.0 13.2 26.4 44.9

39864 10 B 02 Feb 95 15.85 15.74 23.49 22.92 13.9 12.2 23.2 40.6
UGC 7401 16 R 02 Feb 95 14.97 14.83 22.69 22.23 15.5 13.2 25.3 48.5

0.412 I 02 Feb 95 14.61 14.46 22.23 21.82 15.5 12.8 24.9 45.1
29 K ... ... ... ... ... ... ... ... ...
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PGC Type Observed Magnitudes Surface Brightness Dimensions
Name P.A. Date miso mtot �4 �0 h R20 R50 R80

1− (b⁄ a) (mag/arcsec2) – – – – – (arcsec) – – – – –
R(B25)

40228 −2 B 09 Mar 86 12.16 12.14 17.81 20.53 26.3 7.7 25.6 60.6
NGC 4346 98 R 09 Mar 86 10.70 10.69 16.23 19.05 25.8 7.3 24.8 59.4

0.674 I 09 Mar 86 9.97 9.96 15.61 18.65 29.7 8.2 28.1 70.5
104 K 18 May 91 8.22 8.21 13.96 15.91 19.7 7.2 20.8 48.9

40537 4 B 09 Mar 86 12.58 12.56 20.32 20.54 19.0 14.7 33.4 52.5
NGC 4389 96 R 09 Mar 86 11.34 11.33 19.03 19.31 19.3 15.2 34.0 54.0

0.344 I 05 Feb 95 10.88 10.87 18.58 18.79 18.9 15.2 33.7 53.9
75 K 15 May 91 9.13 9.12 16.71 16.61 16.0 13.1 30.1 47.8
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Table 5: Reduced Photometric Data

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
PGC Type Bbi

T Rbi
T I bi

T Kbi
T B− R B− I B − K0 hR⁄ hB hI ⁄ hB hK0 ⁄ hB <C82> logLB

Name Inclin. Mbi
B Mbi

R Mbi
I Mbi

K �B
0 −�R

0 �B
0 −�I

0 �B
0 −�K0

0 �B
0 −�B

4 �R
0 −�R

4 �I
0 −�I

4 �K0

0 −�K0

4 logLK0

34971 9 13.55 12.79 12.46 11.03 0.76 1.08 2.52 0.992 0.955 1.087 3.3 9.15
UGC 6399 79 −17.40 −18.16 −18.49 −19.92 1.04 1.55 3.11 −0.54 −0.43 −0.14 −0.32 9.31

35202 7 13.34 12.71 12.50 11.49 0.63 0.84 1.85 0.888 0.802 0.563 4.1 9.24
UGC 6446 54 −17.61 −18.24 −18.45 −19.46 0.95 1.36 3.30 0.42 0.47 0.37 0.00 9.13

35616 1 10.89 9.72 9.11 7.45 1.17 1.78 3.44 0.879 0.856 0.704 4.6 10.22
NGC 3718 68 −20.06 −21.23 −21.84 −23.50 1.52 2.21 4.36 0.91 2.13 2.54 3.35 10.74

35676 5 10.81 9.86 9.43 7.95 0.95 1.38 2.86 0.897 0.814 0.652 3.1 10.25
NGC 3726 54 −20.14 −21.09 −21.52 −23.00 1.20 1.84 3.88 1.91 1.60 1.40 1.09 10.54

35711 2 12.18 10.87 10.25 8.59 1.31 1.94 3.59 1.036 1.113 0.954 3.5 9.70
NGC 3729 48 −18.77 −20.08 −20.70 −22.36 1.25 1.72 3.78 −0.26 0.36 0.48 0.52 10.29

35999 3 12.16 11.15 10.67 9.06 1.01 1.49 3.10 1.068 1.089 1.032 3.6 9.71
NGC 3769 76 −18.79 −19.80 −20.28 −21.89 1.08 1.60 3.59 −0.29 0.01 0.05 0.06 10.10

36008 9 14.31 13.64 13.29 11.94 0.67 1.02 2.37 1.094 1.167 1.427 3.6 8.85
1135+48 76 −16.64 −17.31 −17.66 −19.01 0.74 1.03 1.85 −0.60 −0.50 −0.47 −0.22 8.95

36136 6 13.12 12.45 12.16 10.53 0.67 0.96 2.58 0.983 0.873 0.864 3.4 9.32
NGC 3782 42 −17.83 −18.50 −18.79 −20.42 0.75 1.35 3.03 −0.30 −0.14 −0.31 −0.32 9.51

36136.1 10 16.44 15.45 15.00 ... 0.99 1.44 ... 0.939 0.939 ... 4.3 7.99
1136+46 39 −14.51 −15.50 −15.95 ... 1.18 1.65 ... −0.74 −0.58 −0.50 ... ...

36136.2 10 16.43 15.68 15.29 ... 0.75 1.14 ... 1.224 1.306 ... 3.3 8.00
1137+46 43 −14.52 −15.27 −15.66 ... 0.36 0.65 ... −0.86 −0.68 −0.66 ... ...

36188 9 13.14 12.24 12.04 ... 0.90 1.10 ... 1.086 0.877 ... 3.3 9.31
UGC 6628 20 −17.81 −18.71 −18.91 ... 0.71 1.40 ... 0.22 0.44 0.18 ... ...

36343 6 13.49 12.53 12.17 10.75 0.96 1.32 2.75 1.042 1.048 1.038 3.3 9.17
UGC 6667 90 −17.46 −18.42 −18.78 −20.20 1.12 1.61 3.34 −0.74 −0.44 −0.24 0.13 9.43

36528 9 14.83 13.84 13.44 11.55 0.99 1.39 3.28 1.065 1.087 1.268 3.1 8.64
UGC 6713 35 −16.12 −17.11 −17.51 −19.40 0.92 1.26 2.88 −0.38 −0.20 −0.43 −0.05 9.11

36686 0 13.67 12.71 12.16 10.73 0.96 1.51 2.94 1.075 1.215 0.763 7.3 9.10
NGC 3870 47 −17.28 −18.24 −18.79 −20.22 0.89 1.31 3.72 1.87 1.72 1.66 0.84 9.43
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(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
PGC Type Bbi

T Rbi
T I bi

T Kbi
T B− R B− I B − K0 hR⁄ hB hI ⁄ hB hK0 ⁄ hB <C82> logLB

Name Inclin. Mbi
B Mbi

R Mbi
I Mbi

K �B
0 −�R

0 �B
0 −�I

0 �B
0 −�K0

0 �B
0 −�B

4 �R
0 −�R

4 �I
0 −�I

4 �K0

0 −�K0

4 logLK0

36699 5 11.06 9.88 9.26 7.69 1.18 1.81 3.38 0.985 0.964 0.940 3.2 10.15
NGC 3877 84 −19.89 −21.07 −21.69 −23.26 1.44 2.22 4.22 0.79 0.61 0.49 −0.24 10.65

36825 9 14.17 13.47 13.04 11.22 0.70 1.13 2.95 0.947 0.933 1.100 3.3 8.90
UGC 6773 60 −16.78 −17.48 −17.91 −19.73 0.97 1.46 2.88 −0.57 −0.51 −0.48 −0.25 9.24

36875 5 11.04 10.10 9.64 7.83 0.94 1.40 3.21 1.070 1.058 1.054 4.7 10.15
NGC 3893 49 −19.91 −20.85 −21.31 −23.12 0.80 1.29 3.17 0.81 1.27 1.36 1.44 10.59

36897 9 13.59 12.87 12.40 11.34 0.72 1.19 2.25 1.044 1.089 0.703 6.4 9.13
NGC 3896 49 −17.36 −18.08 −18.55 −19.61 0.80 1.20 3.33 1.68 1.38 1.29 0.69 9.19

36953 7 13.62 12.59 12.05 10.57 1.02 1.56 3.05 1.000 1.065 1.259 3.5 9.13
NGC 3906 18 −17.33 −18.36 −18.90 −20.38 1.06 1.47 2.71 −0.74 −0.70 −0.55 −0.09 9.50

36990 0 14.90 13.75 13.22 11.61 1.15 1.68 3.29 1.000 1.029 0.794 4.9 8.61
UGC 6805 39 −16.05 −17.20 −17.73 −19.34 1.11 1.54 3.78 −0.65 −0.66 −0.67 −1.05 9.08

37024 7 13.25 12.28 11.93 10.30 0.97 1.32 2.95 1.058 0.892 0.867 5.5 9.27
NGC 3913 23 −17.70 −18.67 −19.02 −20.65 0.78 1.51 3.12 1.38 1.74 1.52 1.76 9.60

37036 6 11.81 10.84 10.39 9.02 0.97 1.43 2.80 1.009 0.925 1.068 3.0 9.85
NGC 3917 82 −19.14 −20.11 −20.56 −21.93 1.20 2.01 3.47 −0.41 −0.13 −0.35 −0.01 10.12

37037 9 14.21 13.57 13.03 11.91 0.65 1.18 2.31 0.969 1.108 1.015 3.4 8.89
UGC 6816 43 −16.74 −17.38 −17.92 −19.04 0.78 1.13 2.44 −0.36 −0.28 −0.15 −0.17 8.96

37038 7 13.65 13.10 12.73 11.64 0.55 0.91 2.01 0.910 0.915 0.924 3.4 9.11
UGC 6818 79 −17.30 −17.85 −18.22 −19.31 0.99 1.45 2.94 −0.33 −0.31 −0.27 −0.22 9.07

37045 10 16.83 16.04 15.73 ... 0.80 1.11 ... 1.120 1.200 ... 6.2 7.84
1148+48 46 −14.12 −14.91 −15.22 ... 0.67 0.89 ... −0.71 −0.72 −0.67 ... ...

37073 −3 14.18 12.83 12.17 10.59 1.35 2.01 3.59 0.974 0.974 0.687 6.0 8.90
NGC 3931 37 −16.77 −18.12 −18.78 −20.36 1.40 2.05 4.46 1.27 1.30 1.31 0.99 9.49

37136 1 13.24 11.90 11.40 9.63 1.34 1.84 3.61 1.275 1.167 0.912 9.3 9.28
NGC 3928 16 −17.71 −19.05 −19.55 −21.32 0.79 1.56 3.78 1.69 2.11 1.83 1.75 9.87

37164 9 14.34 13.32 12.73 11.86 1.02 1.61 2.48 1.003 1.117 0.859 5.1 8.84
UGC 6840 33 −16.61 −17.63 −18.22 −19.09 1.06 1.45 2.70 1.55 1.42 1.47 1.77 8.98
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(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
PGC Type Bbi

T Rbi
T I bi

T Kbi
T B− R B− I B − K0 hR⁄ hB hI ⁄ hB hK0 ⁄ hB <C82> logLB

Name Inclin. Mbi
B Mbi

R Mbi
I Mbi

K �B
0 −�R

0 �B
0 −�I

0 �B
0 −�K0

0 �B
0 −�B

4 �R
0 −�R

4 �I
0 −�I

4 �K0

0 −�K0

4 logLK0

37217 9 14.76 13.84 13.49 11.88 0.92 1.27 2.88 0.966 0.915 0.966 3.1 8.67
NGC 3924 35 −16.19 −17.11 −17.46 −19.07 0.99 1.44 2.99 −0.20 −0.13 −0.13 −0.02 8.97

37229 5 10.94 9.96 9.51 7.82 0.98 1.43 3.12 0.898 0.828 0.705 3.8 10.20
NGC 3938 29 −20.01 −20.99 −21.44 −23.13 1.16 1.77 3.83 1.23 1.46 1.46 1.25 10.60

37290 4 11.34 10.57 10.19 8.42 0.77 1.15 2.92 1.086 1.064 1.032 3.7 10.04
NGC 3949 54 −19.61 −20.38 −20.76 −22.53 0.62 1.09 2.99 0.63 1.08 1.10 0.79 10.36

37306 4 10.74 9.49 8.89 7.01 1.25 1.85 3.73 0.991 0.946 0.995 4.4 10.28
NGC 3953 62 −20.21 −21.46 −22.06 −23.94 1.35 2.09 3.96 1.57 1.98 1.97 1.99 10.92

37418 6 14.43 13.73 13.54 12.34 0.70 0.89 2.10 1.286 1.161 1.491 3.1 8.80
UGC 6894 90 −16.52 −17.22 −17.41 −18.61 0.34 0.91 2.03 −1.20 −0.69 −0.98 −0.49 8.79

37466 4 12.31 11.38 10.92 9.33 0.93 1.38 2.98 1.044 1.000 0.948 3.0 9.65
NGC 3972 79 −18.64 −19.57 −20.03 −21.62 1.02 1.70 3.73 −0.71 −0.30 −0.36 −0.14 9.99

37520 3 12.22 11.18 10.76 8.81 1.04 1.47 3.42 1.075 0.981 0.915 3.5 9.68
NGC 3982 28 −18.73 −19.77 −20.19 −22.14 0.82 1.53 3.65 −0.31 0.31 0.08 0.22 10.20

37525 7 12.88 12.01 11.62 10.29 0.88 1.26 2.60 0.968 0.909 0.861 3.4 9.42
UGC 6917 59 −18.07 −18.94 −19.33 −20.66 1.01 1.55 3.10 0.37 0.54 0.53 0.63 9.61

37542 9 13.03 12.13 11.72 10.18 0.90 1.31 2.85 1.086 1.038 1.200 2.9 9.36
NGC 3985 53 −17.92 −18.82 −19.23 −20.77 0.84 1.42 2.98 −0.49 −0.39 −0.56 −0.35 9.65

37550 6 14.42 13.59 13.18 11.89 0.83 1.25 2.53 0.893 0.855 0.603 5.0 8.80
UGC 6922 34 −16.53 −17.36 −17.77 −19.06 1.13 1.66 3.72 0.30 0.32 0.29 −0.05 8.97

37553 8 13.52 12.74 12.18 11.02 0.78 1.34 2.50 1.054 1.205 0.880 5.0 9.16
UGC 6923 68 −17.43 −18.21 −18.77 −19.93 0.84 1.18 3.19 0.37 0.41 0.50 0.13 9.32

37584 7 12.59 11.65 11.34 10.32 0.94 1.25 2.27 0.985 0.909 0.805 3.8 9.54
UGC 6930 32 −18.36 −19.30 −19.61 −20.63 1.00 1.47 2.95 0.54 0.76 0.73 0.82 9.59

37617 4 10.64 9.42 8.84 7.22 1.21 1.79 3.42 0.947 0.873 1.004 4.0 10.32
NGC 3992 58 −20.31 −21.53 −22.11 −23.73 1.40 2.24 3.47 1.34 1.63 1.48 2.22 10.84

37618 −2 13.53 12.08 11.36 9.54 1.45 2.17 3.99 0.992 0.922 0.695 8.5 9.16
NGC 3990 62 −17.42 −18.87 −19.59 −21.41 1.46 2.37 5.05 2.48 2.52 2.29 1.57 9.91
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(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
PGC Type Bbi

T Rbi
T I bi

T Kbi
T B− R B− I B − K0 hR⁄ hB hI ⁄ hB hK0 ⁄ hB <C82> logLB

Name Inclin. Mbi
B Mbi

R Mbi
I Mbi

K �B
0 −�R

0 �B
0 −�I

0 �B
0 −�K0

0 �B
0 −�B

4 �R
0 −�R

4 �I
0 −�I

4 �K0

0 −�K0

4 logLK0

37621 6 15.67 15.13 15.02 13.93 0.54 0.64 1.74 1.155 1.141 1.732 3.5 8.30
UGC 6940 79 −15.28 −15.82 −15.93 −17.02 0.46 0.72 1.62 −0.49 −0.40 −0.49 −0.33 8.15

37642 −3 11.73 9.55 9.29 7.35 2.18 2.44 4.38 0.903 1.029 1.077 11.8 9.88
NGC 3998 38 −19.22 −21.40 −21.66 −23.60 2.48 2.38 4.23 3.08 2.74 3.04 3.06 10.78

37682 9 14.97 13.74 14.01 12.06 1.23 0.96 2.91 1.080 0.764 0.876 4.0 8.58
UGC 6956 45 −15.98 −17.21 −16.94 −18.89 1.12 1.63 3.27 0.42 0.41 0.25 0.25 8.90

37691 3 11.60 10.21 9.49 7.62 1.39 2.11 3.99 0.937 0.885 0.595 3.7 9.93
NGC 4013 88 −19.35 −20.74 −21.46 −23.33 1.72 2.64 5.89 −1.17 −1.32 −0.79 0.05 10.68

37692 6 12.81 11.84 11.39 10.11 0.97 1.42 2.70 1.012 0.946 1.144 2.9 9.45
UGC 6962 38 −18.14 −19.11 −19.56 −20.84 0.93 1.56 2.45 −0.78 −0.54 −0.65 0.00 9.68

37697 7 12.52 11.56 11.09 9.16 0.96 1.43 3.37 1.016 1.012 1.202 2.9 9.56
NGC 4010 90 −18.43 −19.39 −19.86 −21.79 1.09 1.65 3.04 −1.96 −1.56 −1.39 0.17 10.06

37700 9 14.48 13.91 13.72 12.54 0.57 0.76 1.94 1.065 0.992 1.202 3.0 8.78
UGC 6969 76 −16.47 −17.04 −17.23 −18.41 0.65 1.10 2.22 −0.86 −0.68 −0.82 −0.37 8.71

37719 2 12.50 11.00 10.33 8.20 1.50 2.17 4.30 0.926 0.852 0.480 5.3 9.57
UGC 6973 70 −18.45 −19.95 −20.62 −22.75 1.75 2.67 6.47 1.61 1.87 1.81 0.42 10.44

37722 10 16.06 14.95 14.46 ... 1.11 1.60 ... ... ... ... 2.1 8.15
1156+46 54 −14.89 −16.00 −16.49 ... 1.01 1.28 ... −0.21 −0.13 −0.09 ... ...

37735 6 12.95 12.18 11.84 10.51 0.76 1.10 2.43 0.887 0.834 0.741 3.8 9.39
UGC 6983 50 −18.00 −18.77 −19.11 −20.44 1.05 1.51 3.18 1.01 1.06 0.82 0.96 9.52

37760 −2 11.67 10.23 9.55 7.65 1.44 2.12 4.02 0.971 0.960 0.928 7.3 9.90
NGC 4026 80 −19.28 −20.72 −21.40 −23.30 1.51 2.22 4.22 2.62 2.65 2.29 2.18 10.67

37832 10 14.42 13.30 12.77 ... 1.12 1.65 ... 1.047 1.056 ... 3.2 8.80
UGC 6992 65 −16.53 −17.65 −18.18 ... 1.13 1.71 ... −0.90 −0.75 −0.72 ... ...

38068 4 10.84 9.80 9.31 7.85 1.04 1.53 2.98 1.013 1.000 0.651 4.0 10.24
NGC 4051 50 −20.11 −21.15 −21.64 −23.10 1.01 1.52 4.06 2.84 2.85 2.80 2.38 10.58

38283 5 12.24 11.29 10.82 9.14 0.95 1.43 3.11 1.000 1.017 1.012 3.2 9.67
NGC 4085 82 −18.71 −19.66 −20.13 −21.81 1.19 1.71 3.85 −1.08 −0.29 −0.10 0.04 10.07
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(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
PGC Type Bbi

T Rbi
T I bi

T Kbi
T B− R B− I B − K0 hR⁄ hB hI ⁄ hB hK0 ⁄ hB <C82> logLB

Name Inclin. Mbi
B Mbi

R Mbi
I Mbi

K �B
0 −�R

0 �B
0 −�I

0 �B
0 −�K0

0 �B
0 −�B

4 �R
0 −�R

4 �I
0 −�I

4 �K0

0 −�K0

4 logLK0

38302 4 10.75 9.71 9.15 7.43 1.04 1.61 3.32 0.959 0.924 1.088 3.0 10.27
NGC 4088 71 −20.20 −21.24 −21.80 −23.52 1.33 2.05 3.58 −0.25 0.24 0.37 0.71 10.75

38356 8 12.89 12.19 11.90 11.05 0.70 0.99 1.85 1.055 1.015 1.052 3.5 9.41
UGC 7089 90 −18.06 −18.76 −19.05 −19.90 0.86 1.36 2.78 −0.14 −0.05 −0.10 −0.28 9.31

38356.1 10 16.53 15.72 15.52 ... 0.81 1.01 ... 1.203 1.014 ... 3.7 7.96
1203+43 47 −14.42 −15.23 −15.43 ... 0.53 1.11 ... −0.49 −0.31 −0.60 ... ...

38370 4 11.19 10.15 9.64 7.97 1.03 1.55 3.22 0.971 0.955 0.895 2.9 10.10
NGC 4100 77 −19.76 −20.80 −21.31 −22.98 1.28 1.92 4.05 0.29 0.50 0.54 0.55 10.54

38375 8 14.24 13.40 12.99 11.55 0.85 1.26 2.69 1.021 1.037 0.853 4.5 8.87
UGC 7094 72 −16.71 −17.55 −17.96 −19.40 0.98 1.44 3.43 0.23 0.14 0.11 −0.16 9.10

38392 2 11.81 10.41 9.83 7.85 1.40 1.98 3.96 1.023 0.971 1.152 7.6 9.85
NGC 4102 58 −19.14 −20.54 −21.12 −23.10 1.28 1.99 3.13 0.79 1.55 1.59 2.64 10.59

38440 −1 11.40 9.95 9.25 7.60 1.45 2.15 3.80 1.062 1.022 0.875 7.8 10.01
NGC 4111 84 −19.55 −21.00 −21.70 −23.35 1.19 2.07 4.07 2.91 3.29 3.03 2.45 10.68

38503 −2 14.05 12.47 11.81 9.98 1.58 2.24 4.07 1.069 1.160 0.924 6.1 8.95
NGC 4117 67 −16.90 −18.48 −19.14 −20.97 1.32 1.74 4.05 1.40 1.76 1.98 1.77 9.73

38507 10 15.66 14.71 14.21 12.88 0.95 1.45 2.78 0.944 1.042 0.792 5.5 8.31
NGC 4118 55 −15.29 −16.24 −16.74 −18.07 1.28 1.57 3.73 0.82 0.46 0.51 0.07 8.57

38582 1 14.01 12.73 12.14 ... 1.28 1.87 ... 1.040 0.937 ... 4.4 8.97
UGC 7129 47 −16.94 −18.22 −18.81 ... 1.28 2.19 ... 0.82 0.80 0.46 ... ...

38643 1 12.10 10.62 10.02 8.18 1.48 2.08 3.92 1.118 1.124 0.975 5.3 9.73
NGC 4138 53 −18.85 −20.33 −20.93 −22.77 1.25 1.87 4.07 1.19 1.73 1.83 1.55 10.45

38654 −2 12.06 10.55 9.84 7.86 1.51 2.22 4.20 0.912 0.747 0.706 8.0 9.75
NGC 4143 59 −18.89 −20.40 −21.11 −23.09 1.69 3.02 5.11 2.49 2.43 1.89 1.52 10.58

38781 10 15.34 15.02 14.88 14.59 0.32 0.46 0.76 1.058 0.922 0.823 2.6 8.43
UGC 7176 80 −15.61 −15.93 −16.07 −16.36 0.46 0.84 2.16 −0.27 −0.22 −0.23 −0.25 7.89

38795 3 11.26 10.01 9.41 7.46 1.25 1.85 3.81 0.800 0.796 0.525 3.9 10.07
NGC 4157 90 −19.69 −20.94 −21.54 −23.49 1.97 2.68 6.05 0.48 0.62 0.68 −0.41 10.74
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(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
PGC Type Bbi

T Rbi
T I bi

T Kbi
T B− R B− I B − K0 hR⁄ hB hI ⁄ hB hK0 ⁄ hB <C82> logLB

Name Inclin. Mbi
B Mbi

R Mbi
I Mbi

K �B
0 −�R

0 �B
0 −�I

0 �B
0 −�K0

0 �B
0 −�B

4 �R
0 −�R

4 �I
0 −�I

4 �K0

0 −�K0

4 logLK0

38951 10 14.61 13.83 13.44 12.33 0.78 1.17 2.29 1.091 1.050 2.099 2.7 8.73
UGC 7218 60 −16.34 −17.12 −17.51 −18.62 0.75 1.28 1.88 −0.98 −0.82 −0.84 −0.28 8.79

38988 6 12.12 11.41 11.05 9.70 0.71 1.07 2.43 0.992 1.003 0.949 3.2 9.72
NGC 4183 90 −18.83 −19.54 −19.90 −21.25 0.98 1.44 3.33 −0.19 0.06 0.13 0.35 9.85

39237 9 13.50 12.72 12.33 10.82 0.78 1.17 2.68 1.073 0.740 0.750 3.2 9.17
NGC 4218 55 −17.45 −18.23 −18.62 −20.13 0.77 2.18 3.84 0.06 0.21 −0.77 −0.83 9.40

39241 3 11.31 10.04 9.38 7.55 1.27 1.93 3.77 0.938 0.925 0.687 3.3 10.05
NGC 4217 80 −19.64 −20.91 −21.57 −23.40 1.67 2.47 5.33 −0.82 −0.12 0.28 0.48 10.71

39285 1 11.70 10.38 9.71 8.32 1.32 1.99 3.38 1.008 0.992 0.692 4.2 9.89
NGC 4220 76 −19.25 −20.57 −21.24 −22.63 1.47 2.25 4.81 0.79 1.04 1.08 0.44 10.40

39344 7 14.70 13.99 13.80 12.67 0.71 0.90 2.04 1.074 0.932 0.966 3.2 8.69
UGC 7301 90 −16.25 −16.96 −17.15 −18.28 0.85 1.43 2.91 −0.42 −0.25 −0.48 −0.22 8.66

39864 10 15.54 14.72 14.37 ... 0.82 1.17 ... 1.115 1.115 ... 3.5 8.36
UGC 7401 56 −15.41 −16.23 −16.58 ... 0.69 1.10 ... −0.57 −0.46 −0.41 ... ...

40228 −2 12.14 10.69 9.96 8.21 1.45 2.18 3.93 0.981 1.129 0.749 8.2 9.72
NGC 4346 75 −18.81 −20.26 −20.99 −22.74 1.48 1.88 4.62 2.72 2.82 3.04 1.95 10.44

40537 4 12.42 11.25 10.81 9.11 1.17 1.61 3.30 1.016 0.995 0.842 3.6 9.61
NGC 4389 50 −18.53 −19.70 −20.14 −21.84 1.23 1.75 3.93 0.22 0.28 0.21 −0.10 10.08
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Chapter 3. Bimodality of the Distribution of Central Surface Brightnesses

Chapter 3
Bimodality of the Distribution
of Central Surface Brightnesses1

R. Brent Tully and Marc A.W. Verheijen

ABSTRACT– The Ursa Major Cluster appears to be unevolved and made up of HI-
rich spiral galaxies like one finds in the field.B;R; I ;K0 photometry has been obtained
for 79 galaxies, including 62 in a complete sample withMb;i

B < −16:5m (with a distance
to the cluster of 15.5 Mpc). TheK0 information is particularly important for the present
discussion because it is not seriously affected by obscuration. There is reasonably con-
vincing evidence that the distribution of exponential disk central surface brightnesses
is bimodal. There is roughly an order of magnitude difference in the mean luminosity
densities of high and low surface brightness disks. Disksavoidthe domain between the
high and low surface brightness zones. The few intermediate surface brightness exam-
ples in the sample all have significant neighbors within a projected distance of 80 kpc.
The high surface brightness galaxies exhibit a range−21m<Mb;i

B < −17m while the low
surface brightness galaxies are found with−19m< Mb;i

B down to the completion limit.
High and low surface brightness galaxies in the overlap regime−19m < Mb;i

B < −17m

that are indistinguishable in luminosity–line width plots have very distinct locations in
surface brightness–scale length plots. The existence of separate high and low surface
brightness families suggests that there are discrete radial configurations that are stable.
Galaxies are driven into one of these regimes. The high surface brightness state has a
lower luminosity cutoff. It is likely that the high surface brightness galaxies are domi-
nated by dissipational matter at their centers while the low surface brightness galaxies
are dark matter dominated. The high surface brightness family subdivides into those
with, and without, substantial bulges. In either case, these galaxies have essentially the
same exponential disk central surface brightnesses. Evidently, there aretwo thresholds
probably controlled by angular momentum content or transfer. Passing from high to
low specific angular momentum, there is first the transition from low surface bright-
ness to high surface brightness regimes, then the transition from exponential disk to
disk plus bulge regimes.

1 Freeman’s law

Evidence will be presented that the luminosity densi-
ties of the disks of galaxies are bimodally distributed.
By inference, the mass densities would also be bi-

1Published in The Astrophysical Journal, 1997,
vol.484, p.145

modally distributed. If true, then the distinction be-
tween high and low surface brightness systems is a fun-
damental phenomenon that any theory of galaxy for-
mation should be required to explain.

The surface brightness of galaxy disks falls off ex-
ponentially with radius (de Vaucouleurs 1959). Free-
man (1970) considered many of the most familiar
nearby spiral and S0 galaxies and pointed out that if fits
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to the main body of disks are extrapolated to the cen-
ters then the central surface brightnesses have values in
theB band of�B

0 ' 21:65 magnitudes per square arcsec
with a very small dispersion. Today many exceptions
are known to Freeman’s law, inevitably on the low sur-
face brightness side. It has been argued that the con-
stancy of central surface brightness values was an arti-
fact either of obscuration (Jura 1980), or of bulge-disk
decomposition methods (Kormendy 1977), or of selec-
tion effects that narrow the range of observed surface
brightnesses (Disney 1976; Allen & Shu 1979). Van
der Kruit (1987) made a strong case for a peak in agree-
ment with Freeman’s discovery, although he appreci-
ated that there are low surface brightness galaxies that
are discordant. The current dominant point-of-view is
that there is a rather flat distribution of central surface
brightnesses from�B

0 � 20 down to the faintest acces-
sible levels (McGaugh, Bothun, & Schombert 1995;
McGaugh 1996; de Jong 1996a). The details of this
distribution have not been well determined because of
selection effects.

Wide field photographic surveys select for high
surface brightness galaxies within a preferred ‘visibil-
ity’ window, in the vocabulary of Disney & Phillipps
(1983). Special efforts are necessary to find low sur-
face brightness objects (Impey, Bothun, & Malin 1988;
Irwin et al. 1990; Davies et al. 1994; Schwartzen-
berg et al. 1995). These efforts amply demonstrate the
ubiquitousness of low surface brightness galaxies but
often the distances to these objects are unknown and it
is not easy to achieve a normalization of the counts per
surface brightness bin per unit volume element. Go-
ing back a bit, the first big compilation of low sur-
face brightness galaxies was by van den Bergh (1959,
1966). Redshifts for these galaxies were obtained by
Fisher & Tully (1975) which made it clear that many
of the objects in this class are big and intrinsically lu-
minous; the brightest in that sample haveMB � −20.
A big compendium of nearby low surface brightness
galaxies is provided by Fisher & Tully (1981). Quite
a few samples have been compiled since that time, for
example, the new catalog by Impey et al. (1996) which
includes objects toz� 0:1.

This new study contains two observational ele-
ments that appear to be important. One is the na-
ture of the sample: we have a statistically significant
data set which iscomplete to an absolute magnitude
limit drawn from an environment dominated by HI-
rich, mostly non-interacting disk galaxies. The other
element has to do with the passbands of the photomet-
ric material: we combineK0 imaging withB;R; I opti-
cal imaging.

The raw data has been published in Paper I of this
series (Tully et al. 1996). There is a description of
the Ursa Major Cluster in that reference. The region
is unusual in a favorable way. Clusters are nice be-

cause if objects are at a common distance then anap-
parentthreshold corresponds to anabsolutethreshold.
However, it is suspected that cluster environments af-
fect the properties of the constituent galaxies, for ex-
ample, to produce the correlation of galaxy types with
local density (Dressler 1980). Yet it was argued in Pa-
per I that the Ursa Major Cluster may be so young
that it’s members are representative of a ‘field’ pop-
ulation. The velocity dispersion of the cluster is only
148 km s−1, whence the characteristic crossing time is
0.5 H−1

0 . There is no concentration toward a core, no
large ellipticals and only a few moderate S0’s, and the
spirals have normal gas properties. Next to the Virgo
Cluster, the Ursa Major Cluster contains by far the
largest concentration of spiral galaxies of any bound
region in the Local Supercluster. Hence, there is the
possibility that all galaxies in the volume of the clus-
ter can be surveyed down to some absolute limit and
that these galaxies will be reasonably representative of
objects in the low density parts of the universe.

TheK0 (2:2�m) imaging provides the second im-
portant resource for this study. A 256�256 HgCdTe
detector was used in wide-field modes, providing
fields-of-view up to 9 arcmin. The photometry in the
infrared is not significantly affected by obscuration and
it measures the light from old populations, which is
presumably more closely tied to the total mass than the
light of young populations.

It has long been appreciated that Freeman’s law, if
true, provides strong constraints on galaxy formation
scenarios. However a galaxy modeler could not be sure
if (s)he was being asked to reproduce a real effect or an
observational artifact. It is hoped that the present dis-
cussion will help revive the focus on an important char-
acteristic of galaxies with the introduction of a couple
of curious new elements.

2 Surface brightness – scale length
diagrams

A compilation of photometric data can be found in Pa-
per I for 79 galaxies projected within a 7:5deg circle
and with 700< Vhelio + 300siǹcosb < 1210 km s−1.
Of these, 62 galaxies define acomplete samplewith
Mb;i

B < −16:5. CCDB;R; I photometry is available for
all 79 galaxies. There is imagingK0 photometry avail-
able for 60 of the 62 galaxies in the complete sample
and for 10 of the 17 fainter galaxies. Absolute mag-
nitudes are based on an assumed distance modulus of
30.95, corresponding to a distance of 15.5 Mpc. Hence,
100 = 75 pc. This distance is compatible with a com-
plex velocity field map of the Local Supercluster with
a global value of H0 = 85 km s−1 Mpc−1 (Tully et al.
1997).
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2.1 Photometric parameters

One-dimensional projected surface brightness profiles
were derived by averaging the surface brightness in
concentric ellipses of constant position angle and ellip-
ticity chosen to match the outer isophotes. The surface
brightness profiles were fit by a straight line of the form

��(r) = ��0 + 1:086(r ⁄ rd); (1)

corresponding to an exponential profile of the form

L�(r) = L�0e−r ⁄ rd: (2)

If a bulge was detected, the inner region of the pro-
file was excluded from the fit and�0 was determined
by extrapolation. Hence, the fall-off of surface bright-
ness with radius�(r) in a given passband� is described
by two parameters: the surface brightness at the center
of the galaxy�0 and the exponential scale lengthrd.
Typically, 4 to 6 scale lengths are observed above the
outer limiting isophot. It is known that giant elliptical
galaxies are poorly fit by an exponential form (de Vau-
couleurs 1959) but there are no giant ellipticals in the
Ursa Major Cluster. There are some moderate lumi-
nosity early-type systems that are classified as S0. It
is possible to provide at least a crude exponential fit to
the main bodies of these galaxies, although inevitably
there are substantial bulge components at the centers.
It is known that dwarf galaxies, whether irregular or
elliptical, can be reasonably approximated by expo-
nential profiles (Binggeli, Sandage, & Tarenghi 1984).
Hence, it has been possible to measure the parameters
�0 andrd in all available bands for all the galaxies in
the sample.

Plots of the positions of galaxies in the domain of
these two parameters are informative. We begin in Fig-
ure 1 with the directly observed parameters; ie, with
no corrections for inclination effects. The solid sym-
bols denote members of the complete sample and the
crosses are associated with fainter galaxies. The diag-
onal lines are loci of constant magnitudes since for an
exponential disk

m�
T = ��0 − 2:5log2�(b⁄ a)− 5logrd: (3)

where the observed minor-to-major axial ratio of a
galaxy isb⁄ a. The lines are drawn to coincide with the
completion boundary, defined inB and roughly trans-
formed to the other bands. The curved lines in theB
panel are in the spirit of the visibility limits discussed
by Disney & Phillipps (1983). Following from Paper I,
the magnitude above the limiting isophote is

mlim = mT

− 2:5log

�
1−
�

1+
(�lim −�0)

1:086

�
e− (�lim−�0)

1:086

�
(4)
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Figure 1: Central disk surface brightness�0 versus ex-
ponential scale lengthrd. Filled symbols: 62 galax-
ies of the complete sample withMb;i

B < −16:5m; cir-
cles represent galaxies more face-on than 60deg and
triangles represent galaxies more edge-on than this
limit. Crosses: fainter galaxies. Panels correspond to
B;R; I ;K0 respectively. Diagonal lines atB = 14:0m,
R = 13:1m, I = 12:5m, and K0 = 11:2m represent the
approximate limiting magnitudes for face-on systems.
For B, which is closest to the photographic band used
in the sample selection, two limiting visibility curves
have been superimposed. Both curves are drawn on the
assumption that completion is limited by the surface
brightness isophote�B

lim = 25:5. Galaxies with isopho-
tal magnitudes brighter than 14:5m lie above the bottom
curve and galaxies that are larger than 1 arcmin at the
limiting isophote lie to the right of the steep curve at
the left of the figure.

Here, (�lim − �0)⁄ 1:086 is the number of scale
lengths above the limiting isophote�lim. If we sub-
stitute formT and assume the face-on caseb⁄ a = 1,

logrd = 0:2

�
�0 − 2:5log2�− mlim

− 2:5log

�
1−
�

1+
(�lim −�0)

1:086

�
e− (�lim−�0)

1:086

�� (5)

We consider that we have completion brighter than
mlim = 14:5m. Our fundamental reference is the Upp-
sala General Catalogue of Galaxies (Nilson 1973). Ac-
cording to Cornell et al. (1987), this catalog measures
diameters to 25:4m�0:7 atB and according to van der

– 69 –



The Ursa Major Cluster of Galaxies

0 0.2 0.4 0.6 0.8
0.4

0.5

0.6

0.7

0.8

0.9

0.2 0.4 0.6 0.8 1

Figure 2: Dispersion about the mean central surface
brightness as the transparency constantC is varied.
Separate curves are given for theB;R; I ;K0 passbands.
Panela relates to the HSB sub-sample and panelb re-
lates to the LSB sub-sample.

Kruit (1987) it measures diameters to 26:0m� 0:7 at
B. In the following, we assume there is completion
to �B

lim = 25:5m. With these assumptions formlim and
�lim, Eq. (5) provides the relation betweenrd and�0
plotted as the lower limiting curve in Fig. 1. The up-
per left limiting curve is imposed by the requirement
that galaxies have diameters larger than 1 arcmin at the
limiting isophote. In this case,

rd(�lim −�0)⁄ 1:086> 3000 (6)

that is, the scale length times the number of scale
lengths above the limiting isophote must exceed a ra-
dius of 3000.

The galaxies of the complete sample seem already
to fall into two zones in each of the color panels of
Fig. 1. As one progresses fromB, throughR andI , to
K0, the two zones become more separated. The higher
surface brightness galaxies tend to be redder so the dif-
ferences between high and low surface brightness ob-
jects are accentuated with observations toward the in-
frared.

2.2 Inclination corrections

Inclination effects can be confusing at optical bands
because surface brightness pathlength and obscuration
variables play off against each other. Happily, atK0

obscuration is negligible and it can be anticipated that
projection effects on surface brightness are simply de-
scribed by geometric considerations. It is expected
that the central surface brightnesses of galaxies viewed
face-on can be described by

�
�;i
0 = ��0 − 2:5C�log(b⁄ a) (7)

Here, the coefficientC ranges from 0 for an opaque
system to 1 for a transparent system. The superscripti

means that an inclination correction has been applied.
It can be anticipated thatCK0

� 1 atK0 andC� is pro-
gressively smaller as one goes toward shorter wave-
lengths. In transparent systems the geometric effect of
longer line-of-sight pathlengths in edge-on cases aug-
ments surface brightnesses, but if the systems are not
transparent the geometric augmentation is off-set by
the increased obscuration in edge-on cases.

In fact, if one distinguishes between edge-on and
face-on galaxies in Fig. 1 (triangles and circles, respec-
tively), there is an immediately evident separation be-
tween the two inclination groups on theK0 plot that
weakens atI andRand is almost washed out atB. It is
exactly this effect that is anticipated by the formulation
of Eq. (7). Estimates ofC� can be derived by looking
for the best agreement between edge-on and face-on
galaxies in the various passbands. Given the appar-
ent separation of galaxies into two surface brightness
zones, we split the sample at�K0

0 = 17:5 and, more-
over, consider only the 62 galaxies of the complete
sample. For the high and low surface brightness sub-
samples separately, we then variedC� to find minima
in the dispersion of central surface brightnesses. Fig-
ure 2 illustrates the variations in rms dispersion with
the choice of the parameterC, for the high surface
brightness sub-sample in panela and for the low sur-
face brightness sub-sample in panelb. The variation of
C� behaves as expected for the 39 galaxies in the high
surface brightness sub-sample (38 atK0). There is a
minimum dispersion atK0 with CK0

= 1 corresponding
to the transparent model. Progressively toward shorter
wavelengths, dispersion minima occur atCI = 0:61,
CR = 0:52, andCB = 0:23. At minimum, the rms dis-
persions are� 0:53m at R andI and� 0:58m at B and
K0. For comparison, Valentijn (1990) foundCB � 0:2
for Sb-Sc types and Peletier & Willner (1992) foundC
near the transparent regime atH-band.

If the same test is applied to the 23 galaxies of the
low surface brightness sub-sample (22 atK0), the re-
sults are more uncertain but consistent with the propo-
sition that these systems are transparent. It is seen in
Fig. 2b that the rms dispersion is minimized withC�

in the range 0.64-0.78, with no systematic dependence
on�. SinceC� does not increase with increasing� we
conclude that obscuration is not a factor for this sub-
sample. The deviation fromC = 1 is taken to be a sta-
tistical aberration. Almost certainly,CK0

should equal
unity and the measured minimum is most deviant from
unity in this case. We accept thatC� = 1 at all pass-
bands for the low surface brightness sub-sample. Dis-
persions about the mean surface brightnesses are 0:5m

to 0:7m but these values may be affected by incomple-
tion on the low surface brightness side. Surface bright-
ness means and dispersions are recorded for the various
subsamples and passbands in Table 1.
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Table 1: Mean Central Surface Brightnesses

Filter CHSB N < �0 >HSB rms CLSB N < �0 >LSB rms
Complete sample

B 0.23 39 20.57 �0:57 1.00 23 22.65 �0:49
R 0.52 39 19.54 �0:52 1.00 23 21.72 �0:48
I 0.61 39 18.94 �0:54 1.00 23 21.21 �0:52

K0 1.00 38 17.11 �0:58 1.00 22 19.61 �0:67
Complete subsample of isolated galaxies

B 24 20.60 �0:52 14 22.77 �0:46
R 24 19.50 �0:55 14 21.87 �0:41
I 24 18.94 �0:54 14 21.36 �0:46

K0 23 17.15 �0:40 13 19.85 �0:39

Figure 3 is the equivalent of Fig. 1 but now with
the inclination adjustments of Eq. (7) applied. In this
new figure, the high surface brightness (HSB) galaxies
are distinguished as the filled symbols and the low sur-
face brightness (LSB) galaxies are identified by open
symbols. The separation between the two groups is
formally made at�K0

;i
0 = 18:5m. In theK0 panel, large

symbols identify galaxies with large bulges (concen-
tration index from Paper IC82 > 5). It is seen that the
HSB and LSB domains are each restricted in surface
brightness and extended in scale length. There are his-
tograms of the surface brightness distributions shown
in Figure 4. The one HSB system, as defined atK0, that
overlaps with the LSB sample atB;R; I is the anoma-
lous galaxy NGC 3718 that will be discussed later.

These plots include the adjustments for inclination
effects, so care is needed in one regard. In the cases
of B;R; I the coefficientsC� are different for the HSB
and LSB regimes (see Table 1). The effect of the in-
clination corrections are to make the adjusted surface
brightnesses of edge-on galaxiesfainter: �

�;i
0 � ��0.

The larger the value ofC� the larger the shift. In the
case of theB;R; I passbands, sinceC�

LSB> C�
HSB there

is aseparationof the high and low surface brightness
groups introduced by the inclination adjustments. On
the one hand, there is a reasonable basis for making the
separate inclination corrections to HSB and LSB sys-
tems. On the other hand, it makes it dangerous to ar-
gue that the gap between HSB and LSB systems is real
when part of the separation is introduced by these cor-
rections. Hence, theK0 material takes on a particular
importance. Our tests indicate that both the HSB and
LSB galaxies are in the transparent regime, so the two
groups receive the same inclination treatment. More-
over, the HSB systems turn out to be redder than the
LSB systems so the separation between the two kinds
of galaxies is most easily distinguished in the infrared.

The color and reddening variations provide a rec-

onciliation with the claims by Peletier & Willner
(1992) that the range of observed surface brightness at
B is small because of dust absorption and is more con-
siderable atH where disks are almost transparent. If
no corrections for inclination are made then the scatter
is smallest atB because absorption and projection ef-
fects off-set each other. Once suitable corrections are
made then the scatter is comparable in each band from
B to K0 for the separate HSB and LSB families. How-
ever the HSB and LSB families move apart as one pro-

Table 2: Revised exponential disk fits.

Paper I Revised
PGC Filter �0 rd �0 rd

35202 K0 19.31 19.6 19.9 26
36686 K0 17.04 7.1 18.0 9
37073 K0 17.09 7.9 17.8 11
37136 K0 16.90 9.3 17.3 10
37550 B 21.91 13.1 22.26 14.5

R 20.78 11.7 21.19 13.0
I 20.25 11.2 20.63 12.3

K0 18.19 7.9 18.56 8.8
37553 B 21.06 16.6 21.42 18.0

R 20.22 17.5 20.60 19.2
I 19.88 20.0 20.30 22.5

K0 17.87 14.6 18.34 17.1
37618 K0 16.04 8.9 16.4 10
37719 K0 14.70 11.0 17.0 18
38068 K0 16.72 30.2 16.9 33
38392 K0 16.15 19.7 15.82 18.0
38440 K0 15.63 23.9 16.02 26.3
39237 K0 16.51 7.2 16.74 7.7
38503 K0 17.11 12.1 17.8 15
38507 K0 18.26 5.7 19.1 9
40228 K0 15.91 19.7 16.8 25
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Figure 3: Inclination adjusted central disk surface
brightness�i

0 versus exponential scale lengthrd. Now

the complete sample is split between HSB with�
K0

;i
0 <

18:5 (filled symbols), and LSB with�K0
;i

0 > 18:5 (open
symbols). Again, circles represent galaxies more face-
on than 60deg and triangles represent galaxies that
are more edge-on than 60deg. The panels correspond
to B;R; I ;K0. Diagonal lines represent approximate
limiting magnitudes,accounting for mean inclination
and color transformations. Larger symbols in theK0

panel identify galaxies with bulges: concentration in-
dexC82> 5.

gresses from the blue to the infrared since HSB types
are redder than LSB types. Hence, if the separate fami-
lies are not distinguished then the dispersion in surface
brightnesses seems to increase as one progresses to the
infrared.

Could the bimodality be an artifact of our fitting
of the exponential disks since we have not attempted
bulge–disk decompositions? The large bulge systems
are flagged in Fig. 3 and the bimodality is seen to
remain in those without bulges. It is argued by de
Jong (1996b) and Courteau, de Jong, & Broeils (1996)
that the exponential representation of bulges is at least
as justified as anr1⁄ 4 representation, whence de Jong
shows our “marking the disk” fits give an unbiased disk
characterization relative to a bulge/diskdecomposition,
with an uncertainty of� 0:2m. A greater potential error
arises in our case because theK0 photometry is cut off
at smaller radii by sky noise. If there is a substantial
bulge, the disk fitting range is restricted and there is a
bias toward too steep a slope through inclusion of some
of the bulge in the disk. Hence, the measure of�K0
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Figure 4: Histogram of inclination adjusted central
disk surface brightnesses forB;R; I ;K0. The HSB com-
ponent of the histogram is filled. Means for the HSB
and LSB components are indicated. NGC 3718 is iden-
tified as HSB atK0 but lies with the LSB atB;R; I .

may be too bright. The concern here is whether bulge
galaxies could have been moved from the gap to the
HSB domain erroneously. TheK0 luminosity profile
fits of Paper I have been reconsidered from a conserva-
tive perspective by asking how far�K0

0 values could be
pushed toward the gap. In fact, in several of the bulge
systems it is warranted to take fainter�K0

0 and larger
rK0

d . Changes from Paper I are recorded in Table 2. A
couple of systems are moved into the surface bright-
ness gap but the changes are not significant.

2.3 An environmental effect

Having identified the separate HSB and LSB fami-
lies we wondered whether there was any environment
difference between the two, so we looked at surface
brightness properties as a function of proximity to
nearest neighbor. Figure 5 shows the amazing result.
In the top panel for each bandpass, the inclination ad-
justed central disk surface brightness is plotted against
the projected distance to the nearest significant neigh-
bor. To be ‘significant’, we require that the neighbor
have at least 10% of the luminosity of the galaxy under
consideration. For this discussion, we draw attention to
theK0 panels where the situation is clearest. Remark-
ably, all of the intermediate surface brightness systems
have projected near neighbors.For the� 2⁄ 3 of the
sample that do not have a significant close companion
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Figure 5: The effect of nearest neighbors on surface brightness. In the top panel for each ofB;R; I ;K0, central
disk surface brightnesses are plotted against the distance to the nearest neighbor withLneighbor> 0:1Lgalaxy. Closed
symbols: HSB; open symbols: LSB; crosses: too faint for complete sample. The bottom two panels for each
passband are decompositions of the histograms of Fig. 4, complete sample only. The middle panels gives the
histogram for the subset with nearest projected neighbor farther than 80 kpc and the bottom panels gives the
histogram for galaxies with a projected neighbor closer than 80 kpc. The curve in theK0 middle panel illustrates
the completeness expectation if the surface brightness–scale length plane is uniformly populated in the interval
0:8< logrd < 1:6 and�K0

;i
0 > 17m. The normalization of the maximum is given by the average of the three bins at

the peak of the HSB distribution.

the separation into HSB and LSB classes is compelling.
The middle panels for Fig. 5 repeats the histograms

of Fig. 4 but only includes the 38 of 62 galaxies (36 of
60 atK0) in the complete sample with nearest signifi-
cant neighbor more distant than 80 kpc in projection.
Histogram means and dispersions are recorded in Ta-
ble 1. The solid curve in theK0 panel illustrates a com-
pleteness expectation. The histogram would have this
shape if there was a uniform population of the�

K0
;i

0 − rd

domain for 0:8< logrd < 1:6 and�K0
;i

0 > 17m. The fall-
off from the peak is described by the transposition of
the curve defined by Eq. (5) and illustrated in theB
panel of Fig. 1. The bottom panels in Fig. 5 shows the
same information for the 24 galaxies in the complete
sample with a nearest significant neighbor closer than
80 kpc in projection.

For the isolated galaxies, there is a gap atK0 be-
tween HSB and LSB types of 1:5m, which contains 3
galaxies where roughly 20 might be expected. The dis-
persion about the separate peaks is� = 0:40. There
is an evident difference with respect to the representa-
tive completeness expectation. This remarkable figure
demonstrates that the HSB-LSB bimodality is highly
significant in galaxies that are relatively isolated today.
These galaxies have transit times> 109 years with an-
other galaxy.

The sample is drawn from a cluster but one that
appears to be dynamically young; so much so that in
Paper I it was argued that the galaxies may be repre-
sentative of a field population. The relatively isolated
galaxies which display the bimodality most clearly are
probably most similar to galaxies in the field. By con-
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Figure 6: Correlation between surface brightness fam-
ilies and morphological types. Filled symbols: HSB;
open symbols: LSB, crosses: fainter than complete
sample limit. Large symbols denote galaxies with
bulges: concentration indexC82> 5. NGC 3718 is the
unusual galaxy discussed in connection with the type 6,
large low surface brightness systems. The S0 galaxy
identified as LSB by the delineation between surface
brightness regimes at�K0

;i
0 = 18:5 is NGC 4117. Oth-

erwise, the LSB systems are typed Scd or later. The
central disk surface brightnesses are similar for bulge
and non-bulge HSB systems.

trast, the much more scattered distribution of surface
brightnesses for the galaxies with projected neighbors
is strong evidence that interactions can substantially re-
distribute the luminous matter in disks.

We can summarize this section with the suggestion
that the disks of galaxies tend to be in either a high sur-
face brightness state or a low surface brightness state
and avoid the intermediate ground. AtK0, the differ-
ence between the mean central surface brightness of
the disk components in each state is a full factor of
10. The evidence for bimodality is particularly strong
if only relatively isolated galaxies are considered. The
high surface brightness family lie sufficiently far from
the completion limits on the�0 − rd plots that our cen-
sus of this family is probably near to complete. On the
contrary, the low surface brightness family is badly in-
tersected by the completion limits and our census of
that family must be quite incomplete.

3 Back to the literature

It has been appreciated for some time that there are
departures from Freeman’s law, to the extent that the
acronyms LSB and HSB have become familiar coinage
for low and high surface brightness systems. However
it had never been proposed that there was adiscrete dif-
ferencebetween LSB and HSB galaxies. Rather, it was
supposed that there was a continuum of surface bright-
ness properties (cf, McGaugh 1996; de Jong 1996a)
and the designations LSB and HSB described objects
on either side of an ill-defined dividing line (Davies et
al. 1988a; McGaugh & Bothun 1994; de Blok, van der
Hulst, & Bothun 1995). See McGaugh (1996) for a
more elaborate catagorization.

In retrospect, astronomers have long been able to
distinguish LSB from HSB galaxies on a qualitative
basis. Figure 6 illustrates the correlation between sur-
face brightness class and morphological type designa-
tions. With overwhelming coincidence, galaxies typed
S0–Sc are classed HSB and galaxies typed Scd–Im
are classed LSB. The few exceptions tend to be rather
anomalous and hard to define morphologically. The
HSB/LSB separation at�K0

;i
0 = 18:5 takes the S0 galaxy

NGC 4117 to the LSB class but this limit is subjective
and could be revised. Evidently, the density of the disk
has a distinct signature in the appearance of a galaxy.
For one thing, the HSB systems may saturate at the
centers on photographic images while the LSB systems
do not. There must also be manifestations in the orga-
nization of spiral structure.

Our claim of bimodality is consistent with the
study by van der Kruit (1987). His sample was some-
what smaller, with distance effects, and was based on
J-band photographic material with quoted uncertain-
ties in �0 of �0:3m. He saw enough of a difference
between early and late types that he fit separate dis-
tributions to the two, but he did not draw attention to
these separations or make any suggestion that the two
types were distinct. Van der Kruit made inclination ad-
justments on the assumption that the disks are trans-
parent which closes the gap in�0 between the HSB
and LSB families. Consider theB-band panel of our
Fig. 5. If we assumed HSB galaxies are transparent at
B then the HSB sub-sample would shift to lower sur-
face brightnesses (more positive values) by 0:6m in the
mean. The LSB sub-sample remains where it is be-
cause it was already assumed that these galaxies are
transparent. Hence, the two sub-samples would be-
gin to merge. The mean for the HSB part would be
� 21:2m, not so different from van der Kruit’s� 21:5m

for S0–ScII (translating fromJ to B) and Freeman’s
(1970) 21:65m for a blend of mostly HSB and a few
LSB objects.

De Jong (1996a) presents a similar plot to our
Fig. 6 with his Fig. 3. It can be seen, on the one hand,
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Figure 7: Comparison with�0 − rd information from
the literature. Data is inB-band without inclination ad-
justments to make the broadest comparison. The cir-
cles and straight line are the same information shown
in Fig. 1 (B panel) except the HSB and LSB galax-
ies are now filled and open symbols, respectively. The
small dots locate the low surface brightness galaxies
cataloged in the direction of the Fornax Cluster by
Davies et al. (1988a) and Irwin et al. (1990). The
points are plotted assuming Fornax is 11% more distant
than Ursa Major. There is confusion from background
contamination for the shorter scale length objects with
22<�0 �

< 23 but most of the fainter surface brightness
objects should be in the Fornax Cluster. The large filled
squares identify the ‘giant’ low surface brightness spi-
ral galaxies studied by Sprayberry et al. (1995) plus the
two extreme systems Malin 1 (Bothun et al. 1987) and
GP 1444 (Davies et al. 1988b). The unusual galaxy
NGC 3718 is identified in the figure.

that our results are consistent with his and, on the other
hand, that his sample of mostly earlier types would not
convincingly reveal bimodality.

If we are seriously proposing a distinct separation
of disk types into two families, then it is an appropriate
moment to try to understand the relationship between
these families and the kinds of galaxies that have been
revealed by other surveys. In terms of luminosity–
surface brightness–scale length properties it might be
argued that there are as many assix families of galaxy
types.

Type 1: giant boxy ellipticals.Galaxies of this class
do not have significant disks and are not well described
by the exponential luminosity-radius description. If ex-

ponential curves were force-fit in such cases, presum-
ably these systems would be given�0 values at least as
bright or brighter than HSB disks and comparable scale
lengths. There are no such galaxies in our sample.

Type 2: high surface brightness disks.Normal spi-
ral and S0 galaxies, the majority of our complete sam-
ple, are of the HSB type. It can be debated if ‘disky’
ellipticals belong in this group or with type 1.

Type 3: low surface brightness disks.Galaxies
typed Scd to Irregular are of this LSB class, which con-
stitutes a third of our complete sample and a half of our
overall sample. The examples we know about are in-
evitably HI-rich. Our study does not explore the full
domain of this class at faint�0 and lowrd.

Type 4: dwarf spheroidals.Galaxies of this type
are known in the Local Group and related objects are
found in abundance in such clusters as Virgo (Binggeli
et al. 1984; Impey et al. 1988) and Fornax (Ferguson &
Sandage 1988; Davies et al. 1988a; Irwin et al. 1990).
The vaste majority of these systems are HI-poor. The
location of this class in the�0 − rd parameter space is
shown in Figure 7 with the superposition of the For-
nax Cluster samples of Davies et al. (1988a) and Irwin
et al. (1990). The domain of these dwarfs is essen-
tially entirely below our completion limit. Galaxies of
types 3 and 4 must overlap in surface brightness and
scale length properties and the relationship between the
two groups remains to be clarified. It has been argued
(Wirth & Gallagher 1984; Kormendy 1985) that dwarf
spheroidals are a distinct family from large ellipticals.

Type 5: compact dwarfs.Blue and red compact
dwarfs are known to exist (Zwicky 1964). The best ex-
ample of a blue compact in our sample is PGC 37045
= 1148+48 = Markarian 1460. UGC 6805 may be a
reasonable example of a red compact. These two ob-
jects are fainter than our completion limit. There is still
a very poor inventory of these kinds of galaxies. Red
compacts may be related to giant ellipticals and blue
compacts may be related to dwarf irregulars.

Type 6: large low surface brightness galaxies.Ma-
lin 1 (Bothun et al. 1987) is an extreme example of
what seems yet to be a rare class of galaxies. Other
examples have been reported by Davies, Phillipps, &
Disney (1988b) and Sprayberry et al. (1995) and repre-
sentatives of these objects have been located in Fig. 7.
Galaxies of this class can have extreme properties be-
cause of low values of�0 and large values ofrd. The
objects known to date are distinguishable from galax-
ies of type 3 because they are relativelyred and have
prominent bulges. Both types 3 and 6 contain HI. It
is possible that we have one galaxy of this type in
our sample, albeit not so extreme. NGC 3718 is quite
anomalous in comparison with the rest of our objects.
It has by far the largest exponential scale length in all
passbands and has a relatively low disk central sur-
face brightness. It is red and has a big bulge which
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causes it to be classified Sa but the galaxy could be
considered too pathological to be fit into the Hubble
sequence. Schwarz (1985) has shown that this oth-
erwise relatively isolated galaxy could be interacting
with NGC 3729. It has not been suggested in other
cases that the large low surface brightness class are in-
volved in interactions.

In summary of this section, galaxies with distinc-
tive properties inhabit distinctive parts of the�0 − rd
diagram. In particular, galaxies we think of as ‘nor-
mal’ disk systems are reasonablyisolatedfrom other
types in this parameter space. These normal galaxies
can be quantitatively specified by their�0, rd proper-
ties. We should ask how this segregation of properties
has occurred.

4 A core surface brightness –
luminosity relation

This section stands a bit apart. The disk component
can get lost at the centers of some galaxies that have
large bulges. In Paper I, we tabulated for each galaxy
the surface brightness within an ellipse with a major
axis radius of 400 and a minor axis radius in proportion
to the inclination of the galaxy. At the distance of Ursa
Major, 400 = 300 pc. This parameter that we call�4 is a
metric surface brightness, a measure of the density of
light at the centers of all our galaxies. It is the cum-
mulation of the light of disks and of any bulge. Active
nuclei, and possibly bars, will contribute to�4. At K0,
the parameter should not be strongly affected by ob-
scuration.

Tight correlations are seen in Figure 8 which shows
all the available data atK0 band. In the top panel, there
is the relationship between the�i

4 parameter and the
disk central surface brightness,�i

0, where the super-
script indicates a correction for inclination has been
made. This inclination correction is applied to the disk
component only; ie, the flux from the bulge contribu-
tion to�4 is not modified with inclination. The two pa-
rameters,�i

0 and�i
4, scatter about the 45 degree equal-

ity line if there is no bulge component but�i
4 < �i

0 if
there is a bulge component in addition to the disk com-
ponent. Only types earlier or equal to Sab among the
HSB sub-sample have significant bulge components.
In panelsb andc, theK0 magnitude is plotted against
the�i

4 core surface brightness parameter and tight cor-
relations are found. The same data are shown in the
two panels but inb the types Saband earlier are empha-
sized with big symbols and inc the types Sb and later
are emphasized with big symbols. The correlations are
particularly tight with these separations by type.

These plots are a diversion from our main theme
but it is worthwhile to remember that, while the disk
central surface brightnesses of HSB galaxies may have
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Figure 8: Correlations with theK0 surface brightness
within 400 = 300 pc of the center of galaxies. (a) Com-
parison of the inclination corrected exponential disk
central surface brightness,�i

0, and the inclination cor-
rected surface brightness of the bulge plus disk in the
central 400, �i

4. HSB: filled symbols; LSB: open sym-
bols;T � 2: boxes;T � 3: circles; galaxies not in the
complete sample: crosses. The galaxies with substan-
tial bulges (�i

4 � �i
0) almost all have types� Sab. (b)

Correlation between�i
4 and absolute magnitude atK0

with emphasis on early types. Filled symbols: HSB;
open symbols: LSB; big squares: type� Sab; little
circles: type� Sb. The straight line is the regression
on all galaxies which minimizes the scatter in�i

4. The
one open square is for NGC 4117, nominally LSB. The
only square to the left of the regression line for the en-
tire sample is NGC 3729, the galaxy interacting with
NGC 3718 and typed Sab. (c) Same as panelb but
with emphasis on late types. Now circles are big and
squares are small.

a small scatter, the disk-plus-bulge (plus possibleactive
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nucleus) central surface brightnesses display a wide
range. In our small sample, there are separate strong
correlations between�i

4 andMK0 for types S0–Saband
Sb–Im.

5 Luminosity functions

A convenient description of the luminosity function of
galaxies is provided by the Schechter (1976) formu-
lation. However, there is growing evidence that this
two-parameter curve is too simple. Samples that are fit
only to MB �< −16m are adequately described with the
Schechter parameter� ' −1:0 (Davis & Huchra 1982;
Tully 1988; Loveday et al. 1992; Marzke et al. 1994)
which is the case if there are equal numbers in equal
logarithmic bins at faint luminosities. However, there
have been claims that the luminosity function turns up,
possibly dramatically, at the faint end (Sandage et al.
1985; Driver et al. 1994; Marzke et al. 1994). In
other words, the luminosity function for all galaxies
combined may have a concave shape that the Schechter
formulation will not accommodate.

It is interesting to see the separate contributions
to the total luminosity function according to the HSB
and LSB catagories that have been identified. Figure 9
shows the luminosity functions of the separate HSB
and LSB components and the sum of all types. Over-
all, the luminosity function is rather flat to the comple-
tion limit of MB = −16:5m. The separate components
have very different forms. The HSB componentcuts
off above the completion limitwhile the LSB compo-
nent is rising sharply at the completion limit.

This result is not surprising given the strong cor-
relation between the surface brightness classes and
morphological types, as shown in Fig. 6. Sandage,
Binggeli, & Tammann (1985) have demonstrated the
differences in luminosity functions between morpho-
logical types. See also Binggeli, Sandage, & Tam-
mann (1988) for a review, and Marzke et al. (1994).
The Binggeli et al. review recalls the historical debate
over the bell-shaped function found by Hubble (1936)
versus the faint-end exponential shape advocated by
Zwicky (1942). It has been appreciated that Hubble
was drawing upon a sample dominated by high sur-
face brightness objects while Zwicky was impressed
that low surface brightness, faint galaxies did exist but
were strongly selected against. There are some ba-
sic points of agreement. Binggeli et al. (1988) find
bell-shaped luminosity functions for types E–Sc, as we
do for the HSB family, and as Hubble found for sam-
ples dominated by HSB galaxies. Binggeli et al. and
Marzke et al. (1994) find luminosity functions to be
steeply increasing at the faint end for irregular or dwarf
spheroidal systems, as we find for the LSB family and
as Zwicky anticipated.
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Figure 9: Luminosity functions inB-band. (a) The
HSB sub-sample is shaded and embedded in the lumi-
nosity function for the entire sample. There is com-
pletion toMb;i

B = −16:5m. The cutoff of the HSB lumi-
nosity function byMb;i

B � −17m is unlikely to be an ob-
servational artifact. (b) The LSB sub-sample is shown
as an open histogram embedded in the ensemble func-
tion. The LSB component begins atMb;i

B � −19m and
rises steeply to the completion limit.

The HSB–LSB distinction does put a new twist on
the debate. It was not clear before why one should
be impressed by the decomposition of the luminosity
function by type carried out by Binggeli et al. Let
us restrict our considerations to either the HI-rich disk
systems or the HI-poor ellipsoidal systems separately.
If there is a continuum of properties along one of
these branches then the type decomposition may just
be providing an alternative description of the Hubble
sequence rather than telling us something fundamental
about galaxy formation. For example, suppose the se-
quence from Sa to Im is basically a continuous mass
sequence. More massive galaxies are more organized,
have bigger bulge components, get an earlier type clas-
sification, and are more luminous. The least massive,
less luminous galaxies are too small to maintain spiral
structure and have a late type classification. Naturally
then, there would be differences in the luminosity func-
tions of the different types and earlier types will have
cut-offs at the faint end. The luminosity function dif-
ferences between types might just be telling us about
thresholds for the maintenance of spiral structure or
the formation of bulges: issues to do with resonances
or disk instabilities, perhaps. The ensemble luminosity
function might be viewed as providing a more global
constraint on the mass spectrum and galaxy formation.

The HSB–LSB dichotomy provides a better under-
standing of the origins of the historic debate and en-
hances the interest in the separation of luminosity func-
tions by type. If there really were a continuum of sur-
face brightness properties among disk systems then the
extreme bias of early and even modern surveys in fa-
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vor of E–Sc types at the expense of Sd–Im types is
hard to understand, the ‘visibility’ arguments of Dis-
ney & Phillipps (1983) not withstanding. The situation
makes more sense if there is a distinct gap in the de-
tectability of the early and late types, as follows from
what we are finding. Moreover, the gap has to be ex-
plained. The step from Sc to Sd may involve a discon-
tinuity in formation processes. For example, what if
there is a step in mass-to-light ratio between the Sc and
Sd types, a possibility discussed in the next section.
Then the ensemble luminosity function would not be a
simple reflection of the more fundamental mass func-
tion. A kink in the ensemble luminosity function be-
tween the domains of HSB and LSB dominance might
be a signature of a break between different ways that
disks form.

6 Luminosity – line width relations

Although the possibilityof surface brightness bimodal-
ity has come as a surprise, part of the original motiva-
tion for our study was to understand why galaxies can
lie together on a luminosity–HI profile line width plot
(Tully & Fisher 1977) yet be quite removed from each
other on a surface brightness–scale length plot. The
luminosity–line width relations are seen in Figure 10
for the fraction of our sample that satisfies our type, in-
clination, and HI profile quality criteria (34 galaxies).
The HSB galaxies are distinguished by filled symbols;
the LSB galaxies, by open symbols.

In all the passbands, it can be seen that there is
a 2m − 3m domain of overlap between HSB and LSB
galaxies and that there is no significant difference of
each type from the mean correlations. The HSB sys-
tems are redder than the LSB systems so the HSB types
do progressively brighten relative to the LSB’s as one
steps toward the infrared. The galaxies in the overlap
region are given box symbols so they can be tracked
in the next plot, Figure 11. This figure is a repetition
of Fig. 3 except now the galaxies given box symbols
in Fig. 10 are identified with identical symbols here.
These figures illustrate the point made in the previ-
ous paragraph. Galaxies that are mixed together in
luminosity–line width diagrams separate to the distinct
HSB and LSB zones on the�0 − rd diagrams.

Three specific HSB–LSB pairs are illustrated in
Figure 12. Each of these pairs lies close together on
the luminosity-line width diagrams. See the objects la-
beled 1,2,3 in Figs. 10 and 11. TheI-band inclination-
adjusted surface brightnesses are shown in Fig. 12 and
the distinct differences between the HSB and LSB fam-
ilies are evident.

The HSB-LSB overlap in Fig. 10 is part of the
mystery of the tightness of luminosity–line width re-
lations. The coincidence between LSB and HSB sys-
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Figure 10: Luminosity–line width correlations are
shown for 34 galaxies in the four passbands. HSB:
filled symbols; LSB: open symbols. Galaxies in the
overlap region−23m < Mb;i

K0 < −19m (−19m < Mb;i
B <

−17m) are indicated by box symbols. Three pairs and a
triplet given special attention are noted by labels 1,2,3
anda. The straight lines are regressions which mini-
mize scatter in line widths.

tems has been noted by Sprayberry et al. (1995) and
Zwaan et al. (1995). Zwaan et al. make the follow-
ing point if galaxies are built homologously. Com-
pare systems with the same luminosityL and maxi-
mum rotation velocityVobs

max but different�0; rd. Then
the indicative mass,M / (Vobs

max)
2rd, is greater for the

LSB galaxy with largerd than the HSB galaxy with
small rd, though the luminosities are the same. That
is, (M⁄ L)LSB> (M⁄ L)HSB. This argument is in line with
other evidence that late-type galaxies have larger mass-
to-light ratios than early-types (Carignan & Freeman
1988; Persic & Salucci 1988).

If the velocity field is responding to just the mat-
ter distributed in an exponential disk then the veloc-
ity maximum induced by this disk,Vdisk

max, will occur at
2:1rd (Freeman 1970). With this consideration, we can
generalize that there are three possible cases: (i) if the
potential within a fewrd is dominated by mass in an ex-
ponential disk then the observedVobs

max should occur at
r � 2:1rd, (ii) if the potential is dominated by the halo
Vobs

max will probably occur atr > 2:1rd, since the halo is
expected to be more extended than the light, and mod-
eling will probably giveVdisk

max � Vobs
max, and (iii) if in

addition to the self-gravitating exponential disk there
is a central bulge thenVobs

maxshould be pulled inward to
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Figure 11: Repetition of Fig. 3 except the galaxies
identified with box symbols in Fig. 10 are identified
with the same symbols here. Small HSB galaxies
and large LSB galaxies with similar luminosities also
have similar maximum rotation velocities. Three pairs
and a triplet given special attention are identified as in
Fig. 10. In theK0 panel, the solid line is the locus of the
relationVdisk

max⁄ 0:5Wi
R = 2⁄ 3 while the dashed line corre-

spondes toVdisk
max⁄ 0:5Wi

R = 1⁄ 3.

occur atr < 2:1rd.
We can look at the information about velocity fields

in the literature. The HSB–LSB pair NGC 2403–
UGC 128 was studied by de Blok & McGaugh (1996)
because they share the sameVobs

max andL. The HSB ob-
ject NGC 2403 has an exponential disk scale length
about a third that of the LSB object UGC 128. The lu-
minosity is sufficiently concentrated in the HSB case
that the stellar mass that can be associated with the
light is enough to produce the observed velocities.
Such is not the situation with the LSB case. The res-
olution in the case of UGC 128 is not fully satisfac-
tory (beam� 2rd). Verheijen (1997) has Westerbork
HI synthesis maps of all the galaxies, both HSB and
LSB, in the overlap region of−17m > MB > −19m of
the Ursa Major sample. Figure 13 provides a preview
of a small bit of the HI information available to us.
Velocity–radius contour maps are shown for the triplet
of galaxies tracked in Figs. 10 and 11.

The three galaxies used in this figure were chosen
as representatives of the three generalized cases out-
lined two paragraphs above. We will try to make the
case that NGC 3949 is an example of a self-gravitating
exponential disk system without a substantial bulge.

This galaxy is in the HSB family. It is offered as an
example of case (i) above and will be referred to as
the "exponential HSB" class. UGC 6973 has an HSB
disk and, additionally, has a significant central excess
of light. It is offered as an example of case (iii), the "ex-
ponential HSB plus bulge" class. NGC 3917 is drawn
from the LSB family. It will be shown that the disks
of such galaxies do not make an important dynamical
contribution. This object is an example of case (ii), the
"LSB" class.

The bottom panels of Fig. 13 demonstrate decom-
positions of the rotation curves according to the con-
tributions associated with the stellar component, as-
sumingM⁄ LK0 = 0:4M�⁄ L�, the interstellar gas com-
ponent (negligible in all these examples), and what is
left over, hence attributed to a dark halo. The choice
M⁄ LK0 = 0:4M�⁄ L� was made to give a ‘maximum
disk’ fit (van Albada & Sancisi 1986) of the velocities
associated with the luminous matter to the observed in-
ner rotation velocities for UGC 6973 and NGC 3949,
the two HSB examples. There was no attempt to make
a bulge-disk decomposition. For the LSB NGC 3917,
the same choice ofM⁄ L fails by a wide margin to
explain the observed rotation. The disk contribution
could be raised with an increasedM⁄ LK0 but not suffi-
ciently for it to become dominant. If anything, it might
be expected thatM⁄ L values are lower for LSB systems
compared with HSB types, not higher. The idea that
there is a dynamical difference between HSB and LSB
types is revisited in the next section. The photometric
gap appears to have a dynamical correspondence.

7 Discussion

A discreteness between ‘normal’ and ‘dwarf’ galaxies
was suggested by Dekel & Silk (1986) based on a theo-
retical idea, though the idea was motivated by observa-
tions. They argued for a potential wellthreshold: small
galaxies loose much of their gas when an early burst of
star formation leads to supernova driven winds that ex-
ceed the escape velocity, while large galaxies retain the
gas.

The concept could explain the distinction between
LSB and HSB conditions and the apparent augmen-
tation in M⁄ L with LSB types. It may be a problem
for the theory that there are examples of the LSB class
within our small sample that have rotation velocities as
high asVobs

max� 150 km s−1, since Dekel and Silk predict
there is substantial mass lose only if virial velocities are

�
< 100 km s−1. Perhaps that stretch can be accommo-
dated. However, we have a more fundamental concern.

It is not evident how the Dekel–Silk model fits
with the observation that HSB and LSB systems of a
given maximum rotation value have the same luminos-
ity. Their ‘dwarfs’ loose a large fraction of the gas
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that could create stars and luminosity. Alternatively,
these observations could be satisfied if two conditions
are met: (i)the maximum velocity of a galaxy is set by
the dark halo, and (ii) there is a fixed initial fraction
of the protogalaxy in matter that can form stars and
this matter is largely conserved.This latter condition
is quite at odds with the Dekel–Silk proposition, al-
though remember that we need only be concerned with
the domain−19m < MB < −17m where HSB and LSB
types overlap. The Dekel–Silk mechanism could kick
in at a fainter magnitude.

If our two rules are met then the observations of
Figs. 10 and 11 can be explained since a predictable
number of stars are formed in a given halo, though the
concentration may vary. We need adifferentmecha-
nism from that proposed by Dekel and Silk, one that
creates the discrete HSB and LSB classes whilepre-
servingthe dissipational mass content.

Mestel (1963) pointed out that self-gravitating
disks would find their ways to specific radial config-
urations since there are radial forces in disks that are
not experienced if there is spherical symmetry. Mes-
tel anticipated that one stable radial gradient results in
a flat rotation curve. Gunn (1982) has shown that a
flat rotation curve due to a dynamically important disk
embedded in an isothermal halo implies an exponential
mass distribution for the disk. Ryden & Gunn (1987)
get flat rotation curves with galaxy formation in a cold
dark matter scenario but the halos are dominant. Ry-
den (1988) could find an inner regime where the dis-
sipational material is dynamically dominant in cases
with large initial fluctuation amplitudes which become
large galaxies. These models do not entertain possi-
ble transfer of angular momentum between successive
collapsing shells during formation.

Our proposition is that the HSB and LSB modes
correspond to two alternative radially stable configura-
tions. To understand the two possibilities, let us con-
sider the large and small extremes, then the intermedi-
ate cases. The small extreme may be the simplest. Sup-
pose that the dissipational component has sufficient an-
gular momentum that it reaches rotational equilibrium
at densities that still leave the halo dominant. If small
galaxies that have avoided merging are the progeny of
small amplitude (� 1�) initial fluctuations then it is
reasonable that they formed late, hence with relatively
high specific angular momentum (Efstathiou & Jones
1979)

One of Mestel’s (1963) stable configurations in-
volves self-gravitating diffuse disks but there is evi-
dence from disk–halo decompositions that the diffuse
LSB disks arenotself-gravitating (Fig. 13, NGC 3917,
and de Blok & McGaugh 1996). The dark matter ha-
los contribute substantially at all radii. If this quasi-
spherical system collapsed conserving angular mo-
mentum in radial shells then it ends up in the stable

configuration described by Ryden and Gunn.
The luminous galaxies find their way to become

disk dominated at their centers. Somehow we end up
with the disk–halo ‘conspiracy’ of flat rotation (van Al-
bada & Sancisi 1986). There have been a lot of exper-
iments with N-body simulations in the framework of
the cold dark matter model and there is general agree-
ment with the observed rotation properties of galaxies
(cf, Blumenthal et al. 1986; Navarro, Frenk, & White
1996). There are systematics that make the ‘conspir-
acy’ less than perfect, with some initial decline with
radius in concentrated, luminous systems (Casertano &
van Gorkom 1991). The central densities of the disks
remarkably conform to Freeman’s law. Galaxies know
the law. If there is too much dissipational material in
the cores to abide the law then a bulge is formed. The
‘conspiracy’ co-ops this third component.

Our qualitative interpretation of events is that the
galaxies have settled into a mandated stable radial con-
figuration, in the spirit of the Mestel argument but with
the revision required due to the lurking dark halo. The
formation process presumably involved a considerable
transfer of angular momentum outward to the halo.
Such a process would seem to be a natural consequence
of hierarchical merging where blobs come together in
non-axisymmetric ways, and is seen in N-body simu-
lations (Barnes & Efstathiou 1987) and collision sim-
ulations with gas (Barnes & Hernquist 1991). The
differences in the surface brightness distributions for
galaxies with, and without, close neighbors, seen in
Fig. 5, provides strong evidence that interactions can
reorganize the luminous matter in galaxies. Even with-
out such jostling, the Ryden (1988) models show that
more massive systems (with parts that form earlier with
less angular momentum) have more significant dissipa-
tionally dominant cores. The dissipational collapse of
disks was discussed by Fall & Efstathiou (1980) and
we can mention the contribution by Shaya & Tully
(1984).

Two stable radial configurations have been identi-
fied. In massive systems with a significant component
of low angular momentum material, the dissipational
matter will collapse to form a dynamically important
disk that rotates with a velocity tied to the requirements
of the dark halo. In dwarf systems the dissipational ma-
terial does not collapse enough to dominate the dark
halo even near the center. Now consider the intermedi-
ate regime. The evidence from the Ursa Major Cluster
sample is thatgalaxies opt for one of the two aforemen-
tioned stable configurations rather than find some state
in between.There is a two to three magnitude domain
between giants and dwarfs where the galaxies have a
choice. It is seen from Fig. 9 that, proceeding from
bright galaxies to faint, the number of HSBs drop and
the number of LSBs picks up. The evolutionary path
followed by a specific intermediate-size galaxy must
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Figure 12:I-band inclination adjusted surface brightness versus radius for the three HSB–LSB pairs of galaxies
identified in Figs. 10 and 11. TheB images of the pairs are shown in the inset at common scales. Pair 1:
NGC 4085/NGC 4010. Pair 2: NGC 3985/UGC 6917. Pair 3: NGC 4218/UGC 6446.

depend either on the amount of angular momentum it
acquired as a protocloud or on the degree of trauma
of it’s birth and during it’s lifetime. Systems that re-
tain lots of angular momentum hang up as LSB galax-
ies. Systems that never had much angular momentum
or, probably more relevant, those that transfer angular
momentum outward collapse to the HSB state.

The focus has been on the distinction between LSB
and HSB families. There is the second transition be-
tween systems that are exponential disks to their cores
and systems with central bulges. Both varieties have
disks that obey Freeman’s law. Densities do not want
to exceed the mandated threshold in a rotating disk.
If there is low angular momentum material that would
cause an excess then it finds its way into a bulge.

What we have been presenting at first blush seems
to contradict the ‘universal rotation curve’ idea of Per-
sic, Salucci, & Stel (1996). How can our three dis-
crete states be reconciled with their continuum of rota-
tion properties as a function of total luminosity? The
apparent contradiction at the state transition between
bulge/no–bulgecan be disregarded because Persic et al.
make the disclaimer that their ‘universal rotation curve’
may not apply at small radii in cases of bulges. As for
the state transition between HSB and LSB, it depends
on how one looks at the data. In Fig. 13 it is seen that
HSB and LSB systems have very distinctmetricradial

distributions because the LSB types are much more ex-
tended. However the rotation curves are only different
in a subtle way if the radial scale isnormalizedby ei-
ther exponential scale length or optical radius as Persic
et al. do. The exponential HSB NGC 3949 reachsVobs

max
at� 2:1rd, located by the little arrow in the lower panel
of Fig. 13. The LSB NGC 3917 reachsVobs

maxsomewhat
farther out than this photometric scale length located
by the arrow. It will take a large sample of high qual-
ity velocity fields to confirm if the rotation curves are
continuing to rise at� 2:1rd in LSB types while they
tend to have peaked by this radius in HSB systems of
the corresponding luminosity. Since the HSB and LSB
types overlap in luminosity, it can be understood how
the very small differences in normalized curves get av-
eraged and result in a smoothly continuous ‘universal
rotation curve’.

It is important to recall the point made by Zwaan
et al. (1995), however. The masses andM⁄ L measures
are functions of themetric radii. Hence, though the
scale length–normalized rotation curves of an HSB–
LSB pair of a given luminosity might be almost indis-
tinguishable, still (M⁄ L)LSB> (M⁄ L)HSB within the op-
tical domains. In the case of the HSB galaxies, it was
seen in Fig. 13 that model velocitiesVdisk

max approaching
Vobs

max can be associated with the light andM⁄ L values
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characteristic of star ensembles. By contrast, for LSB
systems the velocitiesVdisk

max associated with stars and
gas fall far short ofVobs

max(see also de Blok & McGaugh
1996, 1997). Qualitatively,Vdisk

max is given by the rela-
tionship:

(Vdisk
max)2

L
�

(M⁄ L)
rd

: (8)

In an HSB system,rd for a givenL is small and
the requiredM⁄ L to giveVdisk

max �Vobs
max is reasonable. In

an LSB system with the sameL andVobs
max, there is a

largerrd and the requiredM⁄ L to giveVdisk
max �Vobs

max is
unreasonably large for a stellar system. If anything, the
blue LSBs can be expected to havelower M⁄ L values
than redder HSBs.

Note that Persic et al. (1996) are arguing as we do
that low luminosity galaxies have much more impor-
tant dark halo contributions within the optical domain
than is the case with high luminosity galaxies. The dif-
ference is that they see the transformation with lumi-
nosity as a continuum while we think there is a dis-
crete transition involved. Our point-of-view receives
some support from information in the literature. As in
Fig. 13, disk–bulge decompositions of well-established
rotation curves lead to models whereeither the disk
component substantially dominates the halo interior to
� 2rd or the disk component is at best comparable to
the halo at the center. We are unaware of a well estab-
lished case where the disk is only modestly dominant
at the center.

8 Linkage between photometric
and kinematic properties

A direct linkage can be drawn between the surface
brightness bimodality and a dynamical bimodality. The
luminosity–line width fits given by the lines in Fig. 10
translate to relationships between rotation velocities,
surface brightnesses, and scale lengths given Eq. (3)
and our assumed distance to the sample of 15.5 Mpc.
At K0 band:

logWi
R⁄ 2 = 3:355− 0:112�K0

;i
0 + 0:561logrK0

d (9)

Here,Wi
R⁄ 2 approximatesVobs

max and, to be precise,
this relation is based on the double regression to the
data in Fig. 10 rather than the single regression with
errors inWi

R that we use for distance measurements. At
the same time, the peak rotation velocity that arises out
of an exponential disk is given by:

Vdisk
max = 8:60�104

q
10−0:4�K0

;i
0 rK0

d M⁄ LK0 (10)

or in the logarithmic form:

logVdisk
max =4:934− 0:2�K0

;i
0

+ 0:5logrK0

d + 0:5logM⁄ LK0

(11)

whereVdisk
max in km s−1 is the peak rotation velocity

at 2:1rd for an exponential disk, in the units of Figs. 1,
3, and 11 at our assumed distance. The coefficient of
Eq. (10) is 3:14�105 if the units ofrd is kpc. Combin-
ing these equations,

log(Vdisk
max⁄ 0:5Wi

R) =1:579− 0:0878�K0
;i

0

− 0:0610logrK0

d

+ 0:5logM⁄ LK0

(12)

Suppose a fixed value ofM⁄ LK0 is assumed.
The maximum disk fits illustrated in Fig. 13
suggest M⁄ LK0=0:4M�⁄ L�. Then a choice of
Vdisk

max⁄ 0:5Wi
R translates to an almost horizontal line in

Fig. 11. The solid line illustratesVdisk
max⁄ 0:5Wi

R= 2⁄ 3 and
the dashed line illustratesVdisk

max⁄ 0:5Wi
R = 1⁄ 3. The lines

would be exactly horizontal if the coefficient for the
term in logrd in Eq. (9) were 0.5, which would arise
if LK0 � (Wi

R)4. Instead the double regression of the
K0 panel of Fig. 10 givesLK0 � (Wi

R)3:6. These lines
make graphic the point first discussed by Aaronson,
Huchra, & Mould (1979): the relationL� (Wi

R)4 is ex-
plained if�0 andM⁄ L are constants for disk galaxies
andVobs

max�Vdisk
max.

Eq. (12) tells us that the bimodality in�0 implies a
bimodality in eitherVdisk

max⁄ 0:5Wi
R or M⁄ L. A bimodal-

ity in M⁄ L is unlikely since it would require that, at all
bands fromB to K0, M⁄ L is greater (substantially!) for
LSB galaxies though these systems are known to have
proportionately younger populations than HSB galax-
ies. It is much more probable that the bimodality is in
Vdisk

max⁄ 0:5Wi
R.

Accepting the simplifying assumption that
M⁄ L=constant (specifically, 0:4M�⁄ L� atK0), then any
location in the�0; rd plane corresponds to a determi-
nate value ofVdisk

max⁄ 0:5Wi
R from Eq. (12). Figure 14 is

the histogram of all such values for the isolated frac-
tion of our sample (those with no significant neighbors
within 80 kpc in projection). Except for the weak de-
pendence onrd identified in Eq. (12), Fig. 14 is essen-
tially a rescaling of the middleK0 panel of Fig. 5.

The rotation curve decompositions of Fig. 13 help
with the interpretation of this rescaling of the bimodal-
ity phenomenon. With the HSB cases,Vdisk

max is a sub-
stantial fraction ofVobs

max. Halo components contribute
but the disk components are dominant inside 2rd. For
example, with NGC 3949 the decomposition gives
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Figure 13: Rotation curve decompositions. Examples of the three distinct classes of disk galaxies are presented
in each of the vertical groups. On the left is UGC 6973, a system with a HSB exponential disk and a central
bulge. In the middle is NGC 3949, a system with a HSB disk but no appreciable bulge. On the right is NGC 3917,
a system with a LSB disk and no bulge. In each case, the horizontal axes are position in kpc. In the top and
bottom panels the origin with respect to the nucleus is at the left axis, while in the middle panels the origin with
respect to the nucleus is at the center of the plots. Surface brightnesses atI , corrected for inclination, are shown
in the top panels. Images atB are shown in the second row. The major axes are indicated, as well as the FWHM
beam of the HI observations. The velocity-position decomposition of the HI observations is seen in the panels of
the third row. Velocities averaged over annuli are given as dots. The rotation curve decompositions are provided
in the bottom panels. The solid lines with error bars illustrate the observed rotation curves. Dot–dashed curves
illustrate the amplitude of rotation expected from the observed distributions of light andM⁄ L = 0:4 at K0. The
dotted curves illustrate the contribution expected from the gas component. The dashed curves demonstrate the
residual contribution attributed to a dark matter halo. Isothermal spheres are used in this modelling.
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Vdisk
max⁄ Vobs

max = 0:68. By contrast, in the LSB case,
NGC 3917,Vdisk

max⁄Vobs
max= 0:39. It can be seen in Figs. 10

and 11 that NGC 3917 is one of the most luminous
LSBs and at the high surface brightness limit of the
LSB family. Yet even in this case, the dark halo po-
tential dominates the disk at all radii. Hence the bi-
modal distribution in Fig. 14 can be given a dynam-
ical interpretation. The galaxies in the peak about
Vdisk

max⁄ 0:5Wi
R = 0:73 have self-gravitating disks with ro-

tation in response to the luminous matter atr �< 2rd.
The galaxies in the peak aboutVdisk

max⁄ 0:5Wi
R= 0:42 have

dynamically insignificant disks in dominant dark halos.
These two dynamical classes have direct correspon-
dences with the photometric HSB and LSB classes, re-
spectively.

A qualitative story has been presented. More de-
tailed velocity field data are required to go further,
and of course more quantitative modeling. There is
the usual disclaimer that we have assumed Newtonian
gravity is valid in this regime, for if not then the dis-
cussion of this section is built on a bogus premise (Mil-
grom 1983; Sanders 1984; Mannheim 1993). Still, the
bimodal surface brightness observations have to be ex-
plained.

9 Summary

There is suggestive evidence that galaxiesavoid a re-
gion of parameter spacebetween high central surface
brightness and low central surface brightness domains.
The statistics provided by the present sample are in-
sufficient to make the case compelling, however it will
be straightforward to check our claim with larger con-
trolled data sets. Since we are predicting a minimum
between two distributions, any experimental criteria
that includes both the HSB and LSB regimes should
properly sample the intermediate zone. The case for bi-
modality of surface brightnesses is strongest for galax-
ies without near (< 80 kpc) neighbors.

We argue thatthe luminosity function for the high
surface brightness family cuts off at the faint end.
Again our results have some uncertainty because the
cut-off is close to our completion boundary. It will
be easy to design an experiment that goes a magnitude
deeper and checks this claim.

There is the curiosity thatgalaxies of a given lu-
minosity, whether of high surface brightness or of low
surface brightness, have little dispersion in HI profile
width. Yet the light of HSB and LSB galaxies is dis-
tributed so differently that it would be surprising if the
rotation curves of these classes were not correspond-
ingly different. Preliminary evidence is presented that
suggests that the ‘exponential HSB’ class have rotation
curves that peak by� 2:1rd, as anticipated for dynam-
ically important exponential disks, while there is ev-

0
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12

Figure 14: Histogram of the ratioVdisk
max⁄ 0:5Wi

R based
on photometric properties. Isolated sub-sample only
(nearest important neighbor> 80 kpc in projection).
Values ofVdisk

max follow from the properties of the expo-
nential disk andM⁄ LK0 = 0:4M�⁄ L�. The relation be-
tweenWi

R and photometric parameters is given by the
luminosity–line width correlation. Filled histogram:
HSB systems; open histogram: LSB systems. Mean
values for each family are indicated.

idence that the ‘LSB’ class have rotation curves that
continue to rise beyond this radius. In the HSB types it
appears that reasonable stellarM⁄ L values produce in-
ner rotation velocities that rise close toVobs

max, while for
LSB types velocities associated with reasonable mod-
els of the disk components fall considerably short of
Vobs

max.
The dichotomy between HSB and LSB types im-

plies to us that there are two basic control conditions:
(i) maximum rotation is mandated by the dark halo, and
(ii) there is a fixed fraction of precollapse dissipational
material that is preserved to give the observed luminos-
ity. The latter point is at odds with the idea that the LSB
class is the result of gas loss during an early starburst
phase, but is the obvious explanation of the tightness
of luminosity–line width relations. The HSB and LSB
types of a given luminosity would live in similar halos
and have the same amount of dissipational material.
However the LSB types are in rotational equilibrium
in potentials dominated by the dark halos at all radii,
while the HSB types have either transferred angular
momentum away from much of their gas or were born
with low specific angular momentum and have secu-
larly evolved to stable states with dynamically impor-
tant disks. Though in our model HSB and LSB types
of a given luminosity have the same total dissipational
and dark halo masses, the HSB cases have lowermea-
sured M⁄ L because the light is more confined within
the dark halo; ie, a smaller fraction of the total halo is

– 84 –



Chapter 3. Bimodality of the Distribution of Central Surface Brightnesses

within the domain of the observed rotation curve.
While the emphasis has been on the distinction be-

tween HSB and LSB families, attentionhas been drawn
to another transition between ‘exponential HSB’ and
‘bulge HSB’ families. Freeman’s law is obeyed in both
cases. Evidentlydisks are forbidden from rising in cen-
tral density above this threshold. Low angular momen-
tum matter that would broach this limit is shunted into
a bulge. The bulges have a clear manifestation in the
rotation curves. Velocities approach maximum values
much closer to the centers than the radius� 2:1rd char-
acteristic of the peak for self-gravitating exponential
disks. There could be said to be the maintenance of the
flat rotation curve ‘conspiracy’.

It is pointless to go too far with speculation in the
absence of much detailed rotation curve information,
but the potential importance of these results should be
given attention. Only discrete radial gradients of matter
are stable for disk systems since, unlike in spherical
systems, a particle in orbit at a given radius feels the net
gravity of mass at larger radii. Galaxies must arrange
themselves into one of these discrete states. Evidently,
galaxies of intermediate mass have a choice.
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Chapter 4
HI Synthesis Observations

Marc A.W. Verheijen and Renzo Sancisi

ABSTRACT– We present here the results of an extensive 21-cm line survey of spiral
galaxies in the Ursa Major cluster with the Westerbork Synthesis Radio Telescope1.
Shown are HI channel maps, 21cm continuum maps, global profiles, HI column density
maps, radial HI surface density profiles, position-velocity diagrams, galactic fields and
rotation curves.

1 Introduction

The neutral hydrogen survey presented here was de-
signed to provide the kinematic information which is
needed for the study of the luminosity-linewidth rela-
tions and of the mass and light distributions in spiral
galaxies. Special attention was given to the selection
of a complete magnitude and volume limited sample
of galaxies. For this purpose, the nearby Ursa Major
Cluster seemed particularly suitable. In the first place
there is the advantage that in a cluster sample all galax-
ies, of different masses, luminosities and types, are at
the same distance. Furthermore, the Ursa Major cluster
contains overwhelmingly gas-rich systems (there are
no ellipticals and only a few lenticulars) and has var-
ious properties suggesting that it might just be forming
and that its spiral members may be similar to galaxies
in the field. The other clusters studied in detail in recent
years, like Virgo (Warmels, 1988a and b ; Cayatteet al,
1990) are more evolved and often suffer from problems
of confusion due to background contamination or from
the effects of stripping by the hot intra-cluster medium.

We present here the results of a detailed 21cm line
study of the Ursa Major cluster at a high angular and
velocity resolution. The information on the HI struc-
ture and kinematics obtained from these synthesis ob-
servations is presented in the form of an atlas. Also the
optical and radio continuum images are shown.

1The Westerbork Synthesis Radio Telescope is operated
by the Netherlands Foundation for Research in Astronomy
(NFRA/ASTRON), with financial support by the Netherlands Or-
ganization for Scientific Research (NWO).

A more detailed analysis of the data follows in sub-
sequent papers.

2 The sample

The nearby Ursa Major cluster as defined by Tullyet
al (1996) has 79 identified members. It has a recession
velocity of 950 km s−1 and a velocity dispersion of only
�150 km s−1. At the adopted distance of 15.5 Mpc, 1
arcmin corresponds to 4.5 kpc. The cluster contains
overwhelmingly late type systems. It shows no con-
centration toward any core and has no X-ray emitting
intra-cluster gas. The photometric properties in the op-
tical and near-infrared of this sample are described in
detail in chapter 1.

Since the galaxies are all at the same distance, the
effects of incompleteness and uncertain relative dis-
tances are minimized. A complete sample of 62 galax-
ies brighter than MB�-16.5, i.e. roughly the bright-
ness of the Small Magellanic Cloud, was constructed
and nearly all cluster members were observed with the
WSRT. Here, however, only the 49 galaxies which are
more inclined than 45 degrees will be considered for a
detailed kinematic study.

Table 1 gives a summary of the photometric prop-
erties of these 49 galaxies. In the table there are 3 more
galaxies which do not meet the luminosity and incli-
nation criteria but happened to be in the same WSRT
fields as galaxies from the complete sample. Of all
those galaxies 30 were fully reduced and are presented
in the atlas. A further 13 galaxies were observed and
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detected but not fully reduced. For these latter only
the channel maps, global profiles and position-velocity
diagrams are presented. Two more galaxies were de-
tected but they are confused with the HI emission from
their more massive companions. Finally, there are 7
galaxies which have not been observed or detected due
to their low HI content known from single dish obser-
vations. These are S0 or Sa systems.
Column(1) gives the NGC or UGC numbers.
Columns(2) and (3) provide the equatorial coordinates
(1950) derived from the optical images.
Column(4) gives the observed major axis diameter of
the 25th mag arcsec−2 blue isophote.
Column (5) contains the observed ellipticity of the
galaxy.
Column (6) gives the position angle of the receding
side of the galaxy. For galaxies which are not observed
or not detected in HI, this is the smallest position angle
of the major axis measured eastward from the north.
Columns(7) and (8) provide the morphological type
and a label indicating low (LSB) or high surface
brightness (HSB) (see chapter 2).
Columns(9)-(14) give the observed total magnitudes,
central disk surface brightness and disk scale length in
the B and K0 passbands.
Column (15) provides the galactic extinction in the
B-band according to Burstein & Heiles (1984).
Column (16) gives the diameter of the 25th

mag arcsec−2 blue isophote corrected for both galactic
and internal extinction and projection according to
Tully & Fouqué (1985):

Log(Db;i
25) = Log(D25)− 0:22 Log(D25⁄ d25)+ 0:09 Ab

B

where d25 is the minor axis diameter at the 25th

mag arcsec−2 blue isophote.

Column(17) gives the inclination derived from the ob-
served axis ratio (b/a) according to Hubble’s (1926)
prescription

cos2(i) =
q2 − q2

0

1− q2
0

in which q=(b/a) andq0=0.2 according to Holmberg
(1946).
Columns(18) and (19) give the total absolute B and K0

magnitudes corrected for galactic and internal extinc-
tion and a distance modulus of 30.95 corresponding to
a distance to the Ursa Major cluster of 15.5 Mpc:

Mb;i
T (�) = mT(�)− Ab

� − A i
� − 30:95

where Ab
K0=0.085Ab

B (Rieke and Lebofsky, 1985). The
internal absorption Ai

�
is calculated according to Tully

& Fouqué (1985):

A i
� =− 2:5Log[ f (1+ e−��sec(i))

+ (1− 2 f )

�
1− e−��sec(i)

��sec(i)

�
]

This formulation describes the absorption of light due
to a slab of dust with optical depth�� which is co-
planar with the stellar disk seen at an inclination an-
gle i. Furthermore, a fraction 1-2f of the stars is as-
sumed to be homogeneously mixed with the dust while
the remaining stars are located above and below the
dust. Analysis by Tullyet al (private communication)
of the multi-band photometry of the Ursa Major sample
combined with a sample of spirals from the Perseus-
Pisces SuperCluster indicates that the global extinction
in spirals can be approximated byf =0.1 and�B=0.81,
�R=0.40�I =0.28 and�K0=0.035.
Columns(20) and (21) give the central disk surface
brightness corrected for galactic and internal extinction
and inclination according to:

�
b;i
0 (�) = �0(�)− Ab

� − 2:5C�Log(b⁄ a)

in which CK0=1. For High Surface Brightness
galaxies (�b;i

0 (K0)<18:5), CB=0.23, CR=0.52 and
CI =0.61. Low Surface Brightness galaxies
(�b;i

0 (K0)>18:5) are assumed to be transparant at
all wavelengths and thusCB;R;I =1.

3 Data acquisition and reduction

The HI data presented in this paper were obtained with
the Westerbork Synthesis Radio Telescope (WSRT) be-
tween 1991 and 1996. The observing times varied be-
tween 1�12h and 5�12h depending on the required
signal-to-noise. The angular resolution at the center of
the cluster is 1200�1600 or 0.90�1.20 kpc at the adopted
distance of 15.5 Mpc. The FWHM of the primary beam
is 37.4 arcminutes or 169 kpc. As a result, often more
than one galaxy was mapped in a single field of view.
The observed bandwidth was either 2.5 or 5 MHz, de-
pending on the width of the global profiles. The ob-
servations of the NGC3992-group and the NGC4111-
group required a broad frequency band of 5 MHz and
at the same time also sufficient velocity resolution for
the dwarf systems. To comply with the correlator re-
strictions, those two fields were observed only in one
polarization (XX) which allowed for a velocity resolu-
tion of 10 km s−1 but resulted in less sensitivity. During
the earlier measurements an on-line Hanning taper was
applied but this tapering was abandoned later to obtain
the highest possible velocity resolution. The various
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obtained velocity resolutions (dependent on the corre-
lator restrictions) were 5, 8, 10, 20 or 33 km/s, cor-
responding to typical rms-noise levels of respectively
3.1, 1.9, 2.9, 1.6 and 1.0 mJy beam−1 for a single 12h

observation at the highest angular resolution. The data
of NGC4013 were kindly made avaible by R. Bottema
who studied this system in great detail (Bottema, 1996
and references therein).

More details on the observational parameters for
each field are tabulated in the atlas along with the ob-
servational data. What follows is a brief description of
the reduction procedures.

The raw UV-data were calibrated, interactively
flagged and Fast Fourier Transformed (FFT) using
the NEWSTAR software developed at NFRA in
Dwingeloo. The UV points were weighted accord-
ing to the local density of points in the UV plane and
a Gaussian baseline taper was applied with a FWHM
of 2293 (m) which attenuates the longest baseline by
50%. To deal with the frequency dependent antenna
pattern, five antenna patterns were calculated for each
data cube at a regular frequency separation thoughout
the bandpass. Pixelsizes of 5 arcsec in RA and5sin(�)
arcsec in declination ensure an adequate sampling of
the synthesized beam, 1200�1200⁄ sin(�).

After the FFT, the datacubes and antenna patterns
were further processed using the Groningen Image Pro-
cessing SYstem (GIPSY). Several channels at the low
and high velocity end of the bandpass were discarded
because of their higher noise. As a result, there are 53
or 110 usable channels for a bandpass of 2.5 or 5 MHz
respectively. All datacubes were smoothed to lower an-
gular resolutions of 3000�3000 and 6000�6000. This fa-
cilitates the detection of extended low level HI emis-
sion and the identification of the ‘continuum’ channels
which are free from line emission.

3.1 The radio continuum emission

The line-free channels were averaged and the result-
ing continuum map was subtracted from all channels
in the data cube. The residuals of the frequency de-
pendent grating rings were only a minor fraction of the
noise in the channels containing the line emission. The
continuum maps werecleaned (Högbom, 1974) down
to 0.3�. Theclean-components were restored with a
gaussian beam of similar FWHM as the antenna pat-
tern. When radio continuum emission from a galaxy
was detected, its continuum flux was determined from
the cleaned map. In cases of no detection, an upper
limit for extended emission was derived by calculat-
ing the rms scatter in the values obtained by integrat-
ing over an elliptical area enclosed by the 25thmag blue
isophote and positioned at various emission-free re-
gions in the map.

3.2 The HI channel maps and the global HI
profiles

At all three spatial resolutions, the regions of HI emis-
sion were defined by the areas enclosed by the 2�
contours in the 6000 resolution maps. Grating rings
and noise peaks above this level were removed man-
ually. The selected regions were enlarged by moving
the boundary 1 armin outwards to account for possible
emission in the sidelobes. The resulting masks vary
from channel to channel in shape, size and position due
to the rotation of the HI disk. These masks defined the
regions that werecleaned down to 0.3�.

Theclean-components were restored with a Gaus-
sian beam of similar FWHM as the antenna pattern.
The global HI profiles were derived by determining the
primary beam corrected flux in eachcleaned region.
Since the size and shape of thecleanmasks vary as
a function of velocity, the uncertainty at each veloc-
ity in the global HI profile varies as well. The noise
on the global HI profile was determined by projecting
eachcleanmask at nine different line-free positions in
a channel map and integrating over each of them.

For the analysis, each profile was divided up in
three equal velocity bins in which the peak fluxesFpeak

low ,

Fpeak
mid andFpeak

high were determined for the low, middle
and high velocity bin respectively. These three peak
fluxes were used to classify a global profile according
to:

Double peaked : Fpeak
low > Fpeak

mid < Fpeak
high

Gaussian : Fpeak
low < Fpeak

mid > Fpeak
high

Distorted : Fpeak
low < Fpeak

mid < Fpeak
high

or Fpeak
low > Fpeak

mid > Fpeak
high

Boxy : Fpeak
low � Fpeak

mid � Fpeak
high

In case of a double peaked profile, the peak fluxes on
both sides were considered separately when calculat-
ing the 20% and 50% levels. In all other cases, the
overal peak flux was used. The four velocities V20%

low ,
V50%

low , V50%
high and V20%

high corresponding to these 20% and
50% levels were determined by linear interpolation be-
tween the data points, going from the center outward.
In the few cases of non-monotonically decreasing
edges, this procedure tends to slightly underestimate
the widths. The widths are calculated according to

W20 = V20%
high - V20%

low and W50 = V50%
high - V50%

low .

The systemic velocity is calculated according to

Vsys = 0.25 ( V20%
low +V50%

low +V50%
high+V20%

high )

Because in interferometric measurements some
flux may be lost due to the missing short baselines, it
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is useful to compare the widths and flux densities from
the WSRT profiles with those from published single
dish observations. However, a meaningful compari-
son requires that the profile widths are all corrected in
the same way for instrumental broadening. In general,
the widths that are published by various authors were
corrected for instrumental broadening using nearly as
many different methods. They had, therefore, to be
de-corrected first to ensure a uniformly applied correc-
tion. The de-corrected widths and integrated HI fluxes
from the literature are compiled in columns 7 through
11 of table 2 along with the results from this study in
columns 2 through 6.
Column(1) gives the NGC or UGC numbers.
Columns(2,7) and (3,8) give the widths of the global
profiles and the formal uncertainties.
Columns(4,9) gives the velocity resolutions of the ob-
servations.
Columns(5,10) and (6,12) contain the integrated HI
fluxes derived from the global profiles.Column(12)
provides the references to the literature sources.
In case the authors suggest that the single dish profile
of a particular galaxy may be confused and synthesis
data on that galaxy do exist, these synthesis data are
included as well and used in the following comparison.

The most widely used method to correct for in-
strumental resolution was proposed by Bottinelliet al
(1990). They derived an empirical relation for the
broadening�W which is linear in the instrumental
resolution R. For the 20% level they advocate�W =
0.55�R.

However, the correction method applied here is
based on the notion that both edges of a global profile,
when chopped off and glued together, approximate a
Gaussian with dispersion�0. The width at the 20%
level of this Gaussian is then given by

W20 = �0

p
8ln(5)

This Gaussian gets convolved with a function of
FWHM equal to the instrumental velocity resolution
R. This convolution function can also be approximated
by a Gaussian with a dispersion�R

�R =
Rp

8ln(2)

The dispersion of the observed convolved Gaussian
(�c) is then given by

�c =
q
�2

0 +�2
R

and the 20% line width of this convolved Gaussian is
given by

Wc
20 = �c

p
8ln(5)

=
p

8ln(5)�
q
�2

0 +�2
R

=
p

8ln(5)�
s
�2

0 +
R2

8ln(2)

So, at the 20% level, the intrinsic width W20 is broad-
ened to Wc

20 by �W given by

�W20 = Wc
20− W20

=
p

8ln(5)�
s
�2

0 +
R2

8ln(2)
−�0

p
8ln(5)

= �0

p
8ln(5)�

2
4
s

1+
(R⁄�0)2

8ln(2)
− 1

3
5

The broadening�W20 does not only depend on the in-
strumental resolution R but also on the slopes of the
edges of the profile. Fitting Gaussians to the edges of a
profile yields�c from which�0 can be calculated given
the known value of�R. The equation above can be
rewritten using�c instead which results in

�W20 = �c

p
8ln(2)

�
ln(5)
ln(2)

�2
2
41−

s
1−

(R⁄ �c)2

8ln(2)

3
5

However, no Gaussians were fitted to the edges of the
new WSRT profiles. Instead it is assumed that the
slopes of the edges of the profiles are more or less de-
termined by the turbulent motion of the gas with a ve-
locity dispersion of�0=10 km s−1. This results in

�W20 = 35:8�
2
4
s

1+
�

R
23:5

�2

− 1

3
5

The values of�W20 range from 0.8 km s−1 for a res-
olution of 5 km s−1 to 26 km s−1 for an instrumental
resolution of 33 km s−1.

Figure 1 shows the comparison of the widths and
integrated fluxes derived from the new WSRT global
profiles and those from the literature. There are no sig-
nificant systematic differences. The unweighted aver-
age difference in widths is -0.9� 2.1 km s−1 with a rms
scatter of 14 km s−1. The unweighted average differ-
ence in integrated flux is 4.7� 3.5 percent with a rms
scatter of 25 percent. It can therefore be concluded that
on average the WSRT results are in excellent agree-
ment with the results from single dish observations.

– 90 –



Chapter 4. HI Synthesis Observations

0 200 400 600

-50

0

50

0 0.5 1 1.5 2 2.5
-0.6

-0.4

-0.2

0

0.2

0.4

0.6

Figure 1: A comparison of the present WSRT results
with pre-existing single dish and synthesis data from
the literature.

3.3 The total HI maps

As a next step, the total integrated HI maps were con-
structed from thecleaned datacubes. Theclean-masks
were used to define the regions with HI emission. Out-
side these regions, the pixels were set to zero and all
the channels containing a non-zero area were added to
build up the integrated column density map. This was
then corrected for attenuation by the primary beam.
Although the advantage of this procedure is a higher
signal-to-noise ratio at a certain pixel in the HI map,
the disadvantage is that the noise is no longer uniform
across the map. As a result, the 3�-contour level in
an integrated HI map is not defined. Signal-to-noise
maps have been made, however, using the prescription
outlined in the Appendix and the average pixel value
of all pixels with 2:75< ( S

N ) < 3:25 was determined.
This average value was adopted as the ‘3�’ level for
the column density.

When the integrated HI map was not too patchy,
an attempt was made to fit ellipses to the outer column
density levels. No correction for the intrinsic thick-
ness of the HI layer was applied. A simple correction
for the effects of beam smearing was made based on
a quadratic subtraction of the synthesized beam along
the major and minor axes

cos2(iHI) =
b2 −�2

b

a2 −�2
a

where�a and �b are the beam sizes along the major

and minor axis respectively. The derived inclination of
the HI disk can be compared to the inclination derived
from the ellipticity of the optical isophotes and to that
derived from the HI velocity field.

3.4 The radial HI surface density profiles

The integrated column density maps were used to
derive the radial HI surface density profiles by az-
imuthally averaging in concentric ellipses. The ori-
entations and widths of the ellipses were the same as
those of the projected tilted rings fitted to the HI ve-
locity field (see section 3.6). In the case of a warp
with overlapping ellipses, the flux in the overlapping
regions was proportionally assigned to each ellips. The
azimuthal averaging was done separately for the reced-
ing and approaching halfs of eachtilted ring to reveal
possible asymmetries. Pixels in the HI map without
any measured signal were set to zero. Finally, the en-
tire radial profile was scaled by the total HI mass as de-
rived from the global HI profile. No attempt was made
to correct the profiles for the effect of beam smearing.

This method for extracting the surface density pro-
files from integrated HI maps breaks down for nearly
edge-on systems; the highly inclined annuli with large
major axis diameters could still pick up some flux
along the minor axis due to beam smearing. In such
cases, Lucy’s (1974) iterative deprojection scheme as
adapted and developed by Warmels (1988b) would be
preferable.

Due to the complex noise structure of the integrated
HI map, no attempt was made to estimate the errors on
the radial HI surface density profiles.

3.5 The HI velocity fields

The velocity profiles were smoothed to�19 km s−1 in
order to obtain a good signal-to-noise ratio. HI velocity
fields were then constructed by fitting single Gaussians
to the velocity profiles at each pixel. Initial estimates
for the fits were given by the various moments of the
profiles determined over the velocity range covered by
the masks. Only those fits were accepted for which 1)
the central velocity of the fitted Gaussian lies inside
the masked volume, 2) the amplitude is larger than five
times the rms noise in the profile and 3) the uncertainty
in the central velocity is smaller than13 the velocity
resolution.

Due to projection effects and beam smearing, the
velocity profiles in highly inclines systems and in the
central regions of galaxies may deviate strongly from a
Gaussian shape. The exact shape depends on the spa-
tial and kinematic distribution of the gas within a syn-
thesized beam. Fitting single Gaussians to these usu-
ally skewed profiles results in an underestimate of the
rotational velocity at that position. As a consequence,
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the gradients in the velocity field become shallower.
There are several methods to correct for the effects
of beam smearing. In the present cases, however, the
signal-to-noise was in general too low to allow a useful
application of these methods, and, since only a small
number of systems seemed seriously affected, no cor-
rection for beam smearing was applied.

3.6 Rotation curves

The rotation curves were derived in two ways; 1) by fit-
ting tilted-rings to the velocity fields and 2) by estimat-
ing the rotational velocities by eye from the position-
velocity diagrams.

3.6.1 using the velocity fields

The determination of the rotation curves from the ve-
locity fields was done in three steps by fitting tilted
rings to the velocity field (see Begeman, 1987 and
1989). The widths of the rings were set at2

3 of the
width of the synthesized beam (i.e. 1000, 2000 or 4000).

First, the systemic velocity and the dynamical cen-
ter were determined. In this case the inclination and
position angles were the same foreach ring and kept
fixed at the values derived from the optical images.
The systemic velocity, center and rotational velocity
were fitted for each ring. All the points along thetilted
ring were considered and weighted uniformly. In gen-
eral, no significant trend as a function of radius could
be detected for the systemic velocity and center. The
adopted values were calculated as the average of all
rings.

Second, the systemic velocity and center of rota-
tion were kept fixed for each ring while the position
angle, inclination and rotational velocity were fitted.
All the points along the tilted ring were considered but
weighted with cos(�) where� is the angle in the plane
of the galaxy measured from the receding side. Hence,
points along the minor axis have zero weight. While
the position angle can be determinedaccurately, the
inclination and rotational velocity are rather strongly
correlated for inclinations below 60 degrees and above
80 degrees (Begeman, 1989). As a result, the fitted in-
clinations can vary by a large amount from one ring
to another. However, a possible trend in the inclina-
tion with radius due to a central bar or a warp can be
detected. A change in inclination angle often goes to-
gether with a change in the more accurately determined
position angle.

Third, the rotational velocity was fitted again for
each ring while keeping the systemic velocity, center
of rotation, inclination and position angle fixed. Again,
all the points along the tilted ring were considered but
weighted with cos(�). The fixed values for the incli-
nation and position angles were determined in the sec-

ond step by averaging the solutions over all the rings
or fixing a clear trend. For nearly edge-on galaxies, the
inclinations determined in the second step were often
overruled by higher values based on the clear presence
of a dust lane (e.g. N4010, N4157, N4217) or the very
thin distribution of gas in the column density maps (e.g
U6667). However, uncertainty in the inclinations of
nearly edge-on systems does not significantly influence
the amplitude of the rotational velocity.

The results of this 3-step procedure were used to
construct a model velocity field. This model was sub-
tracted from the actual observed velocity field to yield
a map of the residual velocities. In some cases (e.g
N3769, N4051, N4088) this residual map shows sig-
nificant systematic residuals, indicative of non-circular
motion or a bad model fit due to a noisy observed
velocity field. As a further check, the derived rota-
tion curve is projected onto the position-velocity maps
along the major and minor axis.

The errors on the inclination and position angle and
the rotational velocity are formal errors. They do not
include possible systematic uncertainties due to, for in-
stance, the beam smearing.

3.6.2 using the position-velocity diagrams

It has already been remarked (see section 3.5) that
beam smearing affects the determination of the veloc-
ity fields, especially in the central regions of galaxies
and in highly inclined disks. As a consequence, the
rotation curves derived from such velocity fields are
underestimated as one can see from their projection
on the XV-maps. In order to overcome this problem,
the rotation curves were derived directly from the ma-
jor axis XV-maps in a manner similar to that used for
edge-on systems (cf. Sancisi and Allen, 1979). This
was done by two independent human neural networks
trained to estimate the maximum rotational velocity
from the asymmetric velocity profiles also taking into
account the instrumental band- and beam-widths and
the random gas motions. This was done for both the
receding and approaching side of a galaxy. The ro-
tation curves were then deprojected (also accounting
for possible warps) by using the same position and in-
clination angles as fixed in the third step described in
the previous section. In general, the average rotation
curves derived from the XV-diagrams are in reasonable
agreement with those obtained by the tilted ring fits.
As expected, significant difference can only be noted
for galaxies which are highly inclined or have a steeply
rising rotation curve.

From the XV-diagrams it is clear that many galax-
ies have kinematic asymmetries and that often the ro-
tation curve rises more steeply on one side of a galaxy
than on the other side (e.g. N3877, N3949).
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4 The atlas

The atlas consists of two parts. The first part presents
the data for the 30 galaxies which have been fully re-
duced and analyzed. The second part gives a less elab-
orate presentation of the remaining 13 galaxies which
have been only partially reduced.

The reduction procedures described above were ap-
plied to the data at all three angular resolutions. How-
ever, to facilitate the intercomparison of various results
for a galaxy, it was decided to present the data of a par-
ticular galaxy at the same angular resolution as much as
possible. The rotation curves are in some cases a com-
bination of the rotation curves at various resolutions,
the inner parts at the highest spatial resolution and the
outer parts from data of lower resolution but higher
signal-to-noise ratio. The channel maps are sometimes
presented at a lower angular resolution than the other
data.

Figure 2 shows the graphical layout for each of the
30 galaxies in the first part of the atlas. The data for
each of the 13 galaxies in the second part of the atlas
are presented on a single page which contains the ta-
bles and notes as well as the mosaic of channel maps,
the global profile and the XV-diagram along the major
axis. The contents of the various tables and panels are
described below.
Tables and Notes – There are three tables presented
for each galaxy. The upper left table contains infor-
mation on the observations like date, integration time
and correlator settings. The lower left table presents
some of the quantities derived from the HI data like
global profile widths, integrated HI flux, systemic ve-
locity etc. The upper right table provides the noise and
contour levels for the maps in the various panels. The
contours in the cannel maps, 21cm continuum maps
and XV-diagrams are always drawn at levels which are
related to the rms noise.

The notes contain information about specific as-
pects of a particular galaxy like optical and HI appear-
ance.
Channel maps – The channel maps show how the
HI emission behaves as a function of velocity. From
these maps it is possible to recognize the presence of
warps, non-circular motions, and also HI-bridges be-
tween interacting galaxies like N3769/1135+48 and
N3893/N3896. The contours are drawn at levels of -3,
-1.5 (dashed), 1.5, 3, 4.5, 6, 9, 12, 15,...�. The value of
the rms noise level� is given in the upper right table. In
each panel, the cross indicates the adopted dynamical
center of the galaxy. The ellipse in the upper left panel
is centered on this position and the position angle is set
at the kinematic major axis of the inner regions. The el-
lipticity represents the inclination as derived from the
optical axis ratio and the major axis diameter is equal
to Db;i

25. The synthesized beam at half power is shown

Figure 2: Layout of the HI atlas for the 30 galaxies
with fully reduced data. All the data for these galax-
ies are presented on two facing pages. Results for the
13 galaxies with partially reduced data are presented
on a single page per galaxy and include only the chan-
nel maps, the global profile and the XV-diagram. The
linear scale is 4.5 kpc per arcminute.

in the lower left corners of the left panels. The panel
at the lower right shows the subtracted, uncleaned con-
tinuum map.
Optical image – The optical image of a galaxy was
scanned from the blue POSS plates. In the upper left
corner, the morphological type according to the RC3 is
given. Images of far superior quality can be found in
Chapter 1.
Radio continuum map – The cleaned 21cm radio
continuum map is plotted at the same scale as the op-
tical image. The contours are drawn at levels of -4, -2
(dashed), 2, 4, 8, 16, 32, 64,...�. The value of the rms
noise� is given in the upper right table. The ellipse
represents the optical image as in the upper left panel
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Figure 3: Correlations between HI mass-to-light ratios
and absoluteK0-band magnitudes (left column) and
morphological type (right column). Solid symbols in-
dicate HSB galaxies and open symbols denote galaxies
of the LSB type.

in the channels maps. The synthesized beam is plotted
in the lower left corner and the small cross indicates
the adopted position of the center of rotation.
Global profile – Each point in the global HI profile
gives the primary-beam corrected, total HI flux density
integrated over a single channel map. The errors are
derived as explained in section 3.2. The vertical ar-
row indicates the systemic velocity (lower left table on
the first page) as derived from the HI velocity field and
does not necessarily indicate the center of the global
HI profile. A significant offset from the center could
indicate non-circular motions or a strong lopsidedness.
These anomalies can often be traced in the individual
channel maps.
Surface density profile – The open and filled sym-
bols indicate the surface densities for the approaching
and receding sides. The solid line follows the average
value. At the adopted distance of 15.5 Mpc, 1 arcmin
corresponds to 4.5 kpc. The vertical arrow indicates
Rb;i

25. The profile becomes unreliable for highly inclined

systems since no correction for beam smearing was ap-
plied.
XV-diagrams – The position-velocity diagrams are
shown for two orthogonal cuts through the adopted
center of rotation along the kinematic major (left) and
minor (right) axes. The position angles of these two ax-
ies are printed in the upper right corner of each panel.
The vertical dashed lines indicate the position of the
center of rotation. The horizontal dashed line indicates
the systemic velocity as derived from either the veloc-
ity fields for galaxies with fully reduced data, or from
the XV-diagrams for galaxies in the second part of the
atlas. The two vertical arrows show where the ellipse
with major axis diameter Db;i25 intersects the XV-slice.
The horizontal arrows in the left panel show the sys-
temic velocity VGP

sys derived from the global profile and
VGP

sys � 1
2WR;I where WR;I is the width of the global

profile at the 20% level of peak flux, corrected for in-
strumental broadening (see section 3.2) and turbulent
motions according to Tully and Fouqué (1985).

Contours are at levels of -3, -1.5 (dashed), 1.5, 3,
4.5, 6, 9, 12 , 15,...�. The value of the rms noise� is
given in the upper right table. The cross in the lower
left corners indicates the angular and velocity resolu-
tions. An offset of 1 arcmin corresponds to a projected
distance of 4.5 kpc from the center.

The crosses give the projected rotational velocities
as derived from the tilted rings fit. In some cases, at
large radii, a cross can be found without any underly-
ing signal in the XV-diagram. In such cases, the ro-
tational velocity at that radius is defined by points in
the velocity field away from the major axis. The open
and filled circles indicate the projected rotational ve-
locity estimated directly from the XV-diagrams. These
points must be deprojected using the appropriate incli-
nation and position angles to obtain the actual rotation
curve for both halves of the galaxy.
Total HI map – All pixels in the total HI map with
a positive signal have a greyscale value assigned. Be-
cause the signal-to-noise ratio along a contour is not
constant, the ‘3�-contour’ is not defined. Section 3.3
and the appendix explain why and how the noise varies
across an integrated HI map.

The second contour in the total HI maps corre-
sponds to theaveragevalue of all pixels with a signal-
to-noise ratio between 2.75 and 3.25 and this contour
can thus be considered as a pseudo 3�-contour. Wher-
ever a contour goes through an area with (S

N ) < 3, the
contour is plotted much thinner. Consequently, the
lowest contour, plotted at the ‘1.5�’ level, is plotted
thin over most of its stretch. The various contour levels
in atoms cm−2 are given in the upper right table. The
size of the synthesized beam is plotted in the lower left
corner. The beamwidths are the same as in the chan-
nel maps unless specified otherwise in the note. The
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Figure 4: Ratio of HI-to-optical diameter as a function ofK0 magnitudes, morphological type and disk scale length.
The HI diameters were measured at the 1 M�pc−2 isodensity contour. Solid symbols indicate HSB galaxies and
open symbols denote galaxies of the LSB type.

small cross indicates the adopted position of the center
of rotation. (1 arcmin corresponds to 4.5 kpc)
Velocity fields – The greyscales indicate the pix-
els where a radial velocity was measured. Darker
greyscales and white isovelocity contours indicate the
receding side. The thick first black contour adjacent
to the white ones indicates the adopted systemic veloc-
ity. In the ideal case of circular motion and no noise,
this thick contour should be a straight line through the
center and coinciding with the kinematic minor axis of
the galaxy. The isovelocity contours are plotted with
constant velocity intervals as given by the upper right
table. The synthesized beam is plotted in the lower left
corner.

The observed velocity field was modeled by fitting
tilted rings to it. The orientation and rotational velocity
of each ring were then used to construct the model ve-
locity field. The model velocity field is plotted with the
same orientation and on the same scale as the observed
velocity field. The isovelocity contours are plotted at
the same velocities in the observed as in the model ve-
locity fields. For nearly edge-on systems, the model
velocity field is only one or two pixels wide in which
case no contours could be drawn.

The residual velocity field was made by subtract-
ing the model from the observed velocity field. White
contours indicate positive residuals, black contours in-
dicate negative residuals. The contour levels are ...,-15,
-10, -5, 5, 10, 15,... km s−1.
Tilted-ring fits – The three combined panels show
the results from the tilted-ring fits to the observed ve-
locity field. The upper panel shows the inclination an-
gle, the middle panel the position angle and the lower

panel the rotational velocity.
The crosses with errorbars in the panels for incli-

nation and position angle are the results from the sec-
ond step of the fitting procedure as explained in section
3.6.1. The dashed lines, mostly coinciding with the
solid lines, in these upper two panels indicate the final
values of the inclination and position angles kept fixed
when the rotational velocity was fitted. The resulting
rotation curve is shown by crosses with errorbars in the
lower panel. The errorbars indicate the formal errors,
as given by the least squares minimization algorithm.

The horizontal arrows in the upper two panels indi-
cate the inclination and position angles as derived from
the optical isophotes in the outer regions. The dia-
monds indicate the inclination and position angles as
determined from the total HI maps. When the total HI
maps are very patchy, these diamonds are very uncer-
tain. The horizontal arrow in the lower panel indicates
the rotational velocity as derived from the width of the
global HI profile corrected for instrumental broaden-
ing, turbulent motion and inclination. The adopted in-
clination is representative for the outer parts. The ver-
tical arrow in the lower panel indicates Rb;i

25.
The solid lines in the upper and middle panels show

the inclination and position angles that were adopted
to deproject the radial velocities determined from the
XV-diagrams. This deprojection results in the rotation
curves plotted as open and filled circles in the lower
panel (same symbols as in the XV-diagrams). Note
that although the rotational velocities at a certain ra-
dius may be different for the approaching and receding
sides, both sides were assumed to have the same incli-
nation and position angles at that radius. The solid line
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in the lower panel shows the mean rotation curve de-
rived from the XV-diagram. 1 arcmin on the horizontal
axis corresponds to 4.5 kpc.

5 HI properties of spirals

The HI survey of the Ursa Major cluster presented here
provides not only the kinematical information neces-
sary for the study of the Tully-Fisher relation and of the
dark and luminous matter for a well defined sample of
galaxies. It also serves to investigate the HI properties
of disks and to make a comparison with galaxies in the
field and with galaxies in denser environments. The
HI studies of the Virgo cluster galaxies by Warmels
(1988a and b) and especially by Cayatteet al (1990)
have shown that the spiral galaxies in the central parts
of the cluster have smaller HI disks of lower surface
density. In the Hydra Cluster McMahon (1993) did
not find any such significant HI deficiency. She did
find, however, a surprisingly large number of isolated
HI-rich dwarf galaxies near the center of the cluster.
Dickey (1997) surveyed the more distant Hercules Su-
perCluster and found a similar HI deficiency of spirals
near the X-ray gas as in the case of Virgo.

The Ursa Major cluster differs from those just men-
tioned. It has no central concentration, no X-ray emit-
ting gas and contains mainly spirals of late morpho-
logical types. In many respects its conditions are very
similar to those of a field environment. For this reason
it is useful to compare the properties of the Ursa Major
spirals not only with those of galaxies in dense cluster
environments but also with those of field galaxies as
found in various recent studies (see e.g. Broeils 1992,
Puche and Carignan 1991, and Rhee 1996).

Here we give only a brief description of the global
parameters and of the main properties of the HI disks
of the Ursa Major galaxies. A more detailed discussion
and a comparison with previous work will follow at a
later stage.

5.1 Global parameters

Integral properties and global parameters of spiral
galaxies have been derived for a large number of ob-
jects from single-dish observations (cf. Roberts and
Haynes 1994). In recent years also synthesis observa-
tions (Broeils 1992, Rhee 1996) have been used to ob-
tain similar information for smaller samples of galax-
ies.

The MHI /L ratios obtained for the galaxies of the
Ursa Major sample are shown here in Figure 3 as a
function of absolute magnitude and of morphological
type. It is well known (see refs. above) that the MHI /L
ratio of galaxies depends on luminosity and morpho-
logical type. The present sample of galaxies shows a

1 10 100

Figure 5: Correlations between HI mass and the
isophotal diameters of the stellar and HI disks. Solid
lines indicate fits to the plotted data points while the
dashed lines represent the fits found by Broeils (1992).
Filled symbols indicate HSB galaxies and open sym-
bols denote galaxies of the LSB type.

clear increase of the HI mass fraction with decreasing
luminosity and from early to late morphological types.
The correlation is clearly stronger for theK0-band.

5.2 Size of HI disks and
radial surface density profiles

Detailed information on the sizes and radial distribu-
tions of HI disks has been obtained recently from syn-
thesis observations of limited samples of field and clus-
ter galaxies (Broeils and Van Woerden 1994, Cayatte
et al 1994, Rhee 1996a and b). Here we present only
some of the main results on the comparison of HI and
optical diameters, on the relation HI mass/diameter and
on the radial density profiles for the Ursa Major sam-
ple.

Figure 4 shows the ratio of the HI diameter DHI
(defined at an HI surface density of 1 M�pc−2) to the
optical diameter D25 as a function of luminosity, mor-
phological type and disk scale-length. The diagrams
do not indicate any clear trend or dependence of the di-
ameter ratio on any of those quantities. The spread is
large. There may be a hint of a slight increase of the
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Figure 6: Azimuthally averaged deprojected radial HI surface density profiles as a function of mophological type.
The profiles were scaled in radius by the radius of the HI disk measured at the 1 M�pc−2 isodensity contour.

ratio from early to later types and from more luminous
to less luminous systems. For almost all galaxies DHI
is larger than D25.

As shown in previous investigations (see refs.
above), there is a tight correlation between HI mass
and HI diameter as illustrated in Figure 5. This im-
plies a nearly constant mean HI surface density. The
HI mass correlates also with the optical diameter, but,
as in previous work, with a much larger scatter.

The radial distribution of the HI surface density for
the different morphological types is shown in Figure 6.
Clearly there is a considerable diversity of shapes and
intensities. A discussion of the relationship between
HI and optical surface brightnesses and a comparison
with Cayatteet al (1994) and with the sample of Low
Surface Brightness galaxies of de Bloket al (1996) are
postponed until later.

5.3 Warps, asymmetries and interactions

Warps are thought to be a quite common feature of the
outer HI layers of spiral galaxies. But, in spite of at-
tempts made in recent years (Bosma, 1991), a good
statistics on their occurrence does not exist yet. The in-
formation on HI warps provided by the present survey
of the Ursa Major sample is somewhat limited mainly
because of the already noted small radial extent of the
HI layers with respect to the optical. There are pro-
nounced HI warps like the well-known one found in
NGC 4013 (Bottema, 1995) and those seen in other
edge-on galaxies (NGC 4010, 4157, 4183). In most
cases the warps are visible in the outer parts beyond
the optical bright disk and are present in normal, reg-
ular, not interacting disks. But there are also systems,
like NGC 4088, which are strongly distorted in their
optical appearance and also in their kinematics. Simi-
lar distortions are found in clearly interacting systems
like NGC 3769. In the sample of 43 galaxies (Table 4)
there are at least 13 objects with clear indications of
warping.

Also asymmetries are thought to occur frequently
in field spirals (Richter and Sancisi, 1994). In the
present sample we see a large number of objects (at
least half, see Table 4) with a lopsided HI distribu-
tion and/or kinematics. The majority shows kinemat-
ical asymmetries: on one side of the disk the rotation
curve rises more slowly and reaches its flat part at a
larger radius than on the other side (see for example
NGC 3877, 3949, 4051). This occurs in the inner parts
of non-interacting, regular, normal systems.

Finally, there are four galaxies in this sample of 43
which have close companions and show clear HI signs
of tidal interactions. A few more objects (examples
NGC 3718, 4088) show distortions or peculiar struc-
tures in their density and velocity maps.

6 Summary

The various parameters derived from the HI data
presented here are summarized in table 3.
Column(1) gives the NGC or UGC numbers.
Columns (2)-(5) give the uncorrected widths with
formal errors of the global profiles at 20% and 50% of
the peak flux.
Column(6) gives the instrumental velocity resolution
at which the global profiles were observed.
Columns(7) and 8 contain the heliocentric systemic
velocities and their uncertainties as derived from the
global profiles.
Columns(9) and (10) provide the integrated HI flux
and the uncertainty in Jy km s−1.
Columns(11) and (12) contain the 21cm continuum
flux density and its uncertainty in mJy. In case no
continuum flux was detected, a 3� upper limit for
extended emission is given.
Column (13) gives the radius of the HI disk, RHI in
arcmin, at the azimuthally averaged surface density of
1 M�pc−2, measured from the radial surface density
profiles.
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Figure 7: Integrated HI maps of all galaxies in the cluster more inclined than 45 degrees and brighter than M(B)=-
16.5. The angular resolution is 30�30 arcsec. Contour levels are at column densities of 0.5, 2.0, 3.5 and 5.0�1021

atoms cm−2. Individual galaxies are four times enlarged. To avoid overlap, some galaxies are slightly displaced
from their actual position. N3906, N3938, U6962 and U6930 are more face-on than 45 degrees. U6940 is fainter
than the complete sample limit. The dashed circle indicates the adopted boundary of the cluster.
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Figure 8: Same as figure 1, displayed here in grayscale. Note the interacting pairs N3769/1135+48, N3893/N3896
and U6962/U6973. The galaxies N3718, N3726, N4010, N4013, N4088 and N4138 are strongly warped. It is
clear that the integrated column density strongly depends on inclination. Many of the more face-on galaxies show
a depletion of the HI gas in their inner regions.
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Column(14) gives the radius Rlmp of the last measured
point of the rotation curve in arcmin. The differences
between Rlmp and RHI depend on the sensitivity of the
measurement and the distribution of the HI gas along
the kinematic major axis.
Columns(15) and (16) give the rotational velocity of
the last measured point Vlmp and its uncertainty.
Column(17) contains information on the overal shape
of the rotation curve; R: rising rotation curve, F: the
rotation curve shows a flat part, D: the rotation curve
shows a declining part, L: lopsided.Columns(18) and
(19) give the maximum observed rotational velocity
Vmax and its uncertainty. For galaxies with a rising
rotation curve (R) Vmax = Vlmp.
Columns (20) and (21) give the average rotational
velocity of the flat part of the rotation curve Vflat
and its uncertainty. For galaxies with a flat rota-
tion curve (F) Vflat = Vmax may deviate from Vlmp

because Vflat was averaged over the flat part of the ro-
tation curve while Vlmp was measured at a single point.

Figures 7 and 8 show a compilation of all the avail-
able HI maps. Individual galaxies are at their proper
position on the sky but are four times enlarged. Some
galaxies had to be shifted to avoid overlapping maps.
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Appendix: The noise in an integrated
HI map.

This appendix explains how the noise in a total HI
map can be calculated. A total HI map is usually con-
structed from a 3 dimensional datacube containing a
number of so called channelmaps. Each channelmap
shows an HI image of the galaxy at a certain velocity.
A total HI map is made by adding those channelmaps
which contain the HI signal. Before adding the channel
maps the signal in each channelmap should be isolated.
When the signal is not isolated one merely adds noise
to the total HI map because the location of the signal
in a channel map varies with velocity due to the galac-
tic rotation. The signals can be isolated interactively
by blotting away the surrounding noise or in a more
objective way by taking a certain contour level in the
smoothed maps as a mask. As a consequene of adding
channel maps with isolated regions, the noise in the to-
tal HI map is not constant but varies from pixel to pixel.
The noise at a certain pixel in the total HI map depends
on the number N of non-blank pixels at the same posi-
tion in the individual channel maps that were added.

In case the data cube was obtained with an uni-
form taper during the observation, the noise�u in two
channelmaps will be independent. The noise equiv-
alent bandwidth Bu in a uniform tapered spectrum is
equal to the channel separation b. When adding N uni-
form tapered channelmaps at a certain pixel the noise
�u

N at the same pixel position in the total HI map will
be increased by a factor

p
N:

�u
N =

p
N �u

Usually, the observations are made using a hanning
taper in which case the noise in two adjacent chan-
nelmaps is no longer independent. A hanning taper
effectively smooths the data in velocity by convolving
the velocity profile at each pixel. If Ui is the pixel value
in the ith uniform tapered channel map, the value Hi in
the ith hanning tapered channelmap is given by

Hi = 1
4Ui−1 + 1

2Ui + 1
4Ui+1

Since the�u
i ’s are independent and all equal to�u,

the noise�h
i in the ith hanning tapered channelmap can

be calculated according to

�h
i =

�
(1

4�
u
i−1)2 + (1

2�
u
i )2 + (1

4�
u
i+1)2� 1

2

=
� 1

16 + 1
4 + 1

16

�1
2 �u

=
p

6
4 �u = 0:61�u

In this case the noise equivalent bandwidth Bh for a
hanning tapered spectrum is given by
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Bh =
�16

6

�
Bu = 2:67Bu

As a consequence, the noise in two hanning ta-
pered channelmaps may be correlated depending on
their separation. Two channelmaps separated by one
channelmap are correlated because both contain a quar-
ter of the flux from the channel map between them.
Only channel maps separated by more than one chan-
nel are independent. This will be shown in the follow-
ing three cases in which two hanning tapered channel
maps at different separations will be added.

� Adding two adjacent hanning tapered chan-
nelmaps i and (i+1) gives a signal H(i)+(i+1) of

H(i)+(i+1) = Hi + Hi+1

=
�

1
4Ui−1 + 1

2Ui + 1
4Ui+1

�
+
�

1
4Ui + 1

2Ui+1 + 1
4Ui+2

�
= 1

4Ui−1 + 3
4Ui + 3

4Ui+1 + 1
4Ui+2

and the noise�h
(i)+(i+1) in that map will be

�h
(i)+(i+1) = [ ( 1

4�
u
i−1)2 + (3

4�
u
i )2

+(3
4�

u
i+1)2 + (1

4�
u
i+2)2 ]

1
2

=
p

20
4 �u =

p
20
4

4p
6
�h

=
q

31
3 �

h = 1:83�h

� Adding the hanning tapered channels i and (i+2)
gives

H(i)+(i+2) = Hi + Hi+2

=
�

1
4Ui−1 + 1

2Ui + 1
4Ui+1

�
+
�

1
4Ui+1 + 1

2Ui+2 + 1
4Ui+3

�
= 1

4Ui−1 + 1
2Ui + 1

2Ui+1

+1
2Ui+2 + 1

4Ui+3

and the noise becomes

�h
(i)+(i+2) = [ ( 1

4�
u
i−1)2 + (1

2�
u
i )2 + (1

2�
u
i+1)2

+(1
2�

u
i+2)2 + (1

4�
u
i+3)2 ]

1
2

=
p

14
4 �u =

p
14
4

4p
6
�h

=
q

21
3 �

h = 1:53�h

� Adding the hanning tapered channels i and (i+3)
gives

H(i)+(i+3) = Hi + Hi+3

=
�

1
4Ui−1 + 1

2Ui + 1
4Ui+1

�
+
�1

4Ui+2 + 1
2Ui+3 + 1

4Ui+4
�

with a resulting noise of

�h
(i)+(i+3) = [ ( 1

4�
u
i−1)2 + (1

2�
u
i )2 + (1

4�
u
i+1)2

+(1
4�

u
i+2)2 + (1

2�
u
i+3)2 + (1

4�
u
i+4)2 ]

1
2

=
p

12
4 �u =

p
12
4

4p
6
�h

=
p

2�h = 1:41�h

So, channelmaps i and (i+3) are independent.

Because the noise is correlated, adding Nadjacent
hanning tapered channelmaps does not give an in-
crease of the noise with a factor

p
N but with a factorq

N − 3
4 � 4p

6
as is shown below. First the total signal

HN is calculated.

Channel Ui−1 Ui Ui+1 � � � Ui+N−2 Ui+N−1 Ui+N

i 1
4

1
2

1
4

i+1 1
4

1
2

� � �
i+2 1

4
� � �

� � � � � �
i+N-3 � � � 1

4
i+N-2 � � � 1

2
1
4

i+N-1 1
4

1
2

1
4

+
1
4Ui−1

3
4Ui Ui+1 � � � Ui+N−2

3
4Ui+N−1

1
4 Ui+N

and thus

HN = 1
4Ui−1 + 3

4Ui + Ui+1 + � � � + Ui+N−2 + 3
4Ui+N−1 +

1
4Ui+N

From this it follows that the noise�h
N is given by

�h
N =

�
(1

4)2 + (3
4)2 + (N − 2)�12 + (3

4)2 + (1
4)2� 1

2 �u

=
�
N − 3

4

�1
2 �u =

�
N − 3

4

� 1
2 4p

6
�h

=
q

(N − 3
4)Bh �h

However, before the hanning tapered channelmaps
are added to form a total HI map, the continuum must
be subtracted. This operation introduces extra noise in
the channelmaps which doesn’t behave like a hanning
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tapered correlation. Here, it will be assumed that the
average continuum map is formed by averaging N1 line
free channels at the low velocity end of the datacube
and N2 channels at the high velocity end which gives

Clow = 1
N1

N1X
j=1

Hj and Chigh = 1
N2

N2X
j=1

Hj

Since all channels are hanning tapered the noise in
these maps can be calculated according to

�Clow = 1
N1

q�
N1 − 3

4

�
�u

and

�Chigh = 1
N2

q�
N2 − 3

4

�
�u

The average continuum map to be subtracted is then
formed by

<C>= 1
2(Clow +Chigh)

Since�Clow and�Chigh are independent it follows that
the noise�<C> in the finally averaged continuum map
is given by

�<C> = 1
2

q
�2

Clow
+�2

Chigh

= �u

vuut N1 − 3
4

4N2
1

+
N2 − 3

4

4N2
2

!

� �uN

After subtraction of the continuum the channelmaps
only contain signal from the HI emission line. The sig-
nal in the channelmaps containing the line emission is
now given by

Li = Hi− <C>

= 1
4Ui−1 + 1

2Ui + 1
4Ui+1− <C>

Because�<C> is independent from�u
i in the velocity

range which is not used to form the averaged contin-
uum map, it can be written

�l
i =

�
(1

4�
u
i−1)2 + (1

2�
u
i )2 + (1

4�
u
i+1)2 +�2

<C>

� 1
2

=
�

1
16 + 4

16 + 1
16 +N 2�1

2 �u

=
q�

3
8 +N 2

�
�u

When adding Nadjacenthanning tapered and contin-
uum subtracted channelmaps containing the line emis-
sion, the signal LN will be

LN = 1
4Ui−1 + 3

4Ui +Ui+1 + � � �
� � �+Ui+N−2 + 3

4Ui+N−1 + 1
4Ui+N

−N�<C>

The noise�l
N at each pixel in the final map can be

derived analogous to the calculation of�h
N and is given

by

�l
N =

�
(N − 3

4)+ N2N 2�1
2 �u

= Bh

vuut (N − 3
4)+ N2N 2

Bh

!
�h
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Table 1: Photometric properties of all galaxies in the Ursa Major cluster brighter
than Mb;i (B)=-16.5 and more inclined than 45 degrees.

Name R.A. Dec. D25(B) 1-b/a PA Type S.B. mT(B) mT(K0) �0(B) �0(K0) hB hK0 Ab(B) Db;i
25(B) i Mb;i(B) Mb;i(K0) �

b;i
0 (B) �

b;i
0 (K0)

(1950) (0) (�) mag mag — mag/002 — (0) (0) mag (0) (�) mag mag — mag/002 —
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21)

Galaxies with fully reduced HI data:

U6399 11 20 35.9 51 10 09 2.40 0.724 140 Sm LSB 14.33 11.09 21.83 18.72 0.40 0.44 0.00 1.81 79 -17.97 -19.96 23.23 20.12
U6446 11 23 52.9 54 01 21 2.27 0.384 200 Sd LSB 13.52 11.50 22.61 19.90 0.63 0.41 0.00 2.04 54 -18.06 -19.48 23.14 20.43
N3726 11 30 38.7 47 18 20 5.83 0.384 194 SBc HSB 11.00 7.96 21.07 17.19 0.97 0.63 0.01 5.25 54 -20.59 -23.02 21.18 17.72
N3769 11 35 02.8 48 10 10 2.97 0.691 150 SBb HSB 12.80 9.10 19.93 16.34 0.32 0.33 0.00 2.29 76 -19.34 -21.93 20.22 17.62
U6667 11 39 45.3 51 52 32 3.43 0.878 88 Scd LSB 14.33 10.81 21.50 18.16 0.52 0.54 0.00 2.16 90 -18.04 -20.25 23.78 20.44
N3877 11 43 29.3 47 46 21 5.40 0.775 36 Sc HSB 11.91 7.75 19.72 15.50 0.56 0.52 0.01 3.90 84 -20.47 -23.31 20.08 17.12
N3893 11 46 00.2 48 59 20 3.93 0.331 352 Sc HSB 11.20 7.84 19.88 16.71 0.43 0.45 0.02 3.61 49 -20.35 -23.14 19.96 17.15
N3917 11 48 07.7 52 06 09 4.67 0.758 257 Scd LSB 12.66 9.08 20.59 17.12 0.54 0.57 0.01 3.43 82 -19.72 -21.98 22.12 18.66
N3949 11 51 05.5 48 08 14 2.90 0.384 297 Sbc HSB 11.55 8.43 19.54 16.55 0.31 0.32 0.03 2.62 54 -20.06 -22.55 19.63 17.07
N3953 11 51 12.4 52 36 18 6.10 0.500 13 SBbc HSB 11.03 7.03 20.43 16.47 0.72 0.71 0.01 5.25 62 -20.68 -23.96 20.59 17.22
N3972 11 53 09.0 55 35 56 3.43 0.724 298 Sbc HSB 13.09 9.39 20.23 16.50 0.38 0.36 0.00 2.58 79 -19.21 -21.66 20.55 17.90
U6917 11 53 53.1 50 42 27 3.17 0.455 123 SBd LSB 13.15 10.30 22.27 19.17 0.62 0.54 0.03 2.79 59 -18.53 -20.69 22.90 19.83
U6923 11 54 14.4 53 26 19 1.97 0.577 354 Sdm LSB 13.91 11.04 21.42 18.34 0.30 0.29 0.00 1.63 68 -17.93 -19.96 22.35 19.27
U6930i 11 54 42.3 49 33 41 3.00 0.143 39 SBd LSB 12.70 10.33 22.09 19.14 0.55 0.44 0.06 2.94 32 -18.77 -20.65 22.20 19.30
N3992 11 55 00.9 53 39 11 6.93 0.441 248 SBbc HSB 10.86 7.23 20.29 16.82 0.76 0.77 0.00 6.10 58 -20.78 -23.76 20.44 17.45
U6940f 11 55 12.4 53 30 46 0.83 0.724 135 Scd LSB 16.45 13.99 21.28 19.66 0.12 0.21 0.00 0.63 79 -15.85 -17.06 22.68 21.06
U6962i 11 55 59.5 43 00 44 2.33 0.201 179 SBcd HSB 12.88 10.11 20.52 18.07 0.28 0.32 0.00 2.22 38 -18.56 -20.86 20.58 18.31
N4010 11 56 02.0 47 32 16 4.63 0.878 65 SBd LSB 13.36 9.22 20.17 17.13 0.54 0.64 0.00 2.92 90 -19.01 -21.84 22.45 19.41
U6969 11 56 12.9 53 42 11 1.50 0.691 330 Sm LSB 15.12 12.58 21.28 19.06 0.21 0.25 0.00 1.16 76 -17.02 -18.45 22.56 20.34
U6973 11 56 17.8 43 00 03 2.67 0.609 40 Sab HSB 12.94 8.23 21.17 17.00 0.38 0.30 0.00 2.17 70 -18.96 -22.77 21.40 18.02
U6983 11 56 34.9 52 59 08 3.20 0.344 270 SBcd LSB 13.10 10.52 22.59 19.41 0.66 0.49 0.01 2.92 50 -18.45 -20.46 23.04 19.87
N4051 12 00 36.4 44 48 36 5.90 0.344 311 SBbc HSB 10.98 7.86 20.78 16.90 0.77 0.55 0.00 5.38 50 -20.56 -23.12 20.89 17.36
N4085 12 02 50.4 50 37 54 2.80 0.758 255 Sc HSB 13.09 9.20 19.67 15.82 0.29 0.29 0.01 2.05 82 -19.29 -21.86 20.01 17.36
N4088 12 03 02.0 50 49 03 5.37 0.625 231 Sbc HSB 11.23 7.46 19.77 16.19 0.57 0.62 0.01 4.34 71 -20.72 -23.55 20.00 17.25
N4100 12 03 36.4 49 51 41 5.23 0.708 344 Sbc HSB 11.91 8.02 19.82 15.77 0.52 0.47 0.04 4.02 77 -20.32 -23.02 20.09 17.10
N4102 12 03 51.3 52 59 22 3.00 0.441 38 SBab HSB 12.04 7.86 19.28 15.82 0.29 0.30 0.01 2.65 58 -19.61 -23.13 19.42 16.45
N4157 12 08 34.2 50 45 47 6.73 0.826 63 Sb HSB 12.12 7.52 20.92 14.87 0.92 0.48 0.02 4.60 90 -20.27 -23.54 21.34 16.77
N4183 12 10 46.5 43 58 33 4.77 0.861 346 Scd LSB 12.96 9.76 20.66 17.33 0.62 0.59 0.00 3.09 90 -19.41 -21.30 22.80 19.47
N4217 12 13 21.6 47 22 11 5.67 0.741 230 Sb HSB 12.15 7.61 21.03 15.70 0.78 0.54 0.00 4.21 80 -20.22 -23.45 21.37 17.17
N4389 12 23 08.8 45 57 41 2.50 0.344 276 SBbc HSB 12.56 9.12 20.54 16.61 0.32 0.27 0.00 2.28 50 -18.98 -21.86 20.65 17.07

Galaxies with partially reduced HI data:

N3718 11 29 49.9 53 20 39 7.53 0.577 195 Sa HSB 11.28 7.47 21.88 17.52 1.34 0.94 0.00 6.23 68 -20.56 -23.53 22.09 18.45
N3729 11 31 04.9 53 24 08 2.80 0.318 164 SBab HSB 12.31 8.60 20.22 16.44 0.32 0.31 0.00 2.57 48 -19.21 -22.38 20.32 16.86
U6773 11 45 22.1 50 05 12 1.53 0.470 341 Sm LSB 14.42 11.23 21.67 18.79 0.25 0.28 0.00 1.33 60 -17.25 -19.76 22.36 19.48
U6818 11 48 10.1 46 05 09 2.20 0.724 77 Sd LSB 14.43 11.70 21.62 18.68 0.35 0.33 0.00 1.66 79 -17.87 -19.35 23.02 20.08
U6894 11 52 47.3 54 56 08 1.67 0.844 269 Scd LSB 15.27 12.40 20.36 18.33 0.19 0.28 0.00 1.11 90 -17.10 -18.66 22.38 20.35
N3985 11 54 06.4 48 36 48 1.40 0.371 70 Sm HSB 13.25 10.19 20.04 17.06 0.18 0.21 0.05 1.28 53 -18.37 -20.79 20.11 17.56
N4013 11 55 56.8 44 13 31 4.87 0.758 245 Sb HSB 12.44 7.68 20.79 14.90 0.64 0.38 0.00 3.56 88 -19.93 -23.38 21.14 16.44
U7089 12 03 25.4 43 25 18 3.50 0.809 215 Sdm LSB 13.73 11.11 21.51 18.73 0.55 0.57 0.00 2.43 90 -18.64 -19.95 23.31 20.53
U7094 12 03 38.5 43 14 05 1.60 0.642 39 Sdm LSB 14.74 11.58 21.99 18.56 0.32 0.27 0.00 1.28 72 -17.23 -19.43 23.11 19.68
N4117 12 05 14.2 43 24 17 1.53 0.562 21 S0 LSB 14.05 9.98 21.16 17.80 0.22 0.25 0.00 1.28 67 -17.77 -21.02 22.06 18.70
Continued on next page
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Name R.A. Dec. D25(B) 1-b/a PA Type S.B. mT(B) mT (K0) �0(B) �0(K0) hB hK0 Ab(B) Db;i
25(B) i Mb;i (B) Mb;i (K0) �

b;i
0 (B) �

b;i
0 (K0)

(1950) (0) (�) mag mag — mag/002 — (0) (0) mag (0) (�) mag mag — mag/002 —
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21)

N4138 12 06 58.6 43 57 49 2.43 0.371 151 Sa HSB 12.27 8.19 20.05 15.98 0.27 0.26 0.00 2.19 53 -19.30 -22.79 20.17 16.48
N4218 12 13 17.4 48 24 36 1.17 0.398 316 Sm HSB 13.69 10.83 20.35 16.74 0.16 0.13 0.00 1.05 55 -17.90 -20.15 20.48 17.29
N4220 12 13 42.8 48 09 41 3.63 0.691 140 Sa HSB 12.34 8.36 20.08 15.27 0.41 0.29 0.00 2.80 76 -19.80 -22.67 20.37 16.55

Galaxies with confused HI data:

1135+48 11 35 09.2 48 09 31 1.23 0.691 114 Sm LSB 14.95 11.98 20.68 18.83 0.16 0.23 0.00 0.95 76 -17.19 -19.05 21.96 20.11
N3896 11 46 18.6 48 57 10 1.60 0.331 308 Sm LSB 13.75 11.35 21.70 18.37 0.26 0.19 0.02 1.47 49 -17.80 -19.63 22.12 18.81

Not observed or too little HI content:
N3870 11 43 17.5 50 28 40 1.13 0.305 17 S0a HSB 13.67 10.73 20.76 18.00 0.16 0.15 0.00 1.04 47 -17.84 -20.25 20.85 18.40
N3990 11 55 00.3 55 44 13 1.47 0.500 40 S0 HSB 13.53 9.54 21.09 16.40 0.21 0.17 0.00 1.26 62 -18.17 -21.45 21.26 17.10
N4026 11 56 50.7 51 14 24 4.37 0.741 177 S0 HSB 11.71 7.65 19.88 15.66 0.46 0.43 0.04 3.27 80 -20.70 -23.41 20.18 17.12
N4111 12 04 31.0 43 20 40 4.47 0.775 150 S0 HSB 11.40 7.60 19.70 16.02 0.46 0.44 0.00 3.22 84 -20.97 -23.46 20.07 17.64
U7129 12 06 23.6 42 01 08 1.27 0.305 72 Sa HSB 14.13 ... 21.44 ... 0.21 ... 0.00 1.17 47 -17.38 ... 21.53 ...
N4143 12 07 04.6 42 48 44 2.60 0.455 143 S0 HSB 12.06 7.86 20.34 15.23 0.32 0.23 0.00 2.28 59 -19.59 -23.13 20.49 15.89
N4346 12 21 01.2 47 16 15 3.47 0.674 98 S0 HSB 12.14 8.21 20.53 16.80 0.44 0.42 0.00 2.71 75 -19.95 -22.81 20.81 17.97

i : more face-on than 45 degrees.
f : fainter than Mb;i (B)=-16.5 but in the same field as N3992, U6923 and U6969.–
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Table 2: A comparison of the widths and integrated fluxes from
the present WSRT survey and from the literature.

This study Literature
Name W20 � Res.

R
Sdv � W20 � Res.

R
Sdv � Ref.

– – – km s−1 – – – – Jykm s−1 – – – – km s−1 – – – – Jykm s−1 –
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

U6399 188.1 1.4 8.3 10.5 0.3 178 20 22 10.1 1.9 1
U6446 154.1 1.0 5.0 40.6 0.5 162 10 22 45.9 4.1 1
N3718(c) 492.8 1.0 33.2 140.9 0.9 480 10 5.5 84.9 26.4 1

508m .. 33 120 ... 8WSRT

N3726 286.5 1.6 5.0 89.8 0.8 290 10 5.5 83.9 10.8 1
N3729noSD 270.8 1.5 33.2 5.5 0.3 ... .. .. ... ... ..

279m .. 33 25? ... 8WSRT

N3769i 265.3 6.7 8.3 62.3 0.6 276 20 7.4 44.1 4.2 2
U6667 187.5 1.4 5.0 11.0 0.4 210 20 22 11.6 2.2 1
N3877 373.4 5.0 33.2 19.5 0.6 352 10 22 24.8 5.6 1
U6773 110.4 2.3 8.3 5.6 0.4 118 8 22 5.6 0.7 6
N3893(c) 310.9 1.0 5.0 69.9 0.5 313 8 22 85.3 5.1 1
N3917 294.5 1.9 8.3 24.9 0.6 284 10 22 21.9 4.7 1
U6818 166.9 2.3 8.3 13.9 0.2 168 15 22 14.8 2.1 1
N3949 286.5 1.4 8.3 44.8 0.4 289 10 22 42.7 5.4 1
N3953l 441.9 2.4 33.1 39.3 0.8 423 10 22 41.0 3.9 1
U6894 141.8 1.1 8.3 5.8 0.2 159 20 7.4 5.1 1.7 2
N3972 281.2 1.4 8.3 16.6 0.4 270 15 22 14.0 2.6 1
U6917 208.9 3.2 8.3 26.2 0.3 211 10 22 31.5 4.1 1
N3985 160.2 3.7 8.3 15.7 0.6 168 .. 22 14.1 0.9 5
U6923 166.8 2.4 10.0 10.7 0.6 175 15 22 8.2 2.9 1

189m 15 41.4 15.6 ... 12V LA

U6930 136.5 0.5 8.3 42.7 0.3 145 8 22 38.2 3.5 1
N3992l 478.5 1.4 10.0 74.6 1.5 480 10 22 81.2 5.3 1

507m 15 41.4 79.9 ... 12V LA

U6940 59.3 3.8 10.0 2.1 0.3 226 .. 22 7.0 1.0 3
121m 15 41.4 2.7 ... 12V LA

N4013 425.0 0.9 33.0 41.5 0.2 403 10 22 33.8 3.7 1
U6962(c) 220.3 6.6 8.3 10.0 0.3 ... .. 22 21.6 4.4 1

235 .. 33 9.2 1.0 4WSRT

N4010 277.7 1.0 8.3 38.2 0.3 281 10 22 38.1 3.4 1
U6969c 132.1 6.4 10.0 6.1 0.5 146 .. 13.2 6.0 1.4 3

159m 15 41.4 6.9 ... 12V LA

U6973noSD 367.8 1.8 8.3 22.9 0.2 ... .. .. ... ... ..
408 .. 33 18.3 1.2 4WSRT

U6983 188.4 1.3 5.0 38.5 0.6 205 10 22 36.2 4.4 1
N4051l 255.4 1.8 5.0 35.6 0.8 274 15 22 43.4 3.3 1
N4085c 277.4 6.6 19.8 14.6 0.9 299 20 7.4 23.3 2.5 2

311m .. 33 24! ... 13WSRT

N4088(c) 371.4 1.7 19.8 102.9 1.1 381 8 22 109.2 6.4 1
378m .. 33 128! ... 13WSRT

U7089(c) 156.7 1.7 10.0 17.0 0.6 162 10 22 17.8 2.2 1
176 .. 33.4 18.9 ... 11WSRT

N4100 401.8 2.0 19.9 41.6 0.7 420 20 22 54.0 7.3 1
U7094c 83.7 1.7 10.0 2.9 0.2 112 8 22 6.0 0.6 6
Continued on next page
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Continued from previous page.

Name W20 � Res.
R

Sdv � W20 � Res.
R

Sdv � Ref.
– – – km s−1 – – – – Jykm s−1 – – – – km s−1 – – – – Jykm s−1 –

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

153? .. 33.4 2.5 ... 11W SRT

N4102 349.8 2.0 8.3 8.0 0.2 327 20 7.4 10.3 2.1 2
N4117noSD 289.4 7.5 10.0 6.9 1.1 ... .. .. ... ... ..

314 .. 33.4 5.3 ... 11W SRT

N4138 331.6 4.5 19.9 19.2 0.7 354m 30 6.8 16 ... 14
340 5 5.2 20.6 0.3 7V LA

N4157(c);l 427.6 2.2 19.9 107.4 1.6 436 10 22 123.9 9.5 1
N4183 249.6 1.2 8.3 48.9 0.7 258 10 22 49.6 5.3 1
N4218 138.0 5.0 8.3 7.8 0.2 160 20 13 5.7 0.9 9
N4217 428.1 5.1 33.2 33.8 0.7 426 20 22 51.8 7.2 1
N4220 438.1 1.3 33.1 4.4 0.3 382m .. 11 3.3 ... 10
N4389 184.0 1.5 8.3 7.6 0.2 174 20 7.4 7.6 0.8 2

(c) : the authors suggest possible confusion with a dwarf companion.
c : flagged by the authors as confused with near companion.
l : large correction factor (>1.20) applied for primary beam attenuation of the total flux.
i : flagged by the authors as possibly interacting.

noSD: no useful single dish profile available due to obvious confusion.
m : line width directly measured from the published HI profile.
? : inconsistent data presentation; global profile (width and/or amplitude) does not relate to

other presented data like channel maps, position-velocity diagrams or tabulated flux.
! : the integrated flux as quoted by the author is a factor 2 larger than is quoted by any

other source. Therefore, half the integrated flux was adopted from this source.
WSRT;V LA : synthesis observation done with the WSRT or VLA respectively.

References
1: Fisher & Tully (1981) 8: Schwarz (1985)
2: Appleton & Davies (1982) 9: Thuan & Martin (1981)
3: Richter & Huchtmeier (1991) 10: Magri (1994)
4: Oosterloo & Shostak (1993) 11: van der Burg (1987)
5: Huchtmeier & Richter (1986) 12: Gottesmanet al (1984)
6: Schneideret al (1992) 13: van Moorsel (1983)
7: Joreet al (1996) 14: Grewing & Mebold (1975)
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Table 3: Results from the HI synthesis observations.

Name W20 � W50 � Res. Vhel�

R

Sdv� F� � RHI Rlmp V
lmp
rot � shape Vmax� Vflat �

– – – – – – – – km s−1 – – – – – – – – Jy km s−1 – mJy – (0) (0) – km s−1 – – – – – km s−1 – – – –
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21)

Galaxies with fully reduced HI data:

U6399 188.1 1.4 172.5 2.9 8.3 791.5 0.6 10.5 0.3<2.5 1.68 1.50 88 5 R/F 88 5 88 5
U6446 154.1 1.0 131.9 1.2 5.0 644.3 0.8 40.6 0.5<7.2 2.96 2.93 80 11 F L 82 4 82 4
N3726 286.5 1.6 260.6 1.8 5.0 865.6 0.9 89.8 0.8 49.7 5.0 4.24 6.22 167 15 F/(D) 162 9 162 9
N3769 265.3 6.7 230.5 3.6 8.3 737.3 1.8 62.3 0.6 12.1 2.9 4.31 7.10 113 11 F/(D) 122 8 122 8
U6667 187.5 1.4 178.1 1.9 5.0 973.2 1.2 11.0 0.4<2.7 1.64 1.50 86 3 R L 86 3 86 3
N3877 373.4 5.0 344.5 6.2 33.2 895.4 3.8 19.5 0.6 35.6 2.4 2.19 2.17 169 7 F L 167 11 167 11
N3893 310.9 1.0 277.9 4.1 5.0 967.2 1.0 69.9 0.5 137.4 2.9 3.98 3.88 148 19 F/(D) 188 11 188 11
N3917 294.5 1.9 279.1 2.1 8.3 964.6 1.4 24.9 0.6<7.2 2.69 2.83 137 8 F 135 3 135 3
N3949 286.5 1.4 258.3 1.7 8.3 800.2 1.2 44.8 0.4 134.1 3.6 2.62 1.35 169 8 F L 164 7 164 7
N3953 441.9 2.4 413.9 3.2 33.1 1052.3 2.0 39.3 0.8 50.9 2.5 3.32 3.00 215 10 F 223 5 223 5
N3972 281.2 1.4 260.7 5.5 8.3 852.2 1.4 16.6 0.4<5.8 1.92 1.67 134 5 R L 134 5 ... ..
U6917 208.9 3.2 189.6 1.6 8.3 910.7 1.4 26.2 0.3<4.4 2.42 2.00 111 7 R/F 104 4 104 4
U6923 166.8 2.4 147.1 4.5 10.0 1061.6 2.2 10.7 0.6<2.6 1.29 1.02 81 5 R L 81 5 ... ..
U6930 136.5 0.5 122.1 0.7 8.3 777.2 0.4 42.7 0.3<5.8 3.20 3.17 108 7 R/F 107 4 107 4
N3992 478.5 1.4 461.4 2.4 10.0 1048.2 1.2 74.6 1.5 30.2 7.6 4.75 6.67 237 9 F/D 272 6 242 5
U6940 59.3 3.8 40.6 7.8 10.0 1118.0 1.7 2.1 0.3<1.3 0.61 0.33 37 4 R 37 4 ... ..
U6962 220.3 6.6 182.4 3.7 8.3 807.4 3.2 10.0 0.3 13.4 1.7 1.38 1.00 171 7 R L 171 7 ... ..
N4010 277.7 1.0 264.1 1.2 8.3 901.9 0.8 38.2 0.3 16.9 1.6 3.36 2.00 122 2 (R)/F L 128 9 128 9
U6969 132.1 6.4 123.5 2.9 10.0 1118.5 2.4 6.1 0.5<3.8 0.95 0.85 79 5 R 79 5 ... ..
U6973 367.8 1.8 350.4 1.2 8.3 700.5 1.0 22.9 0.2 127.5 2.1 2.21 1.50 180 8 F/(D) 173 10 173 10
U6983 188.4 1.3 173.0 1.1 5.0 1081.9 0.8 38.5 0.6<5.4 3.07 3.00 109 12 F 107 7 107 7
N4051 255.4 1.8 224.6 1.5 5.0 700.3 1.2 35.6 0.8 26.5 2.6 2.89 2.33 153 10 R/F L 159 13 159 13
N4085 277.4 6.6 255.4 7.8 19.8 745.7 5.0 14.6 0.9 44.1 1.3 1.94 1.18 136 7 R/F L 134 6 134 6
N4088 371.4 1.7 342.1 1.9 19.8 756.7 1.2 102.9 1.1 222.3 1.9 4.25 4.10 174 8 F/(D) L 173 14 173 14
N4100 401.8 2.0 380.5 1.8 19.9 1074.4 1.3 41.6 0.7 54.3 1.7 3.45 4.35 159 9 F/D 195 7 164 13
N4102 349.8 2.0 322.4 8.5 8.3 846.3 2.0 8.0 0.2 276.0 1.5 1.16 0.83 178 12 F 178 11 178 11
N4157 427.6 2.2 400.7 3.1 19.9 774.4 1.8 107.4 1.6 179.6 2.3 4.60 5.67 185 14 F/D 201 7 185 10
N4183 249.6 1.2 232.5 1.5 8.3 930.1 1.0 48.9 0.7<5.8 3.07 4.02 113 11 F/D L 115 6 109 4
N4217 428.1 5.1 395.6 3.8 33.2 1027.0 3.0 33.8 0.7 115.6 2.2 3.19 3.17 178 12 F/D 191 6 178 5
N4389 184.0 1.5 164.9 1.6 8.3 718.4 1.2 7.6 0.2 23.3 1.2 1.30 1.02 110 8 R 110 8 ... ..

Galaxies with partially reduced HI data:

N3718 492.8 1.0 465.7 1.0 33.2 993.0 0.8 140.9 0.9 11.4 0.4 6.67 223 12 F 232 11 232 11
N3729 270.8 1.5 253.2 3.9 33.2 1059.8 1.4 5.5 0.3 18.0 0.9 0.97 1.00 151 11 F 151 11 151 11
U6773 110.4 2.3 91.1 2.2 8.3 923.6 1.6 5.6 0.4<2.6 1.17 0.67 45 5 R L 45 5 ... ..
U6818 166.9 2.3 141.9 5.7 8.3 808.1 2.1 13.9 0.2 2.4 1.0 1.89 1.33 74 7 R/(F) L 73 5 73 5
U6894 141.8 1.1 132.2 1.5 8.3 848.6 1.8 5.8 0.2<2.7 0.67 63 5 R 63 5 ... ..
N3985 160.2 3.7 88.0 2.4 8.3 948.2 2.0 15.7 0.6 9.7 1.4 1.87 0.50 93 7 R 93 7 ... ..
N4013 425.0 0.9 395.0 0.8 33.0 831.3 0.6 41.5 0.2 36.3 0.8 3.02 6.12 170 10 F/D 195 3 177 6
U7089 156.7 1.7 97.7 3.0 10.0 770.0 1.5 17.0 0.6<3.4 2.17 1.75 79 7 R L 79 7 ... ..
U7094 83.7 1.7 71.9 5.5 10.0 779.6 1.6 2.9 0.2<2.6 0.78 1.00 35 6 R L 35 6 ... ..
N4117 289.4 7.5 260.3 5.2 10.0 934.0 1.5 6.9 1.1 3.7 1.2 ?
N4138 331.6 4.5 266.0 7.8 19.9 893.8 3.9 19.2 0.7 16.7 4.6 1.94 3.55 150 21 F/D 195 7 147 12
N4218 138.0 5.0 79.9 1.9 8.3 729.9 1.7 7.8 0.2 6.3 0.8 1.29 0.33 73 7 R 73 7 ... ..
N4220 438.1 1.3 423.3 3.3 33.1 914.2 1.2 4.4 0.3<4.9 ?
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Table 4: Warps, asymmetries and interactions.

Name Type HSB LSB Warped Lopsided Interacting
HI distr. HI kin.

U6399 Sm � �
U6446 Sd � �
N3718 Sa �
N3726 SBc � �
N3729 SBab
N3769 SBb � � �
U6667 Scd � �
N3877 Sc � �
U6773 Sm �
N3893 Sc � �
N3917 Scd � �
U6818 Sd �
N3949 Sbc � � �
N3953 SBbc �
U6894 Scd
N3972 Sbc � �
U6917 SBd � �
N3985 Sm
U6923 Sdm � � �
U6930 SBd � �
N3992 SBbc �
U6940 Scd �
N4013 Sb �
U6962 SBcd � � �
N4010 SBd � � �
U6969 Sm �
U6973 Sab � � �
U6983 SBcd �
N4051 SBbc � �
N4085 Sc � �
N4088 Sbc � � � �
U7089 Sdm �
N4100 Sbc � �
U7094 Sdm �
N4102 SBab �
N4117 S0
N4138 Sa � �
N4157 Sb � �
N4183 Scd � �
N4218 Sm
N4217 Sb �
N4220 Sa
N4389 SBbc �
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Observing parameters for UGC 6399

Length of observation (hours) 1�12
Dates of observation 6Aug90
Field center,�(1950) 11:20:30

�(1950) 51:10:00
Central frequency (MHz) 1416.56
Vhel of central channel (kms−1) 810
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���)(arcsec) 12.9�16.6
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 5.54
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.84

Results from WSRT data

From continuum map:
21-cm flux density:

central point source (mJy) <1.3 (3�)
extended source (mJy) <2.5 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 10.5� 0.3
Hel. systemic velocity (kms−1) 791.5� 0.6
HI profile width, 20% (kms−1) 188.1� 1.4

50% (kms−1) 172.5� 2.9
From velocity field:
Hel. systemic velocity (kms−1) 794.5� 1.3
Dynamical center,�(1950) 11:20:35.8

�(1950) 51:09:58
From total HI map:
Geometric center,�(1950) 11:20:35.7

�(1950) 51:10:01
Position angle (deg) 139
Inclination angle (deg) 77
Diameter of HI disk (arcmin) 3.4

Contour levels for U6399

Channel maps:

�=3.55 (K)
Raw continuum map:

�=1.35 (K)
Cleaned continuum map:

�=1.19 (K)
Position-Velocity diagrams:

�=3.12 (K)
Velocity fields:

794.5� n�15 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.52, 1.04,
1.56 (�1021atomscm−2)

Note: This is the most isolated system
in the cluster. The rotation curve does
not show a flat part on the receding side
and maybe just barely on the approach-
ing side. Channel maps at a resolution of 1200

�1600�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6446

Length of observation (hours) 1�12
Date of observation 07Jan94
Field center,�(1950) 11:23:53

�(1950) 54:01:28
Central frequency (MHz) 1417.40
Vhel of central channel (kms−1) 650
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.1�15.0
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.14
Velocity resolution (kms−1) 4.97
rms noise in one channel (K) 10.1
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.32

Results from WSRT data

From continuum map:
21-cm flux density:

central point source (mJy) <1.2 (3�)
extended source (mJy) <7.2 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 40.6� 0.5
Hel. systemic velocity (kms−1) 644.3� 0.8
HI profile width, 20% (kms−1) 154.1� 1.0

50% (kms−1) 131.9� 1.2
From velocity field:
Hel. systemic velocity (kms−1) 645.4� 0.4
Dynamical center,�(1950) 11:23:53.0

�(1950) 54:01:23
From total HI map:
Geometric center,�(1950) 11:23:52.9

�(1950) 54:01:29
Position angle (deg) 188
Inclination angle (deg) 55
Diameter of HI disk (arcmin) 5.9

Contour levels for U6446

Channel maps:

�=3.98 (K)
Raw continuum map:

�=1.44 (K)
Cleaned continuum map:

�=1.28 (K)
Position-Velocity diagrams:

�=3.49 (K)
Velocity fields:

645.4� n�15 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.59, 1.19,
1.78 (�1021atomscm−2)

Note: This is a low surface brightness
galaxy with possibly asymmetric rota-
tion in the inner part; the rotation curve
on the receding southern side seems
to rise steeper than on the approach-
ing northern side. The continuum map
shows a grating ring from a source out-
side the mapped field of view. Channel maps at a resolution of 1200

�1500�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3726

Length of observation (hours) 1�12
Date of observation 27Dec93
Field center,�(1950) 11:30:38

�(1950) 47:18:13
Central frequency (MHz) 1416.39
Vhel of central channel (kms−1) 870
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.2�16.5
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.13
Velocity resolution (kms−1) 4.95
rms noise in one channel (K) 9.12
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.99

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 49.7� 5.0

From global profile:
Integrated HI-flux (Jy kms−1) 89.8� 0.8
Hel. systemic velocity (kms−1) 865.6� 0.9
HI profile width, 20% (kms−1) 286.5� 1.6

50% (kms−1) 260.6� 1.8
From velocity field:
Hel. systemic velocity (kms−1) 862.6� 1.2
Dynamical center,�(1950) 11:30:38.3

�(1950) 47:18:28
From total HI map:
Geometric center,�(1950) 11:30:39.3

�(1950) 47:18:34
Position angle (deg) 189
Inclination angle (deg) 56
Diameter of HI disk (arcmin) 8.5

Contour levels for N3726

Channel maps:

�=0.36 (K)
Raw continuum map:

�=0.37 (K)
Cleaned continuum map:

�=0.37 (K)
Position-Velocity diagrams:

�=0.99 (K)
Velocity fields:

862.6� n�20 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.41, 0.82,
1.23 (�1021atomscm−2)

Note: This bright spiral is optically lop-
sided; the northern part has a higher sur-
face brightnes than the southern part.
However, the faintest isophotes are el-
liptical and centered on the bright nu-
cleus.
The channel maps are shown at a reso-
lution of 60�60 arcsec while the other
data are presented at a spatial resolution
of 30�30 arcsec. The channel maps
suggest that the HI disk is strongly
warped toward edge-on beyond a radius
of 3 arcmin. From the channel maps,
the position angle of the outer disk is
estimated at 179 degrees and the incli-
nation angle at a minimum value of 75
degrees based upon the extent along the
minor axis near the systemic velocity.
The rotation curve in the inner region is
asymmetric. The signature of the small
bar can also be discerned in the slightly
twisted velocity field. Channel maps at a resolution of 6000

�6000�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3769

Length of observation (hours) 1�12
Date of observation 2Aug90
Field center,�(1950) 11:35:00

�(1950) 48:11:00
Central frequency (MHz) 1416.87
Vhel of central channel (kms−1) 740
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 11.9�15.9
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.14
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 6.53
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.18

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 12.1� 2.9

From global profile:
Integrated HI-flux (Jy kms−1) 62.3� 0.6
Hel. systemic velocity (kms−1) 737.3� 1.8
HI profile width, 20% (kms−1) 265.3� 6.7

50% (kms−1) 230.5� 3.6
From velocity field:
Hel. systemic velocity (kms−1) 722.9� 1.9
Dynamical center,�(1950) 11:35:02.4

�(1950) 48:10:12
From total HI map:
Geometric center,�(1950) 11:35:03.9

�(1950) 48:10:09
Position angle (deg) 151
Inclination angle (deg) 71
Diameter of HI disk (arcmin) 8.6

Contour levels for N3769

Channel maps:

�=0.42 (K)
Raw continuum map:

�=0.72 (K)
Cleaned continuum map:

�=0.52 (K)
Position-Velocity diagrams:

�=1.14 (K)
Velocity fields:

722.9� n�20 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.18, 0.36, 0.53, 0.71, 0.89
1.07, 1.24 (�1021atomscm−2)

Note: N3769 is strongly interacting
with its dwarf companion 1135+48.
This pair is also known as Arp 280.
The HI disk is clearly warped and ex-
tends far beyond D25. Confusion with
its companion and with the tidal debris
makes the velocity field in the southern
part quite complex. The change in po-
sition angle is estimated from the chan-
nel maps around 645 kms−1 at 60 arc-
sec resolution. The rotational veloc-
ity is very uncertain beyond 2 arcmin
where the warp sets in. Large scale non-
circular motions are likely to occur in
this system.
The channel maps are shown at a reso-
lution of 60�60 arcsec while the other
data are presented with a resolution of
30�30 arcsec. Channel maps at a resolution of 6000

�6000�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6667

Length of observation (hours) 1�12
Date of observation 16Dec94
Field center,�(1950) 11:39:42

�(1950) 51:50:00
Central frequency (MHz) 1415.78
Vhel of central channel (kms−1) 1000
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.0�15.4
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 4.98
rms noise in one channel (K) 10.4
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.26

Results from WSRT data

From continuum map:
21-cm flux density:

central point source (mJy) <1.3 (3�)
extended source (mJy) <2.7 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 11.0� 0.4
Hel. systemic velocity (kms−1) 973.2� 1.2
HI profile width, 20% (kms−1) 187.5� 1.4

50% (kms−1) 178.1� 1.9
From velocity field:
Hel. systemic velocity (kms−1) 970.5� 4.5
Dynamical center,�(1950) 11:39:44.9

�(1950) 51:52:31
From total HI map:
Geometric center,�(1950) 11:39:45.0

�(1950) 51:52:31
Position angle (deg) 88
Inclination angle (deg) 48
Diameter of HI disk (arcmin) 3.3

Contour levels for U6667

Channel maps:

�=4.23 (K)
Raw continuum map:

�=1.55 (K)
Cleaned continuum map:

�=1.43 (K)
Position-Velocity diagrams:

�=3.58 (K)
Velocity fields:

970.5� n�15 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.71, 1.42,
2.13 (�1021atomscm−2)

Note: The center of the integrated HI
map corresponds to the optical center
within a few arcseconds. The rotation
curve at the receding side seems to be
systematically higher than on the ap-
proaching side, which suggests that the
adopted systemic velocity is a few km/s
too low or that the actual dynamical
center is slightly offset from the geo-
metrical center. Also notice the differ-
ent shape of the rotation curve on the
two sides. Channel maps at a resolution of 1200

�1500�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3877

Length of observation (hours) 2�12
Dates of observation 3,9,14Aug90
Field center,�(1950) 11:43:30

�(1950) 47:45:00
Central frequency (MHz) 1416.12
Vhel of central channel (kms−1) 900
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.2�17.6
Bandwidth (MHz) 5.0
Number of channels 63
Channel separation (kms−1) 16.59
Velocity resolution (kms−1) 33.18
rms noise in one channel (K) 1.96
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.81

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 35.6� 2.4
Central point source position

�(1950) 11:43:29.2

�(1950) 47:46:21
From global profile:
Integrated HI-flux (Jy kms−1) 19.5� 0.6
Hel. systemic velocity (kms−1) 895.4� 3.8
HI profile width, 20% (kms−1) 373.4� 5.0

50% (kms−1) 344.5� 6.2
From velocity field:
Hel. systemic velocity (kms−1) 893.2� 4.4
Dynamical center,�(1950) 11:43:28.9

�(1950) 47:46:16
From total HI map:
Geometric center,�(1950) 11:43:28.6

�(1950) 47:46:15
Position angle (deg) 36
Inclination angle (deg) 80
Diameter of HI disk (arcmin) 4.4

Contour levels for N3877

Channel maps:

�=1.96 (K)
Raw continuum map:

�=0.71 (K)
Cleaned continuum map:

�=0.67 (K)
Position-Velocity diagrams:

�=1.68 (K)
Velocity fields:

893.2� n�25 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.80, 1.61,
2.41 (�1021atomscm−2)

Note: This is a very regular system.
The HI disk does not extend signifi-
cantly beyond D25. The peak inten-
sity of the extended continuum emis-
sion coincides with a minimum in the
HI distribution. The position of the
weak central continuum point source
coincides with the optical center but de-
viates some 5 arcsec (1 pixel) from the
center of the HI map and the dynami-
cal center. The coordinates of the dy-
namical center were used to make the
position-velocity maps and the model
velocity field.
The inclination angles of adjacent rings
fitted to velocity field are quite con-
sistent as a function of radius and is
preferred over the inclinations derived
from the optical image and the HI map. Channel maps at a resolution of 1200

�1700�33 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3893/3896

Length of observation (hours) 1�12
Date of observation 31Dec93
Field center,�(1950) 11:46:01

�(1950) 48:59:20
Central frequency (MHz) 1415.86
Vhel of central channel (kms−1) 980
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.1�16.1
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 4.98
rms noise in one channel (K) 9.11
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.09

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 137.4� 2.9
Central point source position

�(1950) 11:45:59.6

�(1950) 48:59:23
From global profile:
Integrated HI-flux (Jy kms−1) 69.9� 0.5
Hel. systemic velocity (kms−1) 967.2� 1.0
HI profile width, 20% (kms−1) 310.9� 1.0

50% (kms−1) 277.9� 4.1
From velocity field:
Hel. systemic velocity (kms−1) 966.0� 0.8
Dynamical center,�(1950) 11:46:00.2

�(1950) 48:59:21
From total HI map:
Geometric center,�(1950) 11:46:01.3

�(1950) 48:59:23
Position angle (deg) 51
Inclination angle (deg) 49
Diameter of HI disk (arcmin) 8.0

Contour levels for N3893

Channel maps:

�=1.04 (K)
Raw continuum map:

�=0.56 (K)
Cleaned continuum map:

�=0.50 (K)
Position-Velocity diagrams:

�=0.95 (K)
Velocity fields:

966.0� n�25 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.20, 0.40, 0.60, 0.80
1.00, 1.20 (�1021atomscm−2)

Note: The rotation curve beyond 2
arcmin is quite uncertain because of
the tidal interaction with its companion
N3896.
Compare this interacting pair with
N3769/1135+48 which shows a similar
optical configuration but a very differ-
ent kinematical structure. Channel maps at a resolution of 3000

�3000�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3917

Length of observation (hours) 1�12
Date of observation 29Jul93
Field center,�(1950) 11:48:08

�(1950) 52:06:14
Central frequency (MHz) 1415.78
Vhel of central channel (kms−1) 970
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 11.7�15.0
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 8.30
rms noise in one channel (K) 6.35
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.43

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.6 (3�)
extended source (mJy) <7.2 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 24.9� 0.6
Hel. systemic velocity (kms−1) 964.6� 1.4
HI profile width, 20% (kms−1) 294.5� 1.9

50% (kms−1) 279.1� 2.1
From velocity field:
Hel. systemic velocity (kms−1) 966.7� 1.8
Dynamical center,�(1950) 11:48:07.7

�(1950) 52:06:07
From total HI map:
Geometric center,�(1950) 11:48:08.9

�(1950) 52:06:10
Position angle (deg) 256
Inclination angle (deg) 76
Diameter of HI disk (arcmin) 5.4

Contour levels for N3917

Channel maps:

�=4.29 (K)
Raw continuum map:

�=1.89 (K)
Cleaned continuum map:

�=1.87 (K)
Position-Velocity diagrams:

�=3.60 (K)
Velocity fields:

966.7� n�20 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

1.39, 2.78,
4.17 (�1021atomscm−2)

Note: This galaxy has a well defined
symmetric rotation curve. The HI disk
is a bit more extended at the approach-
ing side. It has a dwarf companion
(N3931) at 11 arcmin to the NNE. Channel maps at a resolution of 1100

�1500�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3949

Length of observation (hours) 1�12
Date of observation 10Aug93
Field center,�(1950) 11:51:05

�(1950) 48:08:16
Central frequency (MHz) 1416.61
Vhel of central channel (kms−1) 798
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 11.9�16.0
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.14
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 5.85
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.16

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 134.1� 3.6

From global profile:
Integrated HI-flux (Jy kms−1) 44.8� 0.4
Hel. systemic velocity (kms−1) 800.2� 1.2
HI profile width, 20% (kms−1) 286.5� 1.4

50% (kms−1) 258.3� 1.7
From velocity field:
Hel. systemic velocity (kms−1) 799.0� 1.0
Dynamical center,�(1950) 11:51:05.3

�(1950) 48:08:14
From total HI map:
Geometric center,�(1950) 11:51:04.5

�(1950) 48:08:21
Position angle (deg) 286
Inclination angle (deg) 52
Diameter of HI disk (arcmin) 5.4

Contour levels for N3949

Channel maps:

�=3.80 (K)
Raw continuum map:

�=1.69 (K)
Cleaned continuum map:

�=1.63 (K)
Position-Velocity diagrams:

�=3.48 (K)
Velocity fields:

799.0� n�20 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.85, 1.71,
2.56 (�1021atomscm−2)

Note: The rotation curve rises more
steeply on the receding side than on
the approaching side. There is a pos-
sible companion about 1.5 arcmin to
the north which may be interacting with
N3949 and be responsible for the faint
trace of HI gas on the west side of
N3949 in the velocity range 868-918
km/s. Channel maps at a resolution of 1100

�1600�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3953

Length of observation (hours) 1�12
Date of observation 13Jul90

29Jun92
Field center,�(1950) 11:51:10

�(1950) 52:40:00
Central frequency (MHz) 1415.38
Vhel of central channel (kms−1) 1060
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 13.8�16.4
Bandwidth (MHz) 5.0
Number of channels 63
Channel separation (kms−1) 16.55
Velocity resolution (kms−1) 33.1
rms noise in one channel (K) 2.79
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.66

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 50.9� 2.5

From global profile:
Integrated HI-flux (Jy kms−1) 39.3� 0.8
Hel. systemic velocity (kms−1) 1052.3� 2.0
HI profile width, 20% (kms−1) 441.9� 2.4

50% (kms−1) 413.9� 3.2
From velocity field:
Hel. systemic velocity (kms−1) 1051.4� 0.8
Dynamical center,�(1950) 11:51:12.4

�(1950) 52:36:16
From total HI map:
Geometric center,�(1950) 11:51:12.5

�(1950) 52:36:14
Position angle (deg) 11
Inclination angle (deg) 58
Diameter of HI disk (arcmin) 6.6

Contour levels for N3953

Channel maps:

�=0.80 (K)
Raw continuum map:

�=0.33 (K)
Cleaned continuum map:

�=0.30 (K)
Position-Velocity diagrams:

�=0.81 (K)
Velocity fields:

1051.4� n�30 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.33, 0.66,
0.99 (�1021atomscm−2)

Note: NGC 3953 is one of the most
massive spirals in the cluster. It is rather
poor in HI and the HI surface density
drops strongly near D25. Channel maps at a resolution of 3000

�3000�33 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3972

Length of observation (hours) 1�12
Date of observation 10Aug90
Field center,�(1950) 11:53:05

�(1950) 55:33:00
Central frequency (MHz) 1416.37
Vhel of central channel (kms−1) 850
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 11.7�15.2
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 6.60
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.39

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.6 (3�)
extended source (mJy) <5.8 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 16.6� 0.4
Hel. systemic velocity (kms−1) 852.2� 1.4
HI profile width, 20% (kms−1) 281.2� 1.4

50% (kms−1) 260.7� 5.5
From velocity field:
Hel. systemic velocity (kms−1) 848.8� 2.8
Dynamical center,�(1950) 11:53:08.5

�(1950) 55:35:54
From total HI map:
Geometric center,�(1950) 11:53:08.1

�(1950) 55:35:54
Position angle (deg) 297
Inclination angle (deg) 77
Diameter of HI disk (arcmin) 3.8

Contour levels for N3972

Channel maps:

�=4.24 (K)
Raw continuum map:

�=2.37 (K)
Cleaned continuum map:

�=1.78 (K)
Position-Velocity diagrams:

�=3.64 (K)
Velocity fields:

848.8� n�20 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

1.00, 1.99,
2.99 (�1021atomscm−2)

Note: The HI disk does not extend
much beyond D25 and the rotation curve
is still somewhat rising at the last mea-
sured points. Channel maps at a resolution of 1100

�1500�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6917

Length of observation (hours) 1�12
Date of observation 19Apr91
Field center,�(1950) 11:53:55

�(1950) 50:40:00
Central frequency (MHz) 1415.96
Vhel of central channel (kms−1) 925
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 11.6�17.2
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 8.30
rms noise in one channel (K) 5.28
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.02

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.2 (3�)
extended source (mJy) <4.4 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 26.2� 0.3
Hel. systemic velocity (kms−1) 910.7� 1.4
HI profile width, 20% (kms−1) 208.9� 3.2

50% (kms−1) 189.6� 1.6
From velocity field:
Hel. systemic velocity (kms−1) 909.6� 0.9
Dynamical center,�(1950) 11:53:53.1

�(1950) 50:42:29
From total HI map:
Geometric center,�(1950) 11:53:53.3

�(1950) 50:42:25
Position angle (deg) 130
Inclination angle (deg) 59
Diameter of HI disk (arcmin) 4.8

Contour levels for U6917

Channel maps:

�=0.90 (K)
Raw continuum map:

�=1.19 (K)
Cleaned continuum map:

�=1.18 (K)
Position-Velocity diagrams:

�=2.94 (K)
Velocity fields:

909.6� n�20 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.49, 0.98,
1.47 (�1021atomscm−2)

Note: The apparent upturn of the ro-
tation curve at the last measured points
is not necessarily real. The disk seems
to be warped toward more edge-on in
the outer regions but the amplitude of
this warp is difficult to measure. A
flat rotation curve in the outer regions
would mean that the inclination angle
increases by about 6 degrees which is
well within the uncertainties. The chan-
nel maps are presented at a resolution
of 30�30 arcsec while the other data
are shown for the highest resolution of
11�15 arcsec. Channel maps at a resolution of 3000

�3000�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6923

Length of observation (hours) 1�12
Date of observation 23Dec94
Field center,�(1950) 11:55:07

�(1950) 53:31:54
Central frequency (MHz) 1415.53
Vhel of central channel (kms−1) 1054
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.1�15.1
Bandwidth (MHz) 5.0
Number of channels 127
Channel separation (kms−1) 8.31
Velocity resolution (kms−1) 9.97
rms noise in one channel (K) 9.71
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.29
Note: To achieve a sufficient velocity resolution over

a 5 MHz bandwidth, only the XX dipoles could be

correlated due to limitations of the backend.

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.3 (3�)
extended source (mJy) <2.6 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 10.7� 0.6
Hel. systemic velocity (kms−1) 1061.6� 2.2
HI profile width, 20% (kms−1) 166.8� 2.4

50% (kms−1) 147.1� 4.5
From velocity field:
Hel. systemic velocity (kms−1) 1066.0� 1.7
Dynamical center,�(1950) 11:54:13.9

�(1950) 53:26:22
From total HI map:
Geometric center,�(1950) 11:54:14.4

�(1950) 53:26:24
Position angle (deg) 346
Inclination angle (deg) 64
Diameter of HI disk (arcmin) 2.6

Contour levels for U6923

Channel maps:

�=5.93 (K)
Raw continuum map:

�=1.45 (K)
Cleaned continuum map:

�=1.42 (K)
Position-Velocity diagrams:

�=5.10 (K)
Velocity fields:

1066.0� n�15 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

1.19, 2.39,
3.58 (�1021atomscm−2)

Note: This dwarf galaxy is a compan-
ion of NGC 3992. Optically, the disk
seems to be warped which is also sug-
gested by the HI velocity field. The HI
surface density in this system is quite
high and centrally concentrated. Channel maps at a resolution of 1200

�1500�17 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6930

Length of observation (hours) 1�12
Date of observation 20Aug93
Field center,�(1950) 11:54:42

�(1950) 49:33:50
Central frequency (MHz) 1416.72
Vhel of central channel (kms−1) 778
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.3�16.8
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.14
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 5.54
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.92

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.2 (3�)
extended source (mJy) <5.8 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 42.7� 0.3
Hel. systemic velocity (kms−1) 777.2� 0.4
HI profile width, 20% (kms−1) 136.5� 0.5

50% (kms−1) 122.1� 0.7
From velocity field:
Hel. systemic velocity (kms−1) 777.7� 0.2
Dynamical center,�(1950) 11:54:41.9

�(1950) 49:33:40
From total HI map:
Geometric center,�(1950) 11:54:43.1

�(1950) 49:33:44
Position angle (deg) 31
Inclination angle (deg) 28
Diameter of HI disk (arcmin) 6.4

Contour levels for U6930

Channel maps:

�=1.00 (K)
Raw continuum map:

�=0.37 (K)
Cleaned continuum map:

�=0.33 (K)
Position-Velocity diagrams:

�=0.97 (K)
Velocity fields:

777.7� n�15 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.08, 0.15, 0.23, 0.30
0.38, 0.45 (�1021atomscm−2)

Note: This low surface brightness
galaxy is located nearest to the adopted
cluster center. It is more face-on than
45 degrees and therefore not fit for a
study of the TF-relation. The HI disk
is not symmetrical and is slightly more
extended toward the south-east at the
higher column density levels. Channel maps at a resolution of 3000

�3000�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3992

Length of observation (hours) 1�12
Date of observation 23Dec94
Field center,�(1950) 11:55:07

�(1950) 53:31:54
Central frequency (MHz) 1415.53
Vhel of central channel (kms−1) 1054
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.1�15.1
Bandwidth (MHz) 5.0
Number of channels 127
Channel separation (kms−1) 8.31
Velocity resolution (kms−1) 9.97
rms noise in one channel (K) 9.71
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.29
Note: To achieve a sufficient velocity resolution over

a 5 MHz bandwidth, only the XX dipoles could be

correlated due to limitations of the backend.

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 30.2� 7.6

From global profile:
Integrated HI-flux (Jy kms−1) 74.6� 1.5
Hel. systemic velocity (kms−1) 1048.2� 1.2
HI profile width, 20% (kms−1) 478.5� 1.4

50% (kms−1) 461.4� 2.4
From velocity field:
Hel. systemic velocity (kms−1) 1049.5� 0.6
Dynamical center,�(1950) 11:55:00.7

�(1950) 53:39:09
From total HI map:
Geometric center,�(1950) 11:54:58.7

�(1950) 53:39:03
Position angle (deg) 251
Inclination angle (deg) 52
Diameter of HI disk (arcmin) 9.5

Contour levels for N3992

Channel maps:

�=0.56 (K)
Raw continuum map:

�=0.16 (K)
Cleaned continuum map:

�=0.15 (K)
Position-Velocity diagrams:

�=0.55 (K)
Velocity fields:

1049.5� n�30 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.45, 0.90, 1.36, 1.81, 2.26
2.71, 3.16 (�1020atomscm−2)

Note: NGC 3992 is the most massive
spiral in the cluster. It has a prominent
bar and well defined spiral arms. The
rotation curve declines at 4 arcmin from
the center by about 30 km s−1 and re-
mains apparently flat in the outer parts.
There are three dwarf companions de-
tected in HI: U6923, U6940 and U6969. Channel maps at a resolution of 6000

�6000�17 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6940

Length of observation (hours) 1�12
Date of observation 23Dec94
Field center,�(1950) 11:55:07

�(1950) 53:31:54
Central frequency (MHz) 1415.53
Vhel of central channel (kms−1) 1054
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.1�15.1
Bandwidth (MHz) 5.0
Number of channels 127
Channel separation (kms−1) 8.31
Velocity resolution (kms−1) 9.97
rms noise in one channel (K) 9.71
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.29
Note: To achieve a sufficient velocity resolution over

a 5 MHz bandwidth, only the XX dipoles could be

correlated due to limitations of the backend.

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.3 (3�)
extended source (mJy) <1.3 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 2.1� 0.3
Hel. systemic velocity (kms−1) 1118.0� 1.7
HI profile width, 20% (kms−1) 59.3� 3.8

50% (kms−1) 40.6� 7.8
From velocity field:
Hel. systemic velocity (kms−1) 1115.8� 2.5

From total HI map:
Geometric center,�(1950) 11:55:12.3

�(1950) 53:30:56
Position angle (deg) 311
Inclination angle (deg) 57
Diameter of HI disk (arcmin) 1.2

Contour levels for U6940

Channel maps:

�=5.93 (K)
Raw continuum map:

�=1.45 (K)
Cleaned continuum map:

�=1.42 (K)
Position-Velocity diagrams:

�=5.10 (K)
Velocity fields:

1115.8� n�10 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.82, 1.64,
2.46 (�1021atomscm−2)

Note: This dwarf system is among the
faintest in the cluster. It spans just a few
synthesized beams across and the HI ro-
tation curve only shows the solid body
part. In this case, the orientation of the
disk is adopted from the optical image. Channel maps at a resolution of 1200

�1500�17 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6962

Length of observation (hours) 5�12
Dates of observation 17Aug90

11Aug92, 24Jul93 and 2,8,13Mar94
Field center,�(1950) 11:56:20

�(1950) 42:56:00
Central frequency (MHz) 1416.79
Vhel of central channel (kms−1) 760
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 120
Baselines (min-max-incr) (m) 36-2736-18
Synthesized beam (���) (arcsec) 12.0�18.8
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.14
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 2.84
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.70

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 13.4� 1.7

From global profile:
Integrated HI-flux (Jy kms−1) 10.0� 0.3
Hel. systemic velocity (kms−1) 807.4� 3.2
HI profile width, 20% (kms−1) 220.3� 6.6

50% (kms−1) 182.4� 3.7
From velocity field:
Hel. systemic velocity (kms−1) 810.1� 2.6
Dynamical center,�(1950) 11:55:59.5

�(1950) 43:00:42
From total HI map:
Geometric center,�(1950) 11:55:59.3

�(1950) 43:00:40
Position angle (deg) 329
Inclination angle (deg) 38
Diameter of HI disk (arcmin) 2.8

Contour levels for U6962

Channel maps:

�=2.03 (K)
Raw continuum map:

�=1.31 (K)
Cleaned continuum map:

�=1.11 (K)
Position-Velocity diagrams:

�=1.69 (K)
Velocity fields:

810.1� n�20 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.44, 0.88,
1.33 (�1021atomscm−2)

Note: This galaxy is slightly interact-
ing with U6973, only 3.5 arcmin to the
ESE. The kinematic major axis is at an
angle of roughly 35 degrees with re-
spect to the major axis of the optical
image (see chapter 1) and the HI map.
This could be a sign of ongoing tidal
interaction with U6973 which may re-
sult in a severe warp. The derived ‘ro-
tation curve’ for U6962 is most likely
affected by strong non-circular motion
and should therefore not be taken at face
value.
The detected continuum emission
comes from a low level extended
region. Channel maps at a resolution of 1200

�1800�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4010

Length of observation (hours) 1�12
Date of observation 21Aug93
Field center,�(1950) 11:56:03

�(1950) 47:32:20
Central frequency (MHz) 1416.11
Vhel of central channel (kms−1) 907
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.5�17.0
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 5.52
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.83

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 16.9.x� 1.6
Point source position,�(1950) 11:56:01.6

�(1950) 47:32:14
From global profile:
Integrated HI-flux (Jy kms−1) 38.2� 0.3
Hel. systemic velocity (kms−1) 901.9� 0.8
HI profile width, 20% (kms−1) 277.7� 1.0

50% (kms−1) 264.1� 1.2
From velocity field:
Hel. systemic velocity (kms−1) 899.4� 1.0
Dynamical center,�(1950) 11:56:02.1

�(1950) 47:32:16
From total HI map:
Geometric center,�(1950) 11:56:02.1

�(1950) 47:32:16
Position angle (deg) 62
Inclination angle (deg) 77
Diameter of HI disk (arcmin) 6.7

Contour levels for N4010

Channel maps:

�=3.68 (K)
Raw continuum map:

�=1.52 (K)
Cleaned continuum map:

�=1.44 (K)
Position-Velocity diagrams:

�=3.19 (K)
Velocity fields:

899.4� n�20 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.62, 1.24, 1.87, 2.49
3.11 (�1021atomscm−2)

Note: This optically lopsided edge-
on system has a complicated velocity
structure. A warp is clearly present as
can be seen in the channel maps at the
velocities 787 and1019 km s−1.
The apparent decline of the (projected)
rotation curve in the XV-diagram at the
last measured points is due to the strong
warp.
The asymmetry of the rotation curve in
the inner parts may be due to streaming
motions along a bar offset from the cen-
ter and causing the optically lopsided
appearance.
Because of the high inclination, the
(face-on) surface density profile derived
from the total HI map is quite uncertain.
The dynamical center was chosen at the
center of the HI map. Channel maps at a resolution of 1200

�1700�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6969

Length of observation (hours) 1�12
Date of observation 23Dec94
Field center,�(1950) 11:55:07

�(1950) 53:31:54
Central frequency (MHz) 1415.53
Vhel of central channel (kms−1) 1054
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.1�15.1
Bandwidth (MHz) 5.0
Number of channels 127
Channel separation (kms−1) 8.31
Velocity resolution (kms−1) 9.97
rms noise in one channel (K) 9.71
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.29
Note: To achieve a sufficient velocity resolution over

a 5 MHz bandwidth, only the XX dipoles could be

correlated due to limitations of the backend.

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.3 (3�)
extended source (mJy) <3.8 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 6.1� 0.5
Hel. systemic velocity (kms−1) 1118.5� 2.4
HI profile width, 20% (kms−1) 132.1� 6.4

50% (kms−1) 123.5� 2.9
From velocity field:
Hel. systemic velocity (kms−1) 1117.6� 1.2

From total HI map:
Geometric center,�(1950) 11:56:12.7

�(1950) 53:42:15
Position angle (deg) 327
Inclination angle (deg) 76
Diameter of HI disk (arcmin) 1.9

Contour levels for U6969

Channel maps:

�=5.93 (K)
Raw continuum map:

�=1.45 (K)
Cleaned continuum map:

�=1.42 (K)
Position-Velocity diagrams:

�=5.26 (K)
Velocity fields:

1117.6� n�15 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.98, 1.97,
2.95 (�1021atomscm−2)

Note: This dwarf galaxy is a compan-
ion of NGC 3992. The HI rotation
curve shows only solid body rotation.
Therefore, the dynamical center and in-
clination angle were adopted from the
optical image. Channel maps at a resolution of 1200

�1500�17 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6973

Length of observation (hours) 5�12
Dates of observation 17Aug90

11Aug92, 24Jul93 and 2,8,13Mar94
Field center,�(1950) 11:56:20

�(1950) 42:56:00
Central frequency (MHz) 1416.79
Vhel of central channel (kms−1) 760
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 120
Baselines (min-max-incr) (m) 36-2736-18
Synthesized beam (���) (arcsec) 12.0�18.8
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.14
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 2.84
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.70

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 127.5� 2.1
Central point source position

�(1950) 11:56:17.7

�(1950) 43:00:02
From global profile:
Integrated HI-flux (Jy kms−1) 22.9� 0.2
Hel. systemic velocity (kms−1) 700.5� 1.0
HI profile width, 20% (kms−1) 367.8� 1.8

50% (kms−1) 350.4� 1.2
From velocity field:
Hel. systemic velocity (kms−1) 701.4� 2.3
Dynamical center,�(1950) 11:56:17.8

�(1950) 43:00:03
From total HI map:
Geometric center,�(1950) 11:56:17.2

�(1950) 42:59:58
Position angle (deg) 47
Inclination angle (deg) 72
Diameter of HI disk (arcmin) 4.4

Contour levels for U6973

Channel maps:

�=2.03 (K)
Raw continuum map:

�=1.31 (K)
Cleaned continuum map:

�=1.11 (K)
Position-Velocity diagrams:

�=1.76 (K)
Velocity fields:

701.4� n�25 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.83, 1.67,
2.78 (�1021atomscm−2)

Note: This galaxy is slightly interact-
ing with U6962, only 3.5 arcmin to
the WNW. The HI disk is somewhat
warped and some very faint tidal debris
can be seen in the channel maps. Due
to severe beam smearing, the observed
velocity field and the rotation curve de-
rived from it are of limited use.
The optical image, showing a bright
red and dusty inner part, and the strong
extended continuum emission suggest
vigorous star formation in the central
regions. Channel maps at a resolution of 1200

�1800�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6983

Length of observation (hours) 2�12
Dates of observation 09Jan94

11Mar94
Field center,�(1950) 11:56:34

�(1950) 52:59:08
Central frequency (MHz) 1415.28
Vhel of central channel (kms−1) 1100
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 80
Baselines (min-max-incr) (m) 36-2718-18/54
Synthesized beam (���) (arcsec) 12.2�15.3
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.16
Velocity resolution (kms−1) 4.99
rms noise in one channel (K) 7.09
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.22

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <0.9 (3�)
extended source (mJy) <5.4 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 38.5� 0.6
Hel. systemic velocity (kms−1) 1081.9� 0.8
HI profile width, 20% (kms−1) 188.4� 1.3

50% (kms−1) 173.0� 1.1
From velocity field:
Hel. systemic velocity (kms−1) 1082.1� 0.4
Dynamical center,�(1950) 11:56:34.7

�(1950) 52:59:10
From total HI map:
Geometric center,�(1950) 11:56:35.4

�(1950) 52:59:07
Position angle (deg) 276
Inclination angle (deg) 46
Diameter of HI disk (arcmin) 6.1

Contour levels for U6983

Channel maps:

�=2.90 (K)
Raw continuum map:

�=1.05 (K)
Cleaned continuum map:

�=1.00 (K)
Position-Velocity diagrams:

�=2.50 (K)
Velocity fields:

1082.1� n�15 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.52, 1.05,
1.57 (�1021atomscm−2)

Note: UGC 6983 is a beautiful, regular,
low surface brightness galaxy with well
defined spiral arms and a small bar. Channel maps at a resolution of 1200

�1500�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.

–
1

5
2

–



Chapter 4. HI Synthesis Observations

U
69

83

– 153 –



T
h

e
U

rsa
M

a
jo

r
C

lu
ste

r
o

fG
a

la
xie

s

Observing parameters for NGC 4051

Length of observation (hours) 1�12
Date of observation 01Feb94
Field center,�(1950) 12:00:36

�(1950) 44:48:48
Central frequency (MHz) 1417.09
Vhel of central channel (kms−1) 720
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 10.5�15.1
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.14
Velocity resolution (kms−1) 4.96
rms noise in one channel (K) 13.3
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.80

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 26.5� 2.6
Central point source position

�(1950) 12:00:36.3

�(1950) 44:48:35
From global profile:
Integrated HI-flux (Jy kms−1) 35.6� 0.8
Hel. systemic velocity (kms−1) 700.3� 1.2
HI profile width, 20% (kms−1) 255.4� 1.8

50% (kms−1) 224.6� 1.5
From velocity field:
Hel. systemic velocity (kms−1) 704.5� 1.2
Dynamical center,�(1950) 12:00:36.6

�(1950) 44:48:38
From total HI map:
Geometric center,�(1950) 12:00:37.6

�(1950) 44:48:42
Position angle (deg) 294
Inclination angle (deg) 30
Diameter of HI disk (arcmin) 5.8

Contour levels for N4051

Channel maps:

�=1.37 (K)
Raw continuum map:

�=0.82 (K)
Cleaned continuum map:

�=0.63 (K)
Position-Velocity diagrams:

�=1.29 (K)
Velocity fields:

704.5� n�20 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.56, 1.11,
1.67 (�1021atomscm−2)

Note: This Seyfert galaxy is lopsided
and has a central bar. The rotation curve
is quite asymmetric as can be seen in
the position-velocity diagrams. The po-
sition and inclinations angles derived
from the velocity field are quite simi-
lar for the various rings and close to the
values derived from the optical image.
The upturn of the rotation curve in the
inner part is uncertain but it is suggested
by both the receding and approaching
side.
The kinematic major axis seems to be
somewhat bend and the iso-velocity
contours in the observed velocity field
are more separated in the north-eastern
than in the south-western region. This
suggests that non-circular motions are
present in this system. Channel maps at a resolution of 3000

�3000�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4085

Length of observation (hours) 1�12
Date of observation 13Jan94
Field center,�(1950) 12:02:57

�(1950) 50:43:30
Central frequency (MHz) 1416.69
Vhel of central channel (kms−1) 800
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.0�15.7
Bandwidth (MHz) 5.0
Number of channels 63
Channel separation (kms−1) 16.5
Velocity resolution (kms−1) 19.8
rms noise in one channel (K) 4.80
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.20

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 44.1� 1.3
Central point source position

�(1950) 12:02:50.2

�(1950) 50:37:54
From global profile:
Integrated HI-flux (Jy kms−1) 14.6� 0.9
Hel. systemic velocity (kms−1) 745.7� 5.0
HI profile width, 20% (kms−1) 277.4� 6.6

50% (kms−1) 255.4� 7.8
From velocity field:
Hel. systemic velocity (kms−1) 752.0� 2.2
Dynamical center,�(1950) 12:02:50.3

�(1950) 50:37:54
From total HI map:
Geometric center,�(1950) 12:02:50.8

�(1950) 50:37:56
Position angle (deg) 256
Inclination angle (deg) 83
Diameter of HI disk (arcmin) 3.9

Contour levels for N4085

Channel maps:

�=4.64 (K)
Raw continuum map:

�=1.14 (K)
Cleaned continuum map:

�=1.06 (K)
Position-Velocity diagrams:

�=4.16 (K)
Velocity fields:

752.0� n�20 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

1.77, 3.54 (�1021atomscm−2)

Note: This galaxy is a companion of the
strongly disturbed system NGC 4088 at
10 arcmin to the north. The HI disk
does not extend much beyond D25. The
extent of the radial HI density profile
is due to the high inclination of the
ellipses along which the column den-
sity is measured and the effect of beam
smearing along the minor axis. Channel maps at a resolution of 1200

�1500�20 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4088

Length of observation (hours) 1�12
Date of observation 13Jan94
Field center,�(1950) 12:02:57

�(1950) 50:43:30
Central frequency (MHz) 1416.69
Vhel of central channel (kms−1) 800
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.0�15.7
Bandwidth (MHz) 5.0
Number of channels 63
Channel separation (kms−1) 16.5
Velocity resolution (kms−1) 19.8
rms noise in one channel (K) 4.80
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.20

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 222.3� 1.9
Central point source position

�(1950) 12:03:01.9

�(1950) 50:49:04
From global profile:
Integrated HI-flux (Jy kms−1) 102.9� 1.1
Hel. systemic velocity (kms−1) 756.7� 1.2
HI profile width, 20% (kms−1) 371.4� 1.7

50% (kms−1) 342.1� 1.9
From velocity field:
Hel. systemic velocity (kms−1) 761.5� 1.8
Dynamical center,�(1950) 12:03:02.4

�(1950) 50:49:06
From total HI map:
Geometric center,�(1950) 12:03:03.6

�(1950) 50:49:12
Position angle (deg) 231
Inclination angle (deg) 69
Diameter of HI disk (arcmin) 8.5

Contour levels for N4088

Channel maps:

�=1.21 (K)
Raw continuum map:

�=0.33 (K)
Cleaned continuum map:

�=0.29 (K)
Position-Velocity diagrams:

�=1.19 (K)
Velocity fields:

761.5� n�25 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.38, 0.75, 1.13, 1.51
1.89 (�1021atomscm−2)

Note: NGC 4088 is among the brightest
systems in the cluster. It has a very high
surface brightness and is very blue. The
strong radio continuum emission and
the 60�m flux suggest ongoing vigor-
ous star formation. The disk is strongly
distorted. The position-velocity dia-
gram shows a strong asymmetry and
comparison of the channel maps at 618
and 899 km s−1 shows that the warp is
asymmetric as well. The position an-
gle changes more in the southern than
in the northern part. The extended radio
continuum emission seems to originate
even outside the optical regions. NGC
4085 is located 10 arcmin to the south. Channel maps at a resolution of 3000

�3000�20 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4100

Length of observation (hours) 1�12
Date of observation 06Jan94
Field center,�(1950) 12:03:36

�(1950) 49:51:36
Central frequency (MHz) 1415.20
Vhel of central channel (kms−1) 1120
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.1�15.9
Bandwidth (MHz) 5.0
Number of channels 63
Channel separation (kms−1) 16.61
Velocity resolution (kms−1) 19.93
rms noise in one channel (K) 4.84
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.13

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 54.3� 1.7
Central point source position

�(1950) 12:03:36.4

�(1950) 49:51:40
From global profile:
Integrated HI-flux (Jy kms−1) 41.6� 0.7
Hel. systemic velocity (kms−1) 1074.4� 1.3
HI profile width, 20% (kms−1) 401.8� 2.0

50% (kms−1) 380.5� 1.8
From velocity field:
Hel. systemic velocity (kms−1) 1071.2� 0.9
Dynamical center,�(1950) 12:03:36.6

�(1950) 49:51:40
From total HI map:
Geometric center,�(1950) 12:03:36.5

�(1950) 49:51:40
Position angle (deg) 347
Inclination angle (deg) 70
Diameter of HI disk (arcmin) 6.9

Contour levels for N4100

Channel maps:

�=1.24 (K)
Raw continuum map:

�=0.37 (K)
Cleaned continuum map:

�=0.30 (K)
Position-Velocity diagrams:

�=4.07 (K)
Velocity fields:

1071.2� n�30 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.42, 0.84,
1.26 (�1021atomscm−2)

Note: The optical appearance of this
spiral suggests a mild warp toward face-
on or a strong widening of the pitch-
angle of the spiral arms in the outer
regions. Also the HI distribution (see
channel maps at 904 and 1236 km s−1)
indicates a warp. The decline of the ro-
tation curve indicated by the position-
velocity map is probably real. An un-
likely inclination of 49 degrees would
be required instead of the adopted 67
degrees to give a flat curve.
The position-velocity diagrams are pre-
sented at the highest spatial resolution.
The other data are shown for a resolu-
tion of 30�30 arcsec. Channel maps at a resolution of 3000

�3000�20 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4102

Length of observation (hours) 4�12
Dates of observation 11Aug90
Field center,�(1950) 12:03:50

�(1950) 53:02:00
Central frequency (MHz) 1416.37
Vhel of central channel (kms−1) 850
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 80
Baselines (min-max-incr) (m) 36-2736-36
Synthesized beam (���) (arcsec) 12.1�15.1
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 3.30
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.30

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 276.0� 1.5
Central point source position

�(1950) 12:03:51.2

�(1950) 52:59:21
From global profile:
Integrated HI-flux (Jy kms−1) 8.0� 0.2
Hel. systemic velocity (kms−1) 846.3� 2.0
HI profile width, 20% (kms−1) 349.8� 2.0

50% (kms−1) 322.4� 8.5
From velocity field:
Hel. systemic velocity (kms−1) 845.4� 4.0
Dynamical center,�(1950) 12:03:51.2

�(1950) 52:59:21
From total HI map:
Geometric center,�(1950) 12:03:51.2

�(1950) 52:59:22
Position angle (deg) 28
Inclination angle (deg) 56
Diameter of HI disk (arcmin) 2.3

Contour levels for N4102

Channel maps:

�=2.14 (K)
Raw continuum map:

�=1.25 (K)
Cleaned continuum map:

�=1.09 (K)
Position-Velocity diagrams:

�=1.99 (K)
Velocity fields:

845.4� n�25 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.54, 1.09,
1.63 (�1021atomscm−2)

Note: This LINER galaxy shows HI in
absorption against the central radio con-
tinuum source. The absorption is seen
over the full velocity width of the global
profile. The rotation curve reaches its
maximum very close to the center.
The HI emission is concentrated in a
ring-like structure that encompasses the
bar. The position of the strong contin-
uum source is taken as the dynamical
center. The position angle derived from
the total HI map is not meaningful due
to the patchy-ness of the HI gas. Channel maps at a resolution of 1200

�1500�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4157

Length of observation (hours) 1�12
Date of observation 29,31Aug93
Field center,�(1950) 12:08:35

�(1950) 50:45:51
Central frequency (MHz) 1416.75
Vhel of central channel (kms−1) 774
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 11.8�16.7
Bandwidth (MHz) 5.0
Number of channels 63
Channel separation (kms−1) 16.57
Velocity resolution (kms−1) 19.88
rms noise in one channel (K) 4.89
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.06

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 179.6� 2.3

From global profile:
Integrated HI-flux (Jy kms−1) 107.4� 1.6
Hel. systemic velocity (kms−1) 774.4� 1.8
HI profile width, 20% (kms−1) 427.6� 2.2

50% (kms−1) 400.7� 3.1
From velocity field:
Hel. systemic velocity (kms−1) 774.1� 1.3
Dynamical center,�(1950) 12:08:34.4

�(1950) 50:45:50
From total HI map:
Geometric center,�(1950) 12:08:32.7

�(1950) 50:45:41
Position angle (deg) 66
Inclination angle (deg) 80
Diameter of HI disk (arcmin) 9.2

Contour levels for N4157

Channel maps:

�=1.34 (K)
Raw continuum map:

�=0.28 (K)
Cleaned continuum map:

�=0.33 (K)
Position-Velocity diagrams:

�=1.31 (K)
Velocity fields:

774.1� n�30 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.39, 0.78, 1.16, 1.55
1.94, 2.33 (�1021atomscm−2)

Note: Because of the high inclination
of NGC 4157 the velocity field derived
here with the standard methods is not
adequate for a detailed dynamical study.
The formal results from the tilted-ring
fits are merely shown for completeness
and to give the global picture. The in-
clination of almost 90 degrees as de-
rived from the optical axis ratio assum-
ing an intrinsic thickness of 0.2 is def-
initely too high given the dust features
in the optical image.
The rotation curve is declining by about
20 km s−s at� 20 from the center and
remains flat in the outer parts. To ex-
plain such a decline as due to inclina-
tion effects, the inclination angle would
have to become 65 degrees in the outer
parts. Such a low inclination is ex-
cluded by the axis ratio of the total HI
map. Therefore, the rotation curve must
be really declining between 2 and 3 ar-
cmin.
The extended radio continuum emission
is asymmetric with respect to the center
of the galaxy and originates partly in the
halo. Channel maps at a resolution of 3000

�3000�20 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4183

Length of observation (hours) 1�12
Date of observation 02Aug93
Field center,�(1950) 12:10:47

�(1950) 43:58:35
Central frequency (MHz) 1415.95
Vhel of central channel (kms−1) 932
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 11.8�17.2
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 8.30
rms noise in one channel (K) 5.93
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.97

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.5 (3�)
extended source (mJy) <5.8 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 48.9� 0.7
Hel. systemic velocity (kms−1) 930.1� 1.0
HI profile width, 20% (kms−1) 249.6� 1.2

50% (kms−1) 232.5� 1.5
From velocity field:
Hel. systemic velocity (kms−1) 925.5� 1.5
Dynamical center,�(1950) 12:10:46.2

�(1950) 43:58:33
From total HI map:
Geometric center,�(1950) 12:10:45.8

�(1950) 43:58:41
Position angle (deg) 347
Inclination angle (deg) 83
Diameter of HI disk (arcmin) 6.1

Contour levels for N4183

Channel maps:

�=3.86 (K)
Raw continuum map:

�=1.75 (K)
Cleaned continuum map:

�=1.51 (K)
Position-Velocity diagrams:

�=3.34 (K)
Velocity fields:

925.5� n�20 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:
1.06, 2.13, 3.19

4.26 (�1021atomscm−2)

Note: This galaxy is slightly warped in
the outer regions. The inclination de-
rived from the optical axis ratio is too
high due to the assumed intrinsic thick-
ness of 0.2 which is probably too large. Channel maps at a resolution of 1100

�1700�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4217

Length of observation (hours) 1�12
Date of observation 16Aug90
Field center,�(1950) 12:13:20

�(1950) 47:20:00
Central frequency (MHz) 1415.52
Vhel of central channel (kms−1) 1030
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 13.2�18.6
Bandwidth (MHz) 5.0
Number of channels 63
Channel separation (kms−1) 16.60
Velocity resolution (kms−1) 33.20
rms noise in one channel (K) 2.45
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.45

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 115.6� 2.2

From global profile:
Integrated HI-flux (Jy kms−1) 33.8� 0.7
Hel. systemic velocity (kms−1) 1027.0� 3.0
HI profile width, 20% (kms−1) 428.1� 5.1

50% (kms−1) 395.6� 3.8
From velocity field:
Hel. systemic velocity (kms−1) 1028.8� 2.7
Dynamical center,�(1950) 12:13:21.6

�(1950) 47:22:10
From total HI map:
Geometric center,�(1950) 12:13:21.8

�(1950) 47:22:11
Position angle (deg) 230
Inclination angle (deg) 85
Diameter of HI disk (arcmin) 6.4

Contour levels for N4217

Channel maps:

�=2.45 (K)
Raw continuum map:

�=0.93 (K)
Cleaned continuum map:

�=0.86 (K)
Position-Velocity diagrams:

�=2.21 (K)
Velocity fields:

1028.8� n�30 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:
0.91, 1.82, 2.74

3.65 (�1021atomscm−2)

Note: This early type nearly edge-on
spiral shows extended 21cm continuum
emission. Some HI line emission may
be absorbed by the strong continuum
source. The inclination derived from
the optical axis ratio is probably an un-
derestimate of the true inclination be-
cause the prominent bulge makes the
galaxy look rounder than the assumed
intrinsic thickness of 0.2. Channel maps at a resolution of 1300

�1800�33 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4389

Length of observation (hours) 2�12
Date of observation 28Aug92

04Dec93
Field center,�(1950) 12:23:05

�(1950) 46:00:00
Central frequency (MHz) 1416.90
Vhel of central channel (kms−1) 740
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 80
Baselines (min-max-incr) (m) 36-2736-36
Synthesized beam (���) (arcsec) 12.0�16.9
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.14
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 3.86
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.97

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 23.3� 1.2
Central point source position

�(1950) 12:23:08.6

�(1950) 45:57:41
From global profile:
Integrated HI-flux (Jy kms−1) 7.6� 0.2
Hel. systemic velocity (kms−1) 718.4� 1.2
HI profile width, 20% (kms−1) 184.0� 1.5

50% (kms−1) 164.9� 1.6
From velocity field:
Hel. systemic velocity (kms−1) 714.7� 1.1
Dynamical center,�(1950) 12:23:08.6

�(1950) 45:57:41
From total HI map:
Geometric center,�(1950) 12:23:08.2

�(1950) 45:57:44
Position angle (deg) 281
Inclination angle (deg) 40
Diameter of HI disk (arcmin) 2.6

Contour levels for N4389

Channel maps:

�=2.53 (K)
Raw continuum map:

�=0.91 (K)
Cleaned continuum map:

�=0.83 (K)
Position-Velocity diagrams:

�=2.30 (K)
Velocity fields:

714.7� n�15 (kms−1)
Residual velocity field:

� n�5 (kms−1)
Integrated HI map:

0.41, 0.82,
1.23 (�1021atomscm−2)

Note: The morphology and kinematics
of this galaxy are completely dominated
by a prominent bar. The position angle
of the bar almost coincides with the po-
sition angle of the outer isophotes. The
position of the central 21cm continuum
point source is the same as the center of
the outer optical isophotes and is taken
as the dynamical center. The HI gas is
only found along the bar and the star
forming regions at the end of the bar. Channel maps at a resolution of 1200

�1600�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3718

Length of observation (hours) 1�12
Date of observation 15Apr91
Field center,�(1950) 11:31:05

�(1950) 53:23:00
Central frequency (MHz) 1415.27
Vhel of central channel (kms−1) 1070
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.9�17.2
Bandwidth (MHz) 5.0
Number of channels 53
Channel separation (kms−1) 16.61
Velocity resolution (kms−1) 33.22
rms noise in one channel (K) 2.85
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.71

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 11.4� 0.4
Central point source position

�(1950) 11:29:49.9

�(1950) 53:20:39
From global profile:
Integrated HI-flux (Jy kms−1) 140.9� 0.9
Hel. systemic velocity (kms−1) 993.0� 0.8
HI profile width, 20% (kms−1) 492.8� 1.0

50% (kms−1) 465.7� 1.0
From XV-diagram:
Hel. systemic velocity (kms−1) 989.8

Contour levels for N3718

Channel maps:

�=0.27 (K)
Raw continuum maps:

�=0.13 (K)
Position-Velocity diagram:

�=0.26 (K)

Note: NGC 3718 is the largest galaxy
in the cluster. It displays a symmetric
but distorted morphology with extended
spiral arms and a pronounced dust lane
crossing its nucleus. The kinematics is
very complex and shows an extremely
warped HI disk. The inclination runs
from roughly 75 degrees in the inner re-
gions through edge-on to about 65 de-
grees in the outer regions. The change
in position angle is more than 95 de-
grees. This system has been studied in
detail by Schwarz (1985). The rotation
curve as projected onto the position-
velocity diagram is based on the results
from his modelling.
NGC 3729 is located some 11 arcmin to
the ENE.

Channel maps at a resolution of 6000
�6000�33 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3729

Length of observation (hours) 1�12
Date of observation 15Apr91
Field center,�(1950) 11:31:05

�(1950) 53:23:00
Central frequency (MHz) 1415.27
Vhel of central channel (kms−1) 1070
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.9�17.2
Bandwidth (MHz) 5.0
Number of channels 53
Channel separation (kms−1) 16.61
Velocity resolution (kms−1) 33.22
rms noise in one channel (K) 2.85
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.71

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 18.0� 0.9
Central point source position

�(1950) 11:31:04.8

�(1950) 53:24:08
From global profile:
Integrated HI-flux (Jy kms−1) 5.5� 0.3
Hel. systemic velocity (kms−1) 1059.8� 1.4
HI profile width, 20% (kms−1) 270.8� 1.5

50% (kms−1) 253.2� 3.9
From XV-diagram:
Hel. systemic velocity (kms−1) 1062.8

Contour levels for N3729

Channel maps:

�=0.77 (K)
Raw continuum maps:

�=0.32 (K)
Position-Velocity diagram:

�=0.75 (K)

Note: NGC 3729 displays a bright ring-
like structure which surrounds a diffuse
bar and a double nucleus. On the north-
eastern side, just outside the ring, a dif-
fuse blue patch can be seen. The HI gas
is only detected in the bright ring with
a faint extension toward the blue patch.
The large disturbed galaxy N3718 is lo-
cated about 11 armin to the WSW.

Channel maps at a resolution of 3000
�3000�33 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6773

Length of observation (hours) 1�12
Date of observation 29Aug92
Field center,�(1950) 11:45:24

�(1950) 50:05:00
Central frequency (MHz) 1415.97
Vhel of central channel (kms−1) 940
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.6�16.6
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 5.32
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.88

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.2 (3�)
extended source (mJy) <2.6 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 5.6� 0.4
Hel. systemic velocity (kms−1) 923.6� 1.6
HI profile width, 20% (kms−1) 110.4� 2.3

50% (kms−1) 91.1� 2.2
From XV-diagram:
Hel. systemic velocity (kms−1) 922.3

Contour levels for U6773

Channel maps:

�=3.45 (K)
Raw continuum map:

�=1.47 (K)
Position-Velocity diagram:

�=2.88 (K)

Note: This dwarf galaxy shows an ir-
regular morphology and the position-
velocity diagram suggests an asymmet-
ric rotation curve. THe HI disk does not
extend much beyond D25.

Channel maps at a resolution of 1200
�1600�19 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6818

Length of observation (hours) 1�12
Date of observation 19Aug90
Field center,�(1950) 11:48:10

�(1950) 46:05:00
Central frequency (MHz) 1416.51
Vhel of central channel (kms−1) 820
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.6�17.6
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 5.03
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.72

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 2.4� 1.0

From global profile:
Integrated HI-flux (Jy kms−1) 13.9� 0.2
Hel. systemic velocity (kms−1) 808.1� 2.1
HI profile width, 20% (kms−1) 166.9� 2.3

50% (kms−1) 141.9� 5.7
From XV-diagram:
Hel. systemic velocity (kms−1) 813.4

Contour levels for U6818

Channel maps:

�=4.04 (K)
Raw continuum map:

�=2.07 (K)
Position-Velocity diagrams:

�=3.36 (K)

Note: This dwarf galaxy shows an
m=1-like spiral arm toward the west
and is probably tidally interacting with
a faint companion at its north-western
edge.

Channel maps at a resolution of 1200
�1700�19 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 3985

Length of observation (hours) 1�12
Date of observation 19Aug93
Field center,�(1950) 11:54:07

�(1950) 48:36:48
Central frequency (MHz) 1415.87
Vhel of central channel (kms−1) 957
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.3�16.8
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.15
Velocity resolution (kms−1) 8.30
rms noise in one channel (K) 5.97
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.91

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 9.7� 1.4

From global profile:
Integrated HI-flux (Jy kms−1) 15.7� 0.6
Hel. systemic velocity (kms−1) 948.2� 2.0
HI profile width, 20% (kms−1) 160.2� 3.7

50% (kms−1) 88.0� 2.4
From XV-diagram:
Hel. systemic velocity (kms−1) 949.8

Contour levels for N3985

Channel maps:
12�16 arcsec: �=3.79 (K)
30�30 arcsec: �=1.14 (K)
60�60 arcsec: �=0.39 (K)

Raw continuum maps:
12�16 arcsec: �=1.69 (K)
30�30 arcsec: �=0.63 (K)
60�60 arcsec: �=0.36 (K)

Position-Velocity diagram:

�=3.35 (K)

Note: This small high surface bright-
ness galaxy displays smooth outer ellip-
tical isophotes but the inner regions are
irregular.
The HI kinematics is quite patchy and
chaotic as is shown by the channel maps
at various angular resolutions. Two
components can be identified; 1) a high
surface density disk in the inner region
and 2) a very extended low surface den-
sity disk with a kinematic major axis
nearly perpendicular to the optical ma-
jor axis.

Channel maps at a resolution of 1200
�1600�19 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Channel maps at a resolution of 3000
�3000�19 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
Channel maps at a resolution of 6000

�6000�19 km s−1.
Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 6894

Length of observation (hours) 1�12
Date of observation 18Apr91
Field center,�(1950) 11:52:50

�(1950) 54:55:00
Central frequency (MHz) 1416.69
Vhel of central channel (kms−1) 770
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.5�14.3
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.14
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 6.57
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.37

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.2 (3�)
extended source (mJy) <2.7 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 5.8� 0.2
Hel. systemic velocity (kms−1) 848.6� 1.8
HI profile width, 20% (kms−1) 141.8� 1.1

50% (kms−1) 132.2� 1.5
From XV-diagram:
Hel. systemic velocity (kms−1) 848.3

Contour levels for U6894

Channel maps:

�=3.12 (K)
Raw continuum map:

�=1.06 (K)
Position-Velocity diagrams:

�=2.72 (K)

Note: The HI emission does not ex-
tend far beyond the optical image of this
edge-on system. The rotation curve is
still rising at the last measured point.

Channel maps at a resolution of 1200
�1400�19 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4013

Length of observation (hours) 8.3�12
Dates of observation Dec86-Mar87
Field center,�(1950) 11:55:40

�(1950) 44:17:00
Vhel of central channel (kms−1) 820
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 80
Baselines (min-max-incr) (m) 36-2736-36
Synthesized beam (���) (arcsec) 12.3�17.6
Bandwidth (MHz) 5.0
Number of channels 63
Channel separation (kms−1) 16.49
Velocity resolution (kms−1) 33.0
rms noise in one channel (K) 0.96
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.78

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 36.3� 0.8
Central point source position

�(1950) 11:55:56.8

�(1950) 44:13:33
From global profile:
Integrated HI-flux (Jy kms−1) 41.5� 0.2
Hel. systemic velocity (kms−1) 831.3� 0.6
HI profile width, 20% (kms−1) 425.0� 0.9

50% (kms−1) 395.0� 0.8
From XV-diagram:
Hel. systemic velocity (kms−1) 835� 3

Contour levels for N4013

Channel maps:

�=0.96 (K)
Raw continuum maps:

�=0.47 (K)
Position-Velocity diagram:

�=0.84 (K)

Note: The data presented here was
kindly provided by Bottema who exten-
sively studied this warped, edge-on sys-
tem. The rotation curve was adopted
from the analysis by Bottema (1995).

Channel maps at a resolution of 1200
�1700�33 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 7089

Length of observation (hours) 1�12
Date of observation 22Dec94
Field center,�(1950) 12:04:32

�(1950) 43:17:41
Central frequency (MHz) 1416.49
Vhel of central channel (kms−1) 850
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 11.9�17.9
Bandwidth (MHz) 5.0
Number of channels 127
Channel separation (kms−1) 8.29
Velocity resolution (kms−1) 9.95
rms noise in one channel (K) 8.34
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.83
Note: To achieve a sufficient velocity resolution over

a 5 MHz bandwidth, only the XX dipoles could be

correlated due to limitations of the backend.

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.2 (3�)
extended source (mJy) <3.4 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 17.0� 0.6
Hel. systemic velocity (kms−1) 770.0� 1.5
HI profile width, 20% (kms−1) 156.7� 1.7

50% (kms−1) 97.7� 3.0
From XV-diagram:
Hel. systemic velocity (kms−1) 778.3

Contour levels for U7089

Channel maps:

�=5.09 (K)
Raw continuum map:

�=1.13 (K)
Position-Velocity diagram:

�=4.52 (K)

Note: This galaxy is a member of a
rather tight group within the Ursa Ma-
jor cluster. The group is dominated by
the S0 system N4111 and several dwarf
galaxies (U7094, N4117, N4118 and
1203+43). N4111 and N4118 were not
detected in the HI line.
UGC 7089 is strongly lopsided both
optically and in the distribution of the
HI gas which is more extended on the
approaching side. The rotation curve,
however, is quite symmetric and does
not reach the flat part on either side of
the galaxy.

Channel maps at a resolution of 1100
�1700�17 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for UGC 7094

Length of observation (hours) 1�12
Date of observation 22Dec94
Field center,�(1950) 12:04:32

�(1950) 43:17:41
Central frequency (MHz) 1416.49
Vhel of central channel (kms−1) 850
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 11.9�17.9
Bandwidth (MHz) 5.0
Number of channels 127
Channel separation (kms−1) 8.29
Velocity resolution (kms−1) 9.95
rms noise in one channel (K) 8.34
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.83
Note: To achieve a sufficient velocity resolution over

a 5 MHz bandwidth, only the XX dipoles could be

correlated due to limitations of the backend.

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <1.2 (3�)
extended source (mJy) <2.6 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 2.9� 0.2
Hel. systemic velocity (kms−1) 779.6� 1.6
HI profile width, 20% (kms−1) 83.7� 1.7

50% (kms−1) 71.9� 5.5
From XV-diagram:
Hel. systemic velocity (kms−1) 776.9

Contour levels for U7094

Channel maps:

�=1.57 (K)
Raw continuum map:

�=0.36 (K)
Position-Velocity diagram:

�=1.54 (K)

Note: This edge-on galaxy is a member
of a rather tight group within the Ursa
Major cluster. The group is dominated
by the S0 system N4111 and several
dwarf galaxies (U7089, N4117, N4118
and 1203+43). N4111 and N4118 were
not detected in the HI line.
The position-velocity diagram seems
to suggest that the projected rotation
curve of UGC 7094 reaches a maximum
within 1 arcmin from the center and
then declines to nearly zero at 2.5 ar-
cmin from the center. This effect could
be caused by a warp which reaches
nearly face-on at the largest radii. How-
ever, the signal-to-noise level is too low
to validate any model. 1203+43 is lo-
cated only 5 arcmin to the south-west
while N4111 and U7089 lie 11 arcmin
to the north and nort-east respectively.

Channel maps at a resolution of 3000
�3000�17 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4117

Length of observation (hours) 1�12
Date of observation 22Dec94
Field center,�(1950) 12:04:32

�(1950) 43:17:41
Central frequency (MHz) 1416.49
Vhel of central channel (kms−1) 850
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 11.9�17.9
Bandwidth (MHz) 5.0
Number of channels 127
Channel separation (kms−1) 8.29
Velocity resolution (kms−1) 9.95
rms noise in one channel (K) 8.34
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.83
Note: To achieve a sufficient velocity resolution over

a 5 MHz bandwidth, only the XX dipoles could be

correlated due to limitations of the backend.

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 3.7� 1.2
Central point source position

�(1950) 12:05:14.0

�(1950) 43:24:17
From global profile:
Integrated HI-flux (Jy kms−1) 6.9� 1.1
Hel. systemic velocity (kms−1) 934.0� 1.5
HI profile width, 20% (kms−1) 289.4� 7.5

50% (kms−1) 260.3� 5.2

Contour levels for N4117

Channel maps:

�=0.56 (K)
Raw continuum map:

�=0.12 (K)
Position-Velocity diagram:

�=0.55 (K)

Note: This galaxy is a member of a
rather tight group within the Ursa Ma-
jor cluster. The group is dominated by
the S0 system N4111 and several dwarf
galaxies (U7089, U7094, N4118 and
1203+43). N4111 and N4118 were not
detected in the HI line.
NGC 4117 is a dwarf S0 system with
a faint HI ring just outside R25. The
signal-to-noise is too low to derive a ro-
tation curve from the position-velocity
diagram. N4118 is situated 1.5 arcmin
to the south-east.

Channel maps at a resolution of 6000
�6000�17 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4138

Length of observation (hours) 1�12
Date of observation 19Dec94
Field center,�(1950) 12:06:59

�(1950) 43:54:57
Central frequency (MHz) 1416.26
Vhel of central channel (kms−1) 900
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.1�17.3
Bandwidth (MHz) 5.0
Number of channels 63
Channel separation (kms−1) 16.59
Velocity resolution (kms−1) 19.91
rms noise in one channel (K) 4.89
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.88

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 16.7� 4.6

From global profile:
Integrated HI-flux (Jy kms−1) 19.2� 0.7
Hel. systemic velocity (kms−1) 893.8� 3.9
HI profile width, 20% (kms−1) 331.6� 4.5

50% (kms−1) 266.0� 7.8
From XV-diagram:
Hel. systemic velocity (kms−1) 888.0

Contour levels for N4138

Channel maps:

�=0.58 (K)
Raw continuum map:

�=0.29 (K)
Position-Velocity diagrams:

�=0.57 (K)

Note: A large fraction (20%) of the
stars in this early type spiral is counter
rotating. For that reason, N4138 has
been studied extensively in the past.
Jore et al (1996) have observed this
galaxy at 21cm with the VLA and ob-
tained HI data with high S/N. For de-
projection of the rotation curve derived
from the position-velocity diagram of
our WSRT data, the optical position an-
gle and inclination were used for the in-
ner regions. In the outer regions, the po-
sition angle and inclination from the ve-
locity field of Joreet al were used. The
HI disk is strongly warped toward face-
on but not strong enough to account for
the observed decline.
The strong point source at 3 arcmin to
the SW is 3C378.6.

Channel maps at a resolution of 6000
�6000�20 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4218

Length of observation (hours) 1�12
Date of observation 18Jul92

14Aug92
Field center,�(1950) 12:13:18

�(1950) 48:25:00
Central frequency (MHz) 1416.84
Vhel of central channel (kms−1) 740
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 11.9�16.4
Bandwidth (MHz) 2.5
Number of channels 127
Channel separation (kms−1) 4.14
Velocity resolution (kms−1) 8.29
rms noise in one channel (K) 5.71
K-mJy conversion,

equiv. of 1mJy/beam (K) 3.09

Results from WSRT data

From continuum map:
21-cm flux density (mJy) 6.3� 0.8

From global profile:
Integrated HI-flux (Jy kms−1) 7.8� 0.2
Hel. systemic velocity (kms−1) 729.9� 1.7
HI profile width, 20% (kms−1) 138.0� 5.0

50% (kms−1) 79.9� 1.9
From XV-diagram:
Hel. systemic velocity (kms−1) 723.7

Contour levels for N4218

Channel maps:

�=3.71 (K)
Raw continuum maps:

�=1.28 (K)
Position-Velocity diagram:

�=3.24 (K)

Note: NGC 4218 is a Blue Compact
Dwarf galaxy with a slightly irregular
optical morphology. The HI distribu-
tion is a little bit lopsided. The HI
disk does not extend significantly be-
yond R25 and the rotation curve is ill de-
fined in the inner regions.

Channel maps at a resolution of 1100
�1600�19 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Observing parameters for NGC 4220

Length of observation (hours) 1�12
Date of observation 01Jul92

14Aug92
Field center,�(1950) 12:13:18

�(1950) 48:25:00
Central frequency (MHz) 1416.82
Vhel of central channel (kms−1) 740
Primary beam FWHM (arcmin) 37.4
Nr. of interferometers 40
Baselines (min-max-incr) (m) 36-2700-72
Synthesized beam (���) (arcsec) 12.3�16.5
Bandwidth (MHz) 5.0
Number of channels 63
Channel separation (kms−1) 16.57
Velocity resolution (kms−1) 33.14
rms noise in one channel (K) 2.97
K-mJy conversion,

equiv. of 1mJy/beam (K) 2.97

Results from WSRT data

From continuum map:
21-cm flux density

central point source (mJy) <0.9 (3�)
extended source (mJy) <4.9 (3�)

From global profile:
Integrated HI-flux (Jy kms−1) 4.4� 0.3
Hel. systemic velocity (kms−1) 914.2� 1.2
HI profile width, 20% (kms−1) 438.1� 1.3

50% (kms−1) 423.3� 3.3

Contour levels for N4220

Channel maps:

�=0.29 (K)
Raw continuum maps:

�=0.18 (K)
Position-Velocity diagram:

�=0.28 (K)

Note: This early type spiral has a very
low HI content. The gas is barely de-
tected and occurs only inside the optical
region. No meaningful rotation curve
could be derived from the position-
velocity diagram.

Channel maps at a resolution of 6000
�6000�33 km s−1.

Contour levels at -3, -1.5 (dashed), 1.5, 3, 4.5, ...��.
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Chapter 5
Tully-Fisher Relations

ABSTRACT– In this chapter we investigate the Tully-Fisher relations using optical
and near-infrared luminosities combined with kinematic information from HI rotation
curves. The TF-relation has been constructed for a volume limited complete sample of
spiral galaxies in the Ursa Major cluster.B;R; I andK0 surface photometry and HI syn-
thesis observations have been used. From the rotation curves, the observed maximum
rotational velocity Vmaxand the amplitude of the outer flat part Vflat has been measured.
We find that galaxies with rotation curves that are still rising at the last measured point,
lie systematically on the low velocity side of the TF-relation defined by those galaxies
that do show a flat part in their rotation curve. Galaxies with a partly declining rotation
curve (Vmax> Vflat) tend to lie systematically on the high velocity side of the relation
when using Vmax. However, systematic offsets are eliminated when Vflat is used in-
stead of Vmax. The tightest correlation is found for the MK0–log2Vflat relation which
has a slope of -10.3�0.4 and a total observed scatter of 0.29 mag, consistent with no
intrinsic scatter. Although the near-infrared relation is tighter than the optical relations,
as a consequence of the steeper slope in the near-infrared,K0-magnitudes do not yield
a better distance tool.

1 Introduction

Numerous studies of the Tully-Fisher relations have
been conducted in the past. Their aim was to find
observables that reduce the scatter and thus improve
this relation as a tool for measuring distances to spiral
galaxies. The rapid development of optical and near-
infrared detector arrays has led to greatly improved
measurements of the luminosities of spiral galaxies,
ranging from the originally estimated photographicB
magnitudes (Tully & Fisher, 1977) to the present high
quality near-infrared surface photometry (e.g. Peletier
& Wilner, 1993 and Tullyet al, 1996). Despite the ap-
parent advantages of near-infrared luminosities (M/L
is less affected by stellar population differences and
extinction corrections are minimal) it has not been
demonstrated convincingly so far that their use leads
to a correlation with less scatter. For example, for a
sample of Ursa Major spirals, Pierce & Tully (1988)
found total scatters of 0.28m and 0.31m by usingI and
H−0:5 magnitudes respectively. Bernsteinet al (1996),
using 23 spirals in Coma, also found that theH-band

TF-relation has no less scatter than theI-band relation.

All the above-mentioned studies made use of the
width of global HI profiles. Relatively little attention,
however, has been given to the meaning of this HI line
width. To some approximation, the rotational veloc-
ity of a spiral galaxy might be determined from the
properly corrected width of its global HI profile. In-
deed, this might be the case if the rotation curve of the
HI disk rises in the inner regions and levels off to a
constant velocity in the extended outer parts. How-
ever, from HI synthesis mapping of spirals it has be-
come clear that there are two basic deviations from
this classical rotation curve shape. First, many low sur-
face brightness and dwarf galaxies only show the rising
part of the rotation curve; the HI disks do not extend
far enough to probe the regime of constant rotational
velocity. Theirobservedmaximum rotational veloc-
ity provides merely a lower limit to the actual max-
imum rotational velocity induced by the potential of
their dark matter halo. Second, the more massive and
compact galaxies often show a steep rise of the rotation
curve with a maximum in the optical region followed
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by a modest decline until the flat part is reached in the
outer regions (e.g. Casertano & van Gorkom, 1991).
Furthermore, the width and shape of the global HI pro-
file will also be affected by the distribution of the HI
gas in the disk and the possible presence of a warp or
non-circular motion.

The present study is aimed at understanding the
statistical properties of the relation (tightness, scatter &
slope) using knowledge of the detailed shape of the HI
rotation curves and of the characteristics of the galactic
velocity fields. The outline of this chapter is as follows.
Section 2 describes the selected galaxy sample. Sec-
tion 3 gives an overview of the photometric and kine-
matic data available to us. Anothor ‘hidden’ but cru-
cial observational ingredient for the TF-relation is the
inclination angle of a galaxy which will be given some
special attention. Section 4 deals with the various cor-
rections to be applied on the observables with emphasis
on the correction of the global HI profile for turbulent
gas motion. Section 5 describes the TF-relations that
we find in the various passbands. The fitting method
will be explained and the statitical properties of the TF-
relations will be examined given the shapes of the ro-
tation curves. Section 6 discusses the necessity of an
intrinsic scatter to explained the total observed scatter.
In Section 7 we briefly address the issue of the Low
Surface Brightness galaxies and their location on the
TF-relation. In Section 8 we discuss our results in re-
lation to other studies which consider the shape of the
rotation curves. Finally, Section 9 gives a summary of
our findings.

2 The sample

The spiral rich and dynamically quiescent Ursa Major
cluster was selected for the present study. It has a
very low velocity dispersion of�150 km/s and the 79
identified cluster members do not show any central
concentration. An extensive description of this cluster
is given by Tullyet al (1996) (Chapter 1, Paper I). All
62 galaxies with an apparent magnitude brighter than
mZw=14.5 are identified within a position-velocity
window and they make up a complete volume limited
sample. Adopting a distance to the cluster of 15.5
Mpc, this magnitude limit corresponds to an absolute
magnitude of MB = −16:5 and hence, the complete
sample comprises all galaxies brighter than the Small
Magellanic Cloud. For our current investigation, all
49 galaxies from this complete sample that are more
inclined than 45� will be considered here. Positional
and morphological information on these 49 galaxies
are presented in Table 1.

Column(1) gives the NGC or UGC number.
Columns (2,3) provide the equatorial coordinates

(1950).
Columns(4,5) provide the Galactic coordinates.
Columns(6,7) contain the Super-Galactic longitude
and lattitude. The Ursa Major cluster is located in the
Super-Galactic plane.
Column(8) gives the morphological type.
Column(9) provides the position angle measured anti-
clockwise from the north. In general this is the position
angle of the receding side of the galaxy obtained from
HI synthesis data. For galaxies without kinematic in-
formation this is the smallest angle between the north
and the major axis.
Column(10) gives the adopted ellipticity of the stellar
disk.
Column(11) contains the adopted inclination and its
estimated error. See Section 3.3 for further details.
Column(12) provides the scale length in arcminutes of
the exponential disk in theK0-band. At the adopted dis-
tance to the cluster of 15.5 Mpc, 1 arcmin corresponds
to 4.5 kpc.
Column(13) gives the concentration index of the light.
It is defined as C82=R80/R20 where R80 and R20 are the
radii that enclose respectively 80% and 20% of the total
light. For a purely exponential disk, C82=3.6.

Figure 1 shows the distribution of these 49 galax-
ies on the sky and in velocity. The cluster is some-
what elongated in Super-Galactic longitude, ‘pointing’
toward the Virgo cluster at (SGL,SGB)=(103�,-2�). A
slight velocity gradient is present across the face of
the cluster: galaxies with higher systemic velocities
are predominantly found at lower Super-Galactic lon-
gitudes.

Of the 49 galaxies in Table 1, five S0 systems
(N3990, N4026, N4111, N4143 and N4346) have ei-
ther not been detected in HI by single dish telescopes
and their membership relies on optical redshifts. Four
more galaxies have not been observed with the WSRT
(N3870 and U7129) or contain too little HI for a
meaningful synthesis observation (N4117 and N4220).
However, single dish profiles are available for three
of these four systems; no single dish data is available
for N4117 due to confusion and the WSRT observa-
tion does not go deep enough. Finally, two interact-
ing dwarf systems (1135+48 and N3896) have their HI
emission confused (in both the single dish and WSRT
data) with that of their more massive companions.

This tally leaves us with a sample of 41 galaxies
with measured global HI profiles. These 41 galaxies
will be referred to as the ‘complete sample’ in which
‘complete’ relates to a lower limit on both the optical
luminosity and the HI content. There are 38 galaxies
in thecomplete samplewith available HI synthesis data
from which a more or less extended HI rotation curve
has been constructed (see Chapter 3). These 38 galax-
ies will be referred to as theWesterbork sample.

We are interested in 2 aspects of the TF-relation.
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Table 1: Positional and morphological information for all 49 members of the Ursa Major Cluster brighter than
MB=-16.5 and more inclined than 45�.

Name R.A.(1950)Dec. l b SGL SGB Type P.A. 1-b
a i hK0 C82

h m s � 0 00 (�) (�) (�) (�) (�) (�) (0)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

U6399 11 20 35.9 51 10 09 152.08 60.96 62.02−1.53 Sm 140 0.724 75� 2 0.44 3.3
U6446 11 23 52.9 54 01 21 147.56 59.14 59.72 0.22 Sd 200 0.384 51� 3 0.33 4.1
N3718 11 29 49.9 53 20 39 147.01 60.22 60.71 0.72 Sa 195 0.577 69� 3 0.94 4.6
N3726 11 30 38.7 47 18 20 155.38 64.88 66.21−1.79 SBc 194 0.384 53� 2 0.63 3.1
N3729 11 31 04.9 53 24 08 146.64 60.28 60.74 0.91 SBab 164 0.318 49� 3 0.31 3.5
N3769 11 35 02.8 48 10 10 152.72 64.75 65.74−0.75 SBb 150 0.691 70� 2 0.33 3.6
1135+48 11 35 09.2 48 09 31 152.71 64.77 65.75−0.74 Sm 114 0.691 73� 3 0.23 3.6
U6667 11 39 45.3 51 52 32 146.27 62.29 62.67 1.47 Scd 88 0.878 89� 1 0.54 3.3
N3870 11 43 17.5 50 28 40 147.02 63.75 64.17 1.42 S0a 17 0.305 48� 3 0.12 7.3
N3877 11 43 29.3 47 46 21 150.72 65.96 66.68 0.38 Sc 36 0.775 76� 1 0.52 3.2
U6773 11 45 22.1 50 05 12 146.89 64.27 64.67 1.57 Sm 341 0.470 58� 3 0.28 3.3
N3893 11 46 00.2 48 59 20 148.15 65.23 65.73 1.24 Sc 352 0.331 49� 2 0.45 4.7
N3896 11 46 18.6 48 57 10 148.10 65.29 65.78 1.27 Sm 308 0.331 48� 3 0.19 6.4
N3917 11 48 07.7 52 06 09 143.65 62.79 62.97 2.74 Scd 257 0.758 79� 2 0.57 3.0
U6818 11 48 10.1 46 05 09 151.76 67.78 68.54 0.47 Sd 77 0.724 75� 3 0.33 3.4
N3949 11 51 05.5 48 08 14 147.63 66.40 66.83 1.70 Sbc 297 0.384 55� 2 0.32 3.7
N3953 11 51 12.4 52 36 18 142.21 62.59 62.68 3.36 SBbc 13 0.500 62� 1 0.71 4.4
U6894 11 52 47.3 54 56 08 139.52 60.63 60.59 4.43 Scd 269 0.844 83� 3 0.28 3.1
N3972 11 53 09.0 55 35 56 138.85 60.06 59.98 4.72 Sbc 298 0.724 77� 1 0.36 3.0
U6917 11 53 53.1 50 42 27 143.46 64.45 64.61 3.06 SBd 123 0.455 56� 2 0.54 3.4
N3985 11 54 06.4 48 36 48 145.94 66.27 66.56 2.34 Sm 70 0.371 51� 3 0.21 2.9
U6923 11 54 14.4 53 26 19 140.51 62.06 62.07 4.09 Sdm 354 0.577 65� 2 0.24 5.0
N3992 11 55 00.9 53 39 11 140.09 61.92 61.91 4.27 SBbc 248 0.441 56� 2 0.77 4.0
N3990 11 55 00.3 55 44 13 138.25 60.04 59.95 5.01 S0 40 0.500 63� 3 0.15 8.5
N4013 11 55 56.8 44 13 31 151.86 70.09 70.77 1.06 Sb 245 0.758 90� 1 0.38 3.7
N4010 11 56 02.0 47 32 16 146.68 67.36 67.69 2.26 SBd 65 0.878 89� 1 0.64 2.9
U6969 11 56 12.9 53 42 11 139.70 61.96 61.92 4.46 Sm 330 0.691 76� 2 0.25 3.0
U6973 11 56 17.8 43 00 03 153.97 71.10 71.94 0.68 Sab 40 0.609 71� 3 0.18 5.3
U6983 11 56 34.9 52 59 08 140.27 62.62 62.61 4.26 SBcd 270 0.344 49� 1 0.49 3.8
N4026 11 56 50.7 51 14 24 141.94 64.20 64.27 3.68 S0 177 0.741 84� 2 0.43 7.3
N4051 12 00 36.4 44 48 36 148.88 70.08 70.51 2.04 SBbc 311 0.344 49� 3 0.50 4.0
N4085 12 02 50.4 50 37 54 140.59 65.17 65.16 4.37 Sc 255 0.758 82� 2 0.29 3.2
N4088 12 03 02.0 50 49 03 140.33 65.01 65.00 4.46 Sbc 231 0.625 69� 2 0.62 3.0
U7089 12 03 25.4 43 25 18 149.90 71.52 71.99 2.05 Sdm 215 0.809 80� 3 0.57 3.5
N4100 12 03 36.4 49 51 41 141.11 65.92 65.93 4.23 Sbc 344 0.708 73� 2 0.47 2.9
U7094 12 03 38.5 43 14 05 150.14 71.70 72.19 2.02 Sdm 39 0.642 70� 3 0.27 4.5
N4102 12 03 51.3 52 59 22 138.08 63.07 62.99 5.29 SBab 38 0.441 56� 2 0.33 7.6
N4111 12 04 31.0 43 20 40 149.53 71.69 72.13 2.20 S0 150 0.775 90� 1 0.40 7.8
N4117 12 05 14.2 43 24 17 149.07 71.72 72.13 2.35 S0 21 0.562 68� 3 0.20 6.1
U7129 12 06 23.6 42 01 08 151.00 72.99 73.47 2.11 Sa 72 0.305 48� 3 ... 4.4
N4138 12 06 58.6 43 57 49 147.29 71.40 71.70 2.83 Sa 151 0.371 53� 3 0.26 5.3
N4143 12 07 04.6 42 48 44 149.18 72.40 72.79 2.47 S0 143 0.455 60� 3 0.23 8.0
N4157 12 08 34.2 50 45 47 138.47 65.41 65.33 5.27 Sb 63 0.826 82� 3 0.48 3.9
N4183 12 10 46.5 43 58 33 145.39 71.73 71.90 3.48 Scd 346 0.861 82� 2 0.59 3.2
N4218 12 13 17.4 48 24 36 138.88 67.88 67.81 5.27 Sm 316 0.398 53� 3 0.12 3.2
N4217 12 13 21.6 47 22 11 139.90 68.85 68.82 4.96 Sb 230 0.741 86� 2 0.54 3.3
N4220 12 13 42.8 48 09 41 138.94 68.13 68.07 5.26 Sa 140 0.691 78� 3 0.29 4.2
N4346 12 21 01.2 47 16 15 136.57 69.39 69.30 6.17 S0 98 0.674 77� 3 0.33 8.2
N4389 12 23 08.8 45 57 41 136.73 70.74 70.65 6.16 SBbc 276 0.344 50� 4 0.27 3.6
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Figure 1: Distribution on the sky and in redshift of
all galaxies in the cluster brighter than MB=-16.5 and
more inclined than 45�. The dashed lines indicate the
boundaries of the spatial and velocity window in which
the galaxies were selected.

1) The TF-relation can be considered as a manifesta-
tion of the underlying coupling between the luminosity
of a galaxy and its gravitational potential. To gain
some understanding of this coupling it is mandatory to
map this gravitational potential. The shape of the HI
rotation curve will be used to derive the shape of the
potential in the plane of the galaxy. It can be expected
that most will be learned from the most extreme cases.
Therefore, it is important to consider a sample of
galaxies with a wide range of intrinsic properties.

2) We are also interested in the accuracy of the TF-
relation as an empirical tool for measuring distances
to spiral galaxies. For that purpose it is important to
understand the sources of scatter and identify possible
objective criteria that minimize the scatter. Conse-
quently, one often discards galaxies with extreme
intrinsic properties like a very low HI content or a low
surface brightness.

Both aspects justify different selection criteria when

constructing the TF-relation. Therefore, we will con-
struct 2 subsamples from theWesterbork sample, each
optimized to address one of the two aspects mentioned
above.

a) the ‘unperturbed’ sample

To investigate the first aspect, it is important to
have a good understanding of the planar shape of the
potential as inferred from the rotation curves. When
deriving the rotation curve, it is assumed that the HI
gas rotates around the center on circular orbits. The HI
synthesis data allow us to evaluate the kinematic ‘nor-
malcy’ of a gas disk from its observed velocity field.
It is obvious that the assumption of circular orbits is
violated in several galaxies in theWesterbork sample.
There are 4 galaxies with close companions that show
clear signs of interaction through the presence of tidal
tails and extremely warped gas disks (N3718, N3769,
N3893, U6973). Furthermore, there are 2 galaxies
which show signs of global non-circular motion in their
velocity fields (N4051, N4088). These galaxies also
have a disturbed optical morphology (see Chapter 1).
We have serious doubts that the derived rotation curves
in these systems are reliable indicators of the potential.
Excluding these 6 obviously perturbed galaxies from
the Westerbork sampleleaves us with a sample of 32
galaxies that are kinematically well behaved. We will
refer to these 32 systems as theunperturbed sample.

b) the ‘normal spiral’ sample

When evaluating the TF-relation as an epirical tool
to measure galaxy distances, we follow the same se-
lection criteria as outlined by Bernsteinet al(1994). In
their study of spirals around the Coma cluster they only
selected non-interacting galaxies of type Sb-Sd, with
steep HI profile edges, with smooth outer isophotes and
without a prominent bar. These criteria are somewhat
subjective but based on global morphological charac-
teristics that do not require detailed kinematic informa-
tion on individual systems. Table 2 summarizes which
galaxies from theWesterbork sampleare excluded by
these criteria. There are 15 galaxies that survive the
various criteria and those 15 will be referred to as the
‘normal spiral’ sample.

The Ursa Major cluster extends over roughly 15 de-
grees on the sky. Consequently, the depth of the sam-
ple may be considerable. The depth of the cluster is
estimated by assuming that the distribution of all 79
galaxies along the line of sight is similar to the distri-
bution along Super-Galactic longitude. From this as-
sumption it follows that the estimated depth of the clus-
ter contributes roughly 0.17 mag to the scatter in the
TF-relation. Nevertheless, since all galaxies are nearly
at the same distance, there is still little doubt about their
relative luminosities, sizes and masses.
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Table 2: Galaxies excluded from theWesterbork samplebased on the selection criteria by Bernsteinet al. Several
galaxies are excluded for more than one reason.

Criteria Excludes
non-interacting N3769, N3893, U6973, U6818
Sb-Sd morphology N3718, N3729, N3870, U6973, N4102, U7129, N4138, N4220 (earlier types)

U6399, U6773, N3985, U6923, U6969, U7089, U7094, N4218 (later types)
no prominent bar N3726, N3729, N3769, N3953, N3992, N4010, N4051, N4102, N4389
smooth outer isophotesN3718, N3893, U6973, U6818, N3985, N4051, N4088
steep HI profile edges N3769, N3985, N4218

3 Observables

This section describes the available data which will al-
low us to construct TF-relations in 4 passbands using
various kinematic measures like the corrected widths
of the global HI profiles and the amplitudes of the flat
part of the rotation curves. Information about the vari-
ous shapes of the rotation curves is also available.

3.1 Photometry

All 79 galaxies were photometrically imaged in theB,
RKC andIKC passbands and 70 galaxies were imaged at
K0. The University of Hawaii’s 2400 and 8800 telescopes
on Mauna Kea were used on 13 different runs between
1984 and 1996. Total magnitudes were obtained by
integrating the exponentially extrapolated luminosity
profiles. Inclination angles were derived from the
optical axis ratios. A full photometric review of this
sample can be found in Capter 1. One galaxy (UGC
7129) from thecomplete samplewas not imaged atK0.
Photometric data at various passbands are presented in
Table 3.

Column(1) gives the NGC or UGC numbers.
Columns(2)-(5) contain the total apparent magnitude
at the B, RKC, IKC and K0 passbands. Images and
luminosity profiles are presented in Chapter 1.
Column (6) provides the (extrapolated) uncorrected
central surface brightness atK0 of the exponential disk.
Columns(7)-(10) give the flux densities in the 60�m
and 100�m bands from the IRAS Faint Source Cata-
log. Uncertainties are given in percentages. A total of
27 galaxies was detected while 11 galaxies are located
in the IRAS incompletion gap. Two dwarf galaxies
(1135+48 and N3896) are confused with their massive
companions.
Columns(11) and (12) contain the 21cm radio contin-
uum flux density or 3-sigma upper limits for extended
emission in cases of non-detection.
Columns(13) and (14) provide the integrated 21cm HI
flux as derived from the WSRT global profiles. The

HI emissions of 1135+48 and N3896 are confused
with that of their more massive neighbors, even in the
WSRT datacubes. Consequently, the integrated HI
fluxes of N3769 and N3893 may be slightly affected
as well.
Column(15) gives the Galactic foreground extinction
in theB-band taken from Burstein and Heiles (1984).

Uncertainties in the total magnitudes are estimated
at 0.05 magnitudes in theB, R and I passbands and
0.08 magnitudes in theK0 passband. These estimates
are based on comparisons of the derived luminosities
of galaxies which were observed during different runs.

3.2 Kinematics

The radio synthesis data provide HI rotation curves
which, for our purposes, can be classified in three
catagories as illustrated in Figure 2.

First, there are rotation curves that keep on rising
continuously until the last measured point (left panel).
In these cases, theobservedmaximum rotational veloc-
ity is determined by the extent of the HI disk and pro-
vides a lower limit to the actual maximum rotational
velocity induced by the potential. This type of rota-
tion curve is often observed in dwarf galaxies and in
spirals with an HI disk that is confined to the inner re-
gions. The global profiles of these galaxies are in gen-
eral Gaussian or boxy and lack a clear double peaked
signature.

Second, there are the ‘classical’ rotation curves
which show a modest rise in the inner regions and then
gently bend over to reach an extended flat part in the
outer regions of the galaxy (middle panel). This be-
haviour is typical for Sb-Sd type spirals with nice expo-
nential stellar disks. In the standard rotation curve de-
composition, the amplitude of the flat part corresponds
to the maximum rotational velocity of the dark halo
(e.g. van Albada & Sancisi, 1986). The global pro-
files of these galaxies show a clear double peaked pro-
file and the amplitude of the flat part can in general
be well retrieved from the width of the global HI pro-
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Table 3: Photometric information for all 49 members of the Ursa Major Cluster brighter than MB=-16.5 and more
inclined than 45�.

Name mT(B) mT(R) mT(I ) mT(K0) �0(K0) F60 � F100 � F21cm �
R

Idv � AB

– – – – – – mag – – – – – – mag/00
2 Jy % Jy % – mJy – – Jykm/s– mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

U6399 14.33 13.31 12.88 11.09 18.72 ... .. ... ..<2.5 10.5 0.3 0.00
U6446 13.52 12.81 12.58 11.50 19.31 ... .. ... ..<7.2 40.6 0.5 0.00
N3718 11.28 9.95 9.29 7.47 17.52 0.70 10 2.29 12 11.4 0.4 140.9 0.9 0.00
N3726 11.00 9.97 9.51 7.96 17.19 3.50 6 16.95 5 49.7 5.0 89.8 0.8 0.01
N3729 12.31 10.94 10.30 8.60 16.44 2.68 6 7.38 6 18.0 0.9 5.5 0.3 0.00
N3769 12.80 11.56 10.99 9.10 16.34 2.63 5 6.78 6 12.1 2.9 62.3 0.6 0.00
1135+48 14.95 14.05 13.61 11.98 18.83 – cnf – – cnf – <1.6 – cnf – 0.00
U6667 14.33 13.11 12.63 10.81 18.16 ... .. ... ..<2.7 11.0 0.4 0.00
N3870 13.67 12.71 12.16 10.73 17.04 1.09 6 2.52 7 5.61 1.6 0.00
N3877 11.91 10.46 9.72 7.75 15.50 5.67 4 20.30 4 35.6 2.4 19.5 0.6 0.01
U6773 14.42 13.61 13.15 11.23 18.79 ... .. ... ..<2.6 5.6 0.4 0.00
N3893 11.20 10.19 9.71 7.84 16.71 12.40 9 37.80 5 137.4 2.9 69.9 0.5 0.02
N3896 13.75 12.96 12.47 11.35 18.37 – cnf – – cnf – <3.1 – cnf – 0.02
N3917 12.66 11.42 10.85 9.08 17.12 0.61 8 3.16 7<7.2 24.9 0.6 0.01
U6818 14.43 13.62 13.15 11.70 18.68 ... .. ... .. 2.4 1.0 13.9 0.2 0.00
N3949 11.55 10.69 10.28 8.43 16.55 10.42 6 24.94 5 134.1 3.6 44.8 0.4 0.03
N3953 11.03 9.66 9.02 7.03 16.47 3.68 5 28.49 27 50.9 2.5 39.3 0.8 0.01
U6894 15.27 14.31 14.00 12.40 18.33 ... .. ... ..<2.7 5.8 0.2 0.00
N3972 13.09 11.90 11.34 9.39 16.50 1.01 6 3.66 6<5.8 16.6 0.4 0.00
U6917 13.15 12.16 11.74 10.30 19.17 0.26 16 1.02 18<4.4 26.2 0.3 0.03
N3985 13.25 12.26 11.81 10.19 17.06 1.42 6 3.42 7 9.7 1.4 15.7 0.6 0.05
U6923 13.91 12.97 12.36 11.04 17.87 0.37 12 0.90 21<2.6 10.7 0.6 0.00
N3992 10.86 9.55 8.94 7.23 16.82 1.12 6 10.35 5 30.2 7.6 74.6 1.5 0.00
N39900 13.53 12.08 11.36 9.54 16.04 ... .. ... .. 0.00
N4013 12.44 10.79 9.95 7.68 14.90 5.70 6 20.13 9 36.3 0.8 41.5 0.2 0.00
N4010 13.36 12.14 11.55 9.22 17.13 1.68 9 6.76 5 16.9 1.6 38.2 0.3 0.00
U6969 15.12 14.32 14.04 12.58 19.06 ... .. ... ..<3.8 6.1 0.5 0.00
U6973 12.94 11.26 10.53 8.23 14.70 – gap – – gap – 127.5 2.1 22.9 0.2 0.00
U6983 13.10 12.27 11.91 10.52 19.41 0.29 20 1.34 15<5.4 38.5 0.6 0.01
N40260 11.71 10.25 9.57 7.65 15.66 ... .. ... .. 0.04
N4051 10.98 9.88 9.37 7.86 16.72 7.14 13 23.92 5 26.5 2.6 35.6 0.8 0.00
N4085 13.09 11.87 11.28 9.20 15.82 5.49 5 14.61 5 44.1 1.3 14.6 0.9 0.01
N4088 11.23 10.00 9.37 7.46 16.19 19.88 5 54.47 5 222.3 1.9 102.9 1.1 0.01
U7089 13.73 12.77 12.36 11.11 18.73 – gap – – gap –<3.4 17.0 0.6 0.00
N4100 11.91 10.62 10.00 8.02 15.77 8.10 6 21.72 4 54.3 1.7 41.6 0.7 0.04
U7094 14.74 13.70 13.22 11.58 18.56 – gap – – gap –<2.6 2.9 0.2 0.00
N4102 12.04 10.54 9.93 7.86 16.15 46.90 4 69.74 4 276.0 1.5 8.0 0.2 0.01
N41110 11.40 9.95 9.25 7.60 15.63 – gap – – gap – 0.00
N4117 14.05 12.47 12.47 9.98 17.11 – gap – – gap – 3.7 1.2 6.9 1.1 0.00
U7129 14.13 12.80 12.19 ... ... – gap – – gap – 1.12 0.00
N4138 12.27 10.72 10.09 8.19 15.98 – gap – – gap – 16.7 4.6 19.2 0.7 0.00
N41430 12.06 10.55 9.84 7.86 15.23 – gap – – gap – 0.00
N4157 12.12 10.60 9.88 7.52 14.87 12.01 6 45.43 5 179.6 2.3 107.4 1.6 0.02
N4183 12.96 11.99 11.51 9.76 17.33 – gap – – gap –<5.8 48.9 0.7 0.00
N4218 13.69 12.83 12.41 10.83 16.51 1.09 7 2.29 10 6.3 0.8 7.8 0.2 0.00
N4217 12.15 10.62 9.84 7.61 15.70 8.88 7 35.35 7 115.6 2.2 33.8 0.7 0.00
N4220 12.34 10.79 10.03 8.36 15.27 1.57 8 5.53 9<4.9 4.4 0.3 0.00
N43460 12.14 10.69 9.96 8.21 15.91 – gap – – gap – 0.00
N4389 12.56 11.33 10.87 9.12 16.61 – gap – – gap – 23.3 1.2 7.6 0.2 0.00
0: Not detected in HI.
1: from single dish data by Fisher & Tully (1981).
2: from single dish data by Bottinelliet al, in preparation. Uncertainty not provided by the authors.
– cnf –: emission confused with companion.
– gap –: located in IRAS gap.
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Figure 2: Proto-type examples of the three catagories of rotation curves.Left : Galaxy with a rotation curve that
rises continuously until the last measured point. The measured maximum rotational velocity is set by the extent
of the HI disk.Middle : The ‘classical’ rotation curve; a gentle rise in the central regions with a smooth transition
into the extended flat part.Right: A rotation curve that reaches a maximum in the optical regions after which it
declines somewhat to an extended flat part in the outer disk. In this case, the maximum rotation velocity exceeds
the amplitude of the flat part. The vertical arrows indicate�R25 and the horizontal arrows indicate the rotational
velocities as inferred from the global profiles.

file. The selection criteria outlined by Bernsteinet al,
which lead to the‘normal spiral’ sample, are aimed at
selecting galaxies with such a classical rotation curve
like N3917, based on their global properties.

Third, there are the partly declining rotation curves
which often occur in massive and compact systems
(right panel). They show a steep rise in the inner re-
gions and reach a peak rotational velocity well within
the stellar disk. After this maximum they show a mod-
est decline inside the stellar disk. In most cases this
decline halts and the rotation curve extends further out
with a more or less contant rotational velocity. This be-
haviour of the rotation curves is often seen in massive
early-type spirals and in galaxies with a compact distri-
bution of their luminous matter (e.g. Casertano & van
Gorkom, 1991). In these systems, a distinction can be
made between the maximum rotational velocity Vmax
and the amplitude of the flat part Vflat.

Off course, there are intermediate cases and cases
where one side of the galaxy does show a flat part
while the other side is still rising. Figure 2 also demon-
strates thattherotational velocity of a spiral is not well-
defined.

The horizontal arrows in Figure 2 indicate the ro-
tational velocities as derived from the corrected global
HI profiles. In the case of N3917, the amplitude of the
flat part can be retrieved well from the global profile.
In the case of N4389, the amplitude of the flat part can
not be measured from the width of the global profile
simply because it is not sampled by the HI disk which
is confined to the inner regions of the galaxy. In the

case of N3992, the width of the global profile yields
the maximum rotational velocity and not the amplitude
of the outer flat part. This situation arises because the
bulk of the HI gas is located near the maximum rota-
tional velocity. In general, the rotational velocities de-
rived from the global profiles of galaxies with declining
rotation curves depend on where the bulk of the HI gas
is located along the rotation curve.

These examples illustrate how the line widthW is
not only determined by the intrinsic maximum rota-
tional velocity of a galaxy but also by the actual shape
of the rotation curve and the distribution of the HI gas.
Even when the line width is measured very accurately,
it does not guarantee a precise estimate of Vmax or
Vflat. Note, however, that early-type spirals are often
excluded in studies of the TF-relation as a distance tool
since inclusion of these galaxies increases the scatter in
the relation (e.g. Rubin 1985, Pierce & Tully 1988).

In the Westerbork samplewe have identified 10
systems with a continuously rising rotation curve (no
Vflat available), 21 systems with a flat rotation curve
(Vmax= Vflat) and 7 systems with a partly declining
curve (Vmax> Vflat).

Table 4 summarizes the available kinematic data.
Column(1) gives the NGC or UGC numbers.
Columns(2)-(3) provide the uncorrected width of the
global HI profiles at the 20% level of the peak flux
density.
Columns(4)-(5) provide the uncorrected width of the
global HI profiles at the 50% level of the peak flux
density.
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Column(6) gives the instrumental velocity resolution
at which the HI profiles were observed.
Columns (7)-(8) contain the systemic heliocentric
velocities of the galaxies.
Columns (9)-(10) contain the systemic veloci-
ties corrected for galactic rotation according to
Vsys = Vhel + 300sin(l )cos(b).
Column(11) provides information on the shape of the
HI rotation curve. R: the rotation curve is still rising
at the last measured point, F: the rotation curve rises
monotoneously until it reaches a more or less extended
flat part, D: the rotation curves shows a declining part
after which it reaches an extended flat part. L denotes
whether the HI distribution is lopsided, either in its
extent or in its kinematics when the rotation curve
rises more steeply on one side than on the other side.
Columns(12)-(13) provide the inclination corrected
maximum rotational velocity derived from the rotation
curve. For galaxies with a rising rotation curve (R),
Vmax is the velocity of the last measured point. For
galaxies with a purely flat rotation curve (F), Vmax
is the rotational velocity averaged over the flat part.
For galaxies with a declining rotation curve (D), Vmax
represents the peak velocity.
Columns(14)-(15) provide the amplitude of the flat
part of the rotation curve. For galaxies with rising
rotation curves (R), Vflat could not be measured.
For galaxies with a purely flat rotation curve (F),
Vflat = Vmax. For galaxies with a declining rotation
curve (D), Vflat is the rotational velocity averaged over
the flat part.
Column (16) contains some brief comments on indi-
vidual systems.

Note that the uncertainties in the line widths and re-
cession velocities represent formal errors. The errors
on Vmax and Vflat included uncertainties in the inclina-
tions (see below).

The‘normal spiral’ sampleof 15 galaxies contains
8 spirals with a ‘classical’ rotation curve, 2 galaxies
with a rising rotation curve and 5 galaxies with a partly
declining rotation curve.

3.3 Inclinations

Present day instrumentation allows accurate measure-
ments of the luminosities and global HI profiles of
galaxies. In general, the observed scatter in the TF-
relation is larger than can be explained by the ob-
servational uncertainties in these measured parameters
alone. However, the uncertainty in corrections sensi-
tive to inclination contribute significantly to the ob-
served scatter. For a sample of randomly oriented
galaxies more inclined than 45 degrees, an uncertainty
of 1, 3 or 5 degrees in the inclination angle contributes
respectively 0.04, 0.12 or 0.19 magnitudes to the scat-

ter due to the uncertainty in line widths alone, assum-
ing a slope in the TF-relation of−10. Therefore, it is
important to determine the inclinationangle of a galaxy
as accurate as possible and this issue deserves some
special attention.

From the photometric and HI synthesis data avail-
able to us, three independent measurements of the in-
clination angle of a galaxy can in principle be obtained;
iopt from the optical axis ratio, iHI from the apparent
elongation of the HI disk, and iVF from fitting tilted
rings to the HI velocity field. Each of these methods
has its own systematic limitations which are important
to recognize when estimating the actual inclination of
a galaxy. In the following discussion we will briefly
address those limitations and make an intercomparison
of iopt, iHI, and iVF.

a) iopt from optical axis ratios

The most widely used formula to infer the inclina-
tion angle from the observed optical axis ratio (b/a)�q
was provided by Hubble (1926):

cos2(iopt) =
q2 − q2

0

1− q2
0

where q0 is the intrinsic thickness of an oblate stellar
disk. Holmberg (1946) determined an average value
of q0=0.20 which is still commonly used although it
is obvious from images of edge-on systems that large
variations in q0 exist. For instance, Fouquéet al(1990)
found q0 to vary from 0.30 to 0.16 for spirals of mor-
phological types Sa to Sd respectively and q0=0.42 for
galaxies of type Sdm-Im. Apart from the debate on the
intrinsic thickness, the observed axis ratio q itself has
limited meaning since it is often defined at a certain
isophote around which q may still vary as a function of
radius. From images of edge-on disks in the Ursa ma-
jor cluster (see Chapter 1) it can often be observed that
the axis ratio keeps increasing outward until the faintest
isophotes. An extreme example is NGC 4389, domi-
nated by a narrow bar and surrounded by an extended
faint halo. The axis ratios presented in Table 1 were
not determined at a fixed isophote but were choosen to
represent the stellar disk instead of a bulge, lopsided
structures or a faint halo.

b) iHI from the inclined HI disk

Instead of the oblate stellar disk, the HI disk can
also be used to determine the inclination. In general,
the HI disk is much thinner than the stellar disk and its
intrinsic thickness is of no concern. However, its patch-
iness, lopsidedness and the existence of warps and tidal
tails may complicate the interpretation of the results
from fitting ellipses to a certain HI isophote. Further-
more, the relatively large beams of synthesis arrays
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Table 4: Kinematic information for thecomplete sampleof 41 galaxies brighter than MB=-16.5, more inclined than 45�

and with useful global HI profiles.

Name W20 � W50 � R Vhel � Vsys � Shape Vmax � Vflat � Comments
– km/s – – km/s – km/s – km/s – – km/s – – km/s – – km/s –

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

U6399 188.1 1.4 172.5 2.9 8.3 791.5 0.6 859.7 0.6 R/F 88 5 88 5
U6446 154.1 1.0 131.9 1.2 5.0 644.3 0.8 726.8 0.8 F L 82 4 82 4
N3718 492.8 1.0 465.7 1.0 33.2 993.0 0.8 1074.1 0.8 F 232 11 232 11 anomalous: extreme warp, conspicuous dustlane
N3726 286.5 1.6 260.6 1.8 5.0 865.6 0.9 918.7 0.9 F/(D) 162 9 162 9 warped
N3729 270.8 1.5 253.2 3.9 33.2 1059.8 1.4 1141.6 1.4 F 151 11 151 11
N3769 265.3 6.7 230.5 3.6 8.3 737.3 1.8 796.0 1.8 F/(D) 122 8 122 8 interacting with 1135+48
U6667 187.5 1.4 178.1 1.9 5.0 973.2 1.2 1050.7 1.2 R L 86 3 86 3
N38701 120 15 22 750 822 ? .. .. ... .. Markarian 186
N3877 373.4 5.0 344.5 6.2 33.2 895.4 3.8 955.2 3.8 F L 167 11 167 11
U6773 110.4 2.3 91.1 2.2 8.3 923.6 1.6 994.7 1.6 R L 45 5 ... ..
N3893 310.9 1.0 277.9 4.1 5.0 967.2 1.0 1033.5 1.0 F/(D) 188 11 188 11 interacting with N3896
N3917 294.5 1.9 279.1 2.1 8.3 964.6 1.4 1045.9 1.4 F 135 3 135 3
U6818 166.9 2.3 141.9 5.7 8.3 808.1 2.1 861.8 2.1 R/(F) L 73 5 73 5 interacting with faint dwarf?
N3949 286.5 1.4 258.3 1.7 8.3 800.2 1.2 864.5 1.2 F L 164 7 164 7
N3953 441.9 2.4 413.9 3.2 33.1 1052.3 2.0 1136.9 2.0 F 223 5 223 5
U6894 141.8 1.1 132.2 1.5 8.3 848.6 1.8 944.1 1.8 R 63 5 ... ..
N3972 281.2 1.4 260.7 5.5 8.3 852.2 1.4 950.7 1.4 R L 134 5 ... ..
U6917 208.9 3.2 189.6 1.6 8.3 910.7 1.4 987.7 1.4 R/F 104 4 104 4
N3985 160.2 3.7 88.0 2.4 8.3 948.2 2.0 1015.8 2.0 R 93 7 ... .. disturbed optical appearance
U6923 166.8 2.4 147.1 4.5 10.0 1061.6 2.2 1151.0 2.2 R L 81 5 ... .. warped due to N3992?
N3992 478.5 1.4 461.4 2.4 10.0 1048.2 1.2 1138.8 1.2 F/D 272 6 242 5
N4013 425.0 0.9 395.0 0.8 33.0 831.3 0.6 879.5 0.6 F/D 195 3 177 6 strongly warped
N4010 277.7 1.0 264.1 1.2 8.3 901.9 0.8 965.3 0.8 (R)/F L 128 9 128 9 strongly warped
U6969 132.1 6.4 123.5 2.9 10.0 1118.5 2.4 1209.7 2.4 R 79 5 ... ..
U6973 367.8 1.8 350.4 1.2 8.3 700.5 1.0 743.1 1.0 F/D 173 10 173 10 interacting with U6962
U6983 188.4 1.3 173.0 1.1 5.0 1081.9 0.8 1170.1 0.8 F 107 7 107 7
N4051 255.4 1.8 224.6 1.5 5.0 700.3 1.2 753.1 1.2 R/F L 159 13 159 13 lopsided, Seyfert
N4085 277.4 6.6 255.4 7.8 19.8 745.7 5.0 825.7 5.0 R/F L 134 6 134 6
N4088 371.4 1.7 342.1 1.9 19.8 756.7 1.2 837.6 1.2 F/(D) L 173 14 173 14 warped with very asymmetric velocity field
U7089 156.7 1.7 97.7 3.0 10.0 770.0 1.5 817.7 1.5 R L 79 7 ... ..
N4100 401.8 2.0 380.5 1.8 19.9 1074.4 1.3 1151.2 1.3 F/D 195 7 164 13
U7094 83.7 1.7 71.9 5.5 10.0 779.6 1.6 826.5 1.6 R L 35 6 ... ..
N4102 349.8 2.0 322.4 8.5 8.3 846.3 2.0 937.1 2.0 F 178 11 178 11 LINER, HI in absorption against nucleus
U71292 160 13 152 13 13 947 990 ? ... .. ... ..
N4138 331.6 4.5 266.0 7.8 19.9 893.8 3.9 945.5 3.9 F/D 195 7 147 12
N4157 427.6 2.2 400.7 3.1 19.9 774.4 1.8 857.2 1.8 F/D 201 7 185 10
N4183 249.6 1.2 232.5 1.5 8.3 930.1 1.0 983.5 1.0 F/D L 115 6 109 4
N4218 138.0 5.0 79.9 1.9 8.3 729.9 1.7 804.2 1.7 R 73 7 ... ..
N4217 428.1 5.1 395.6 3.8 33.2 1027.0 3.0 1096.7 3.0 F/D 191 6 178 5
N4220 438.1 1.3 423.3 3.3 33.1 914.2 1.2 987.6 1.2 ? ... .. ... .. toolittle HI to retrieve Vmaxand Vflat.
N4389 184.0 1.5 164.9 1.6 8.3 718.4 1.2 786.2 1.2 R 110 8 ... .. bar dominated
1: from single dish data by Fisher & Tully, 1981. Value of W50 and uncertainty in Vhel not provided by the authors.
2: from single dish data by Bottinelliet al, in preparation. Errors not provided by the authors but estimated equal to the resolution.
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may smooth the observed HI disks to a rounder appear-
ance. Therefore, a simple correction for beam smear-
ing was applied and the inclination of the HI disk was
determined according to

cos2(iHI) =
d2

HI −�2
d

D2
HI −�2

D

where DHI and dHI are the observed major and minor
axis diameters of the observe HI disk and�D and�d
the sizes of the synthesized beam in the direction of the
major and minor axis of the HI disk.

c) iVF from HI velocity fields

The inclination angle of an HI disk can also be
measured by fitting tilted-rings to its velocity field
(Begeman, 1989). However, the inclination angle and
the rotational velocity are strongly coupled and reason-
able results can only be obtained for inclination angles
between roughly 50 and 75 degree.This procedure re-
quires accurate velocity fields with high signal-to-noise
ratios as well as many independent points along a ring.
The advantage that velocity fields offer is the possibil-
ity to identify warps and to check the kinematic regu-
larity of the HI disk. For instance, the optical appear-
ance of a galaxy may look very regular while the outer
regions of the HI disk may be warped toward edge-
on. Such a warp would broaden the global profile and
an inclination correction based on the optical axis ratio
would lead to an overestimate of the rotational velocity
when dividing the line width by sin(iopt).

Note that the inclination measurement of a tilted
ring may be affected by non-circular motions due to
spiral arms, bars and lopsidedness.

d) the comparison

For the comparison between the three differ-
ently inferred inclination angles we considered only
the 27 galaxies with fully reduced HI data for
which the velocity fields and integrated HI maps
are available (see Chapter 3). We excluded the
interacting galaxies (N3769, N3893, U6973) be-
cause their outer isophotes (optical and HI) are af-
fected by tidal tails. We also excluded galaxies
with perturbed or inadequately sampled velocity fields
(N4088, U6969, N4389), galaxies with excessively
patchy HI maps (N4102) and obviously lopsided galax-
ies (N4051). These eliminations leave us with 19
galaxies that have smooth outer isophotes, well filled
HI disks and regular HI velocity fields.

Figure 3 presents the comparison between the three
differently inferred inclination angles using two differ-
ent values for q0. When calculating mean differences
and scatters using iVF, only galaxies with iHI<80� are

40 50 60 70 80 90
40

50

60

70

80

90

50

60

70

80

90

40 50 60 70 80 90
40

50

60

70

80

90

50 60 70 80 90

Figure 3: Intercomparison of the three independently
determined inclination angles iopt, iHI and iVF. Only
the filled symbols (iHI<80� when iVF is involved) are
considered for the unweighted quantitative assessment.

considered because kinematic inclinations of highly in-
clined galaxies are systematically underestimated. The
error bars on iVF are based on the variations in iVF be-
tween the various rings but are not considered any fur-
ther here.

The upper most panel compares iVF with iHI. No
significant offset is found for the 14 galaxies that meet
the above-mentioned criteria. Assuming that iVF and
iHI contribute equally to the scatter of 3.1 degrees im-
plies that the inclination angle can be determined with
an accuracy of 2.2 degrees from either the velocity
fields or from the inclined HI disk. Note that the cor-
relation turns up for iHI>80� due to the systematic un-
derestimation of iVF for highly inclined disks.

Comparing iopt with iVF and iHI does show a sig-
nificant offset of roughly 3 degrees when assuming
q0=0.20 (middle panels). This offset is biggest toward
edge-on as would be expected in case of an overesti-
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mate of the intrinsic thickness. Note that there are sev-
eral galaxies with an axis ratio less than 0.20 which
have been assigned an inclination angle of 90�.

This 3� offset disappears when q0=0.09 is used
(lower panels) and the rms scatter is reduced to only
1.9 degrees for iopt versus iVF but is still 4.0 degrees in
case of iopt versus iHI. In the latter case, the scatter is
caused by a few nearly edge-on systems for which the
higher uncertainties have no influence on the deprojec-
tion of the rotational velocities.

The adopted inclinations and their errors, listed in
column 11 of Table 1 are best estimates based on all the
information available for a particular galaxy, including
the morphology of dust lanes if present. For galaxies
which lack fully reduced HI synthesis data, the incli-
nation angles were inferred from the optical axis ra-
tios using q0=0.09 for galaxies of type Sc and later and
q0=0.24 for galaxies of type Sbc and earlier. The latter
value of q0 seemed justified by the observed axis ra-
tios of the (nearly) edge-on systems N4013, N4026 and
N4111 of types Sb, S0 and S0 respectively. Unfortu-
nately, there are not enough suitable galaxies available
to determine q0 as a function of morphology.

4 Corrections

Before the observed magnitudes and linewidths can be
plugged into the TF-relation, they need to be corrected
for the effects of Galactic and internal extinction, pro-
jection, finite instrumental velocity resolution and the
turbulent motion of the HI gas. The applied corrections
will be briefly discussed below.

4.1 Corrections on the magnitude

Total apparent magnitudes mT(�) as listed in Table 1
were obtained by fitting an exponential profile to the
quasi linear part of the luminosity profiles and inte-
grating these extended luminosity profiles to infinity
(see Chapter 1). Because the recession velocity of our
sample is only some 950 km/s, no K-corrections were
applied.

a) Galactic extinction

The total magnitudes were corrected for Galac-
tic foreground extinction using theB-band ex-
tinction coefficients AbB provided by Burstein and
Heiles (1984) and the Galactic extinction law de-
scribed by Rieke and Lebofsky (1985); Ab

R=0.57Ab
B,

Ab
I =0.36Ab

B and Ab
K0=0.085Ab

B. Values of Ab
B are listed

in Table 3. The high Galactic lattitude (60� < b< 75�)
of the cluster results in a minimal Galactic extinction
with a maximum in theB-band of only 0.05 mag.

b) internal extinction

Total magnitudes were also corrected for internal
extinction using the prescription by Tully and Fouqué
(1985):

A i
�

= −2:5 Log [ f
�

1+ e−��sec(i)
�

+ (1− 2 f )

 
1− e−��sec(i)

��sec(i)

!
]

where f=0.1 is the fraction of stars uniformly mixed
with a dust layer of opacity�B=0.81,�R=0.40,�I =0.28
and �K0=0.035, seen under an inclination angle i as
given in table 1. The values of f and�� were taken from
Tully et al(1998). For galaxies more inclined than 80�,
Ai=80
�

is adopted. The values of Ai
�

for inclination an-
gles of 45� and 80� are tabulated below together with
their uncertainties given an error of 3� in the inclination
angle.

inclination
45��3� 80��3�

Ai
B 0.54�0.02 1.42�0.25

Ai
R 0.29�0.01 0.94�0.20

Ai
I 0.21�0.01 0.72�0.17

Ai
K0 0.03�0.00 0.11�0.03

For highly inclined systems, the uncertainties in the
internal extinctions atB, R, and I become quite sub-
stantial even without considering variations in (f,��)
which are likely to vary from one galaxy to another.
At this point, for instance, we made no distinction be-
tween dusty high surface brightness galaxies and the
relatively dust-free low surface brightness galaxies.

c) absolute magnitudes

Corrected absolute total magnitudes Mb;i
T (�) were

calculated assuming a common distance of 15.5 Mpc,
corresponding to a distance modulus of 30.95 and thus

Mb;i
T (�) = mT(�) − Ab

�
− A i

�
− 30.95

4.1 Corrections on the linewidth

a) instrumental broadening

The most widely used method to correct for broad-
ening of the global HI profiles due to a finite instru-
mental velocity resolution was provided by Bottinelli
et al (1990). For the widths at the 20% and 50% levels
of the peak flux they advocate

W20 = Wobs
20 − 0:55R

W50 = Wobs
50 − 0:13R
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whereR is the instrumental velocity resolution in km/s.
This empirically derived prescription is based on in-
tercomparisons of profile widths obtained at different
velocity resolutions.

The corrections applied by us are based on more
analytic considerations, as explained in Chapter 3. We
use:

W20 = Wobs
20 − �W20

W50 = Wobs
50 − �W50

where

�W20 = 35:8�

2
4
s

1+
�

R
23:5

�2

− 1

3
5

�W50 = 23:5�

2
4
s

1+
�

R
23:5

�2

− 1

3
5

andR is the instrumental velocity resolution in km/s.
The constants depend on the intrinsic steepness of
the profiles for which a Gaussian shape was assumed
with a dispersion of 10 km/s. The differences be-
tween Bottinelliet al’s and our corrections (��W =
�WBot − �Wour) are only minor and tabulated below for
typical instrumental resolutions of the WSRT.

level ��W
– – – – – R (km/s) – – – – –

5.0 8.3 16.5 19.9 33.1
20% 2.0 2.4 1.2 0.2 -7.8
50% 0.2 -0.3 -3.1 -4.7 -12.8

The larger differences occur for the poorest resolu-
tions at which only the broadest profiles were observed.
Consequently, the differences are a completely negligi-
ble fraction of the line widths.

b) random motions

After the correction for instrumental resolution, the
profile widths were corrected for broadening due to
random motions of the HI gas by applying Tully and
Fouqué’s (1985) formula

W2
R;l = W2

l + W2
t;l

2
41− 2 e

−
�

Wl
Wc;l

�2
3
5

− 2Wl Wt;l

2
41− e

−
�

Wl
Wc;l

�2
3
5

where the subscriptl refers to the widths at thel=20%
or the l=50% level of peak flux. This formula yields
a linear subtraction ofWt;l if Wl>Wc;l and a quadratic
subtraction ifWl<Wc;l . Values ofWt;l andWc;l are dif-
ferent for line width corrections at the 20% and 50%
levels. The values ofWc;l indicate the profile widths
where the transition from boxy to Gaussian occurs.
The amount by which a global profile is broadened due
to random motions is given byWt;l =2kl� where, for a
Gaussian velocity dispersion�, k20=1.80 andk50=1.18.

The generally adopted values forWc;l are
Wc;20=120 km/s andWc;50=100 km/s. The more im-
portant values ofWt;l , however, have been subject of
some debate among various authors. With our new HI
synthesis data we can give a meaningful contribution
to this debate.

Bottinelli et al (1983) came up with an empirical
approach, based on a minimization of the scatter in the
TF-relation. They assumed an anisotropic velocity dis-
persion of the HI gas of�x=�y=1.5�z and a velocity
dispersion perpendicular to the plane of�z=10 km/s.
They determined the values ofkl by minimizing the
scatter in the TF-relation and foundk20=1.89 and
k50=0.71, indicating deviations from a Gaussian dis-
tribution (broader wings). Due to the assumed ve-
locity anisotropy,Wt;l has become a function of in-
clination angle and varies in the range 45<Wt;20<57
and 17<Wt;50<21 for inclinations ranging between
45�<i<90�.

The same value ofk20=1.89 was adopted by
Tully and Fouqué (1985) but they assumed an
isotropic velocity dispersion of�x=�y=�z=10 km/s and
consequently advocateWt;20=2�1.89�10=38 km/s, inde-
pendent of inclination. They did not address the situa-
tion at the 50% level.

Fouquéet al (1990) also assumed isotropy but
adopted�=12 km/s. They determinedkl in a more
direct way by comparing the corrected line width to
the observed maximum rotational velocity Vmax as de-
rived from HI velocity fields. They foundk20=1.96 and
k50=1.13, indicating a similar deviation from a Gaus-
sian distribution as detected by Bottinelliet al. Conse-
quently, Fouquéet al advocate the much larger values
of Wt;20=47 km/s and Wt;50=27 km/s respectively.

A similar procedure was followed by Broeils
(1992) using a sample of 21 galaxies with well de-
fined HI velocity fields. Broeils made no a priori as-
sumptions about the intrinsic velocity dispersion and
did not decouplekl and�. He did, however, recognize
that Vmax may exceed Vflat and he determined for each
galaxy the values ofWmax

t;l andWflat
t;l for which the dif-

ferences

– 198 –



Chapter 5. Tully-Fisher Relations

�Wmax
R;l = WR;l − 2Vmax sin(i)

and

�Wflat
R;l = WR;l − 2Vflat sin(i)

become zero for each galaxy. He found mean values of

Wmax
t;20 = 21�2 , Wmax

t;50 = 7�1

Wflat
t;20 = 37�5 , Wflat

t;50 = 25�4

(Note that he quoted scatters instead of the errors in the
mean.) He rejected his results, probably discouraged
by the largescatters, and adopted the values Wt;20=38
and Wt;50=14 km/s which he erroneously identifies
with Bottinelli et al’s results.

Finally, Rhee (1996) performed the same investiga-
tion using 28 galaxies, most of them in common with
Broeils’ (1992) sample. Not surprisingly, he found

Wmax
t;20 = 20�2 , Wmax

t;50 = 8�2

Wflat
t;20 = 30�3 , Wflat

t;50 = 18�3

similar to Broeils’ result.
Here, with our new and independent dataset, we

follow the same strategy as Broeils and Rhee by in-
vestigating which values ofWt;l allow an accurate re-
trieval of Vmax and Vflat from the broadened global
profile. For this purpose we will only consider those
22 galaxies in our Ursa Major sample that show a flat
part in their rotation curves (with a significant amount
of HI gas) and that are free from a major warp in in-
clination angle. Of these 22, there are 6 galaxies with
Vmax > Vflat. Note that both Broeils and Rhee used
Bottinelli et al’s prescription to correct for instrumen-
tal broadening which we are forced to adopt here to en-
sure a valid comparison between their and our results.
We calculated the values ofWmax

t;l andWflat
t;l for which

the average values

�Wmax
R;l =

1
N

X�
WR;l − 2Vmaxsin(i)

�
�Wflat

R;l =
1
N

X�
WR;l − 2Vflatsin(i)

�
become zero. This is done for both the entire sample of
N=22 galaxies and for the subsample ofN=16 galaxies
with Vmax = Vflat. For the entire sample we find

Wmax
t;20 = 22 , Wmax

t;50 = 5

Wflat
t;20 = 32 , Wflat

t;50 = 15
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Figure 4: Comparison of the global profile widths
WR;l , corrected for instrumental broadening and ran-
dom motions, with 2Vmax sin(i) (Upper panels) and
with 2Vflat sin(i) (lower panels). The left panels con-
siderWR;20 and the right panelsWR;50. Different val-
ues of the random motion parameters Wt;l are used.
Open symbol indacate galaxies with declining rota-
tion curves (Vmax> Vflat) and filled symbols indicated
galaxies without a declining part (Vmax = Vflat). See
section 4.1 for further details.

These values are in good agreement with the (rejected)
results of Broeils and in excellent agreement with the
results of Rhee. The values ofWflat

t;l are larger than the
values ofWmax

t;l because the galaxies with Vmax> Vflat

in our sample have considerable amounts of HI gas at
their peak velocity in the rotation curve. This gas, ro-
tating at Vmax, broadens the global profile somewhat
further. If we consider only the 16 galaxies for which
Vmax = Vflat we find

Wmax
t;20 = Wflat

t;20 = 23 , Wmax
t;50 = Wflat

t;20 = 6

in agreement with the values ofWmax
t;l we found when

using all 22 galaxies.
Our results are illustrated in figure 4 where we

show, for each of the 22 galaxies, the deviations
�Wmax

R;l (upper panels) and�Wflat
R;l (lower panels)

as a function of Vflat. Galaxies with Vmax = Vflat
are indicated by filled symbols, galaxies with
Vmax> Vflat are indicated by open symbols. The upper
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two panels in each block show the results one obtains
when using Broeil’s adopted values ofWt;20 = 38 and
Wt;50 = 14 km/s.

From the upper panels in the upper block it is
clear that the maximum roational velocity as derived
from the corrected global profiles is severely underes-
timated when using the values of Wt;l as adopted by
Broeils. This systematic underestimation disappears
when Wt;20 is decreased from 38 to 22 km/s and Wt;50
is decreased from 14 to 5 km/s. The upper two panels in
the lower block show that if one is interested in the am-
plitude of the flat part, which is smaller than the max-
imum rotational velocity for galaxies with a declining
rotation curve (open symbols), the offset becomes less
significant simply because the open symbols scatter
upward. In this case, to obtain an average zero off-
set, we find similar values for Wt;l as those adopted by
Broeils. However, we find the curious situation that
the corrected width of the global profile systematically
overestimates Vflat for galaxies with a declining rota-
tion curve (open symbols) and systematically under-
estimates Vflat for galaxies with a purely flat rotation
curve (filled symbols).

From this we can conclude that, in a statistical
sense, the maximum rotational velocity of a galaxy
can be reasonable well retrieved from the width of the
global profile when usingWt;20 = 22 orWt;50 = 5 km/s.
The amplitude of the flat part can not be retrieved con-
sistently for a mixed sample containing galaxies with
declining rotation curves. Note that we have explored
only a restricted range of rotational velocities: 80–
200 km/s.

Our results also indicate a non-Gaussian dis-
tribution of random velocities in the sence that
Wt;20/Wt;50 6= 1.80/1.18. InterpretingWt;20 andWt;50 in
terms of velocity dispersions it follows that

�20 = Wt;20⁄ 2k20 = 6:1 km/s

�50 = Wt;50⁄ 2k50 = 2:1 km/s

wherek20=1.80 andk50=1.18 for a Gaussian distribu-
tion. Recall, however, that we advocate a different cor-
rection for instrumental broadening than Bottinelliet
al’s scheme used by Broeils and Rhee. With our cor-
rection method for instrumental broadening we find the
somewhat smaller values of:

Wt;20 = 22 , Wt;50 = 2

These smaller values of Wt;l allow to retrieve Vflat from
the global profiles of galaxies with purely flat rotation
curves and Vmax for galaxies with declining rotation
curves. Applying our correction method for instrumen-
tal resolution and the above-mentioned value ofWt;20 =

22 km/s we find for the 38 galaxies in theWesterbork
samplean rms scatter in�W20 = 0:5Wi

R− Vmax of 6.8
km/s.

Applying all the corrections discussed in this sec-
tion leads to the inclinations, absolute magnitudes and
values of log(W) as listed in Table 5.
Column(1) gives the NGC or UGC numbers.
Column(2) contains the adopted inclinations. These
inclinations are determined with various methods.
Columns(3-6) provide the corrected absolute mag-
nitudes. Average errors are estimated at 0.05 mag in
the B, R and I bands and 0.08 mag atK0, excluding
distance uncertainties.
Columns (7-9) give the three different kinematic
measures.
Column(10) indicates whether a galaxy has a high (H)
or a low (L) central surface brightness of the disk.
Column (11-13) identify which galaxies are a mem-
ber of the unperturbed sample(u) and thenormal
spiral sample(ns). The last column identifies those
unperturbed galaxies with a ‘classical’ (Vmax = Vflat)
rotation curve.

5 TF-relations

In this section we will discuss the TF-relations in the
various bandpasses using the different kinematic mea-
suresWi

R, Vmax and Vflat.
First we will describe the applied methods of fit-

ting and calculating the total observed scatter. Then
we will make a comparison between the existing sin-
gle dish data and the new WSRT data and illustrate how
the statistical properties of the relations differ between
theunperturbed sampleand thenormal spiral sample
for the various passbands. Next, we will discuss how
these differences in scatter and slope can be understood
from a kinematic point of view using information on
the shapes of the rotation curves.

5.1 Fitting method

Weighted least-squares fits were made taking error bars
in both directions into account. In order to calculate a
meaningful reduced chi-squared (�2

Red), the following
uncertainties are considered
1) the uncertainties in Mb,i

T due to photometric errors
�mT and uncertainties in the inclination angles�i.
2) the errors on log(W) where W is either WiR from
the global profile or 2Vmax or 2Vflat from the rotation
curves. Values of�Wi

R, �Vmax and �Vflat take uncer-
tainties in the inclination�i into account.
3) additional uncertainties in absolute magnitude due
to the depth of the cluster which is estimated to con-
tribute�depth=0.17 mag in quadrature to the total ob-
served scatter.
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Table 5: Adopted inclinations, corrected absolute magnitudes and line widths for all 38 galaxies in the
Westerbork Sample. These values were used when constructing the TF-relations. The last columns
indicate to which samples a galaxy belongs.

Name incl. Mb,i
T (B) Mb,i

T (R) Mb,i
T (I) Mb,i

T (K0) Log(Wi
R) Log(2Vmax) Log(2Vflat) SB Sample

(�) — — — — — magnitude — — — — — u ns c
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

U6399 75� 2 -17.76 -18.33 -18.58 -19.93 2.235� 0.005 2.246� 0.025 2.246� 0.025 L x x
U6446 51� 3 -18.03 -18.46 -18.60 -19.48 2.242� 0.019 2.215� 0.021 2.215� 0.021 L x x x
N3718 69� 3 -20.59 -21.53 -22.05 -23.53 2.678� 0.009 2.667� 0.021 2.667� 0.021 H
N3726 53� 2 -20.58 -21.32 -21.68 -23.02 2.519� 0.012 2.511� 0.024 2.511� 0.024 H x x
N3729 49� 3 -19.22 -20.32 -20.87 -22.38 2.470� 0.020 2.480� 0.032 2.480� 0.032 H x x
N3769 70� 2 -19.10 -19.94 -20.36 -21.90 2.410� 0.013 2.387� 0.028 2.387� 0.028 H
U6667 89� 1 -18.04 -18.78 -19.04 -20.25 2.222� 0.003 2.236� 0.015 2.236� 0.015 L x x x
N3877 76� 1 -20.24 -21.23 -21.78 -23.28 2.525� 0.007 2.524� 0.029 2.524� 0.029 H x x x
U6773 58� 3 -17.22 -17.71 -18.07 -19.76 2.052� 0.017 1.954� 0.048 ...� ... L x
N3893 49� 2 -20.35 -21.08 -21.47 -23.14 2.582� 0.013 2.575� 0.025 2.575� 0.025 H
N3917 79� 2 -19.65 -20.41 -20.77 -21.97 2.440� 0.004 2.431� 0.010 2.431� 0.010 L x x x
U6818 75� 3 -17.66 -18.02 -18.31 -19.32 2.180� 0.009 2.164� 0.030 2.164� 0.030 L
N3949 55� 2 -20.07 -20.62 -20.93 -22.56 2.506� 0.011 2.516� 0.019 2.516� 0.019 H x x x
N3953 62� 1 -20.68 -21.71 -22.23 -23.96 2.649� 0.005 2.649� 0.010 2.649� 0.010 H x x
U6894 83� 3 -17.10 -17.58 -17.67 -18.66 2.094� 0.004 2.100� 0.034 ...� ... L x x
N3972 77� 1 -19.10 -19.82 -20.19 -21.64 2.421� 0.003 2.428� 0.016 ...� ... H x x
U6917 56� 2 -18.49 -19.16 -19.48 -20.69 2.351� 0.013 2.318� 0.017 2.318� 0.017 L x x x
N3985 51� 3 -18.35 -19.04 -19.39 -20.79 2.255� 0.021 2.270� 0.033 ...� ... H x
U6923 65� 2 -17.86 -18.44 -18.92 -19.95 2.204� 0.010 2.210� 0.027 ...� ... L x
N3992 56� 2 -20.75 -21.76 -22.27 -23.75 2.738� 0.010 2.736� 0.010 2.685� 0.009 H x
N4013 90� 1 -19.93 -21.10 -21.72 -23.38 2.576� 0.001 2.591� 0.007 2.549� 0.015 H x x
N4010 89� 1 -19.01 -19.75 -20.12 -21.84 2.404� 0.002 2.408� 0.031 2.408� 0.031 L x x
U6969 76� 2 -17.02 -17.36 -17.45 -18.45 2.069� 0.022 2.199� 0.027 ...� ... L x
U6973 71� 3 -19.00 -20.26 -20.84 -22.78 2.560� 0.008 2.539� 0.025 2.539� 0.025 H
U6983 49� 1 -18.44 -18.99 -19.26 -20.46 2.346� 0.007 2.330� 0.028 2.330� 0.028 L x x x
N4051 49� 3 -20.55 -21.38 -21.80 -23.12 2.489� 0.020 2.502� 0.036 2.502� 0.036 H
N4085 82� 2 -19.29 -20.02 -20.39 -21.86 2.393� 0.012 2.428� 0.019 2.428� 0.019 H x x x
N4088 69� 2 -20.65 -21.48 -21.97 -23.54 2.559� 0.006 2.539� 0.035 2.539� 0.035 H x x
U7089 80� 3 -18.64 -19.12 -19.31 -19.95 2.140� 0.006 2.199� 0.038 ...� ... L x
N4100 73� 2 -20.14 -20.98 -21.43 -23.00 2.586� 0.005 2.591� 0.016 2.516� 0.034 H x x
U7094 70� 3 -17.16 -17.80 -18.13 -19.42 1.880� 0.012 1.845� 0.074 ...� ... L x
N4102 56� 2 -19.58 -20.77 -21.28 -23.12 2.594� 0.011 2.551� 0.027 2.551� 0.027 H x x
N4138 53� 3 -19.30 -20.56 -21.10 -22.79 2.573� 0.018 2.591� 0.016 2.468� 0.035 H x
N4157 82� 3 -20.27 -21.30 -21.79 -23.54 2.600� 0.004 2.604� 0.015 2.568� 0.023 H x x
N4183 82� 2 -19.41 -19.90 -20.16 -21.30 2.358� 0.003 2.362� 0.023 2.338� 0.016 L x x
N4218 53� 3 -17.88 -18.45 -18.78 -20.15 2.176� 0.024 2.164� 0.042 ...� ... H x
N4217 86� 2 -20.22 -21.27 -21.83 -23.45 2.581� 0.006 2.582� 0.014 2.551� 0.012 H x x
N4389 50� 4 -18.98 -19.93 -20.30 -21.86 2.325� 0.026 2.342� 0.032 ...� ... H x
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Figure 5: TF-relations using all 41 galaxies in thecomplete samplewith measured global profile widths. The
larger symbols indicate galaxies from thenormal spiral sample(see Section 2).Upper panels: using the profile
widths of single dish measurements. The two crosses represent galaxies (N3729, U6973) without single dish data
due to confusion. For these galaxies the WSRT data were used.Lower panels: using the profile widths from
the new WSRT data. The three crosses indicate galaxies (N3870, U7129, N4220) without useful synthesis data.
For these galaxies the single dish data were used. For a particular bandpass, there are no significant differences
between the upper and lower panels. Solid lines show the results of unweighted double regression fits to the full
sample. Dashed lines indicate fits to galaxies in thenormal spiral sample. Thenormal spiral sampledefines a
steeper correlation with less scatter. These differences increase systematically fromB to K0.

4) the contribution from any intrinsic scatter�intr, ex-
pressed in magnitudes. For the moment�intr=0 mag is
adopted.
The uncertainties�Mb,i

T and �log(W) were calculated
by propagating the observational errors�mT, �i and
�W20, �Vmax or �Vflat through the correction formu-
las. The applied weightswi were calculated according
to

wi =
1

(�Mb,i
T )2 +�2

depth+�2
intr + (a��log(W))2

where ‘a’ is the fitted slope in the relation. Note that
we ignored uncertainties in the Galactic extinction law,
galaxy-to-galaxy variations in the parameters (f,��)
used to estimate the internal extinction, the variations

in the slope of the edges of the global profiles which
lead to different corrections for instrumental broaden-
ing and uncertainties in the parameters (Wc,Wt;20) used
to correct for random motions. Furthermore, we ig-
nored the fact that�Mb,i

T and �log(W) are correlated
through the inclination angle and its uncertainty.

One might argue against an 1/�2 weighting be-
cause of the non-Gaussian characteristics of the errors
in the corrected observables. Therefore, fits with equal
weights (i.e. all points have the same error bars) were
made as well by assuming for all galaxies equal rel-
ative uncertainties of 5% in WiR, Vmax or Vflat, equal
photometric uncertainties of 0.05 mag in Mb,i

T (B;R; I)
and 0.08 mag in Mb,i

T (K0). These estimated average un-
certainties allow to calculate a fudicial value of�2

Red in
order to evaluate the necessity of any intrinsic scatter
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Table 6: Results from weighted least-squares fits using the widths of the global profiles. There is no significant
differences when using WSRT profiles instead of single dish profiles. Note that the fit to thenormal spiral sample
yields a steeper slope and a lower scatter.

N Scatter Slope �2
Red �(N−2

2 ;
�

2

2 )
rms bi-weight

S.D. WSRT S.D. WSRT S.D. WSRT S.D. WSRT S.D. WSRT

equal weights
Complete Sample

B 41 0.47 0.46 0.48 0.47 -5.7� 0.2 -5.6� 0.2 4.99 4.88 0.00 0.00
R 41 0.44 0.44 0.46 0.43 -6.6� 0.2 -6.5� 0.2 3.87 3.95 0.00 0.00
I 41 0.47 0.47 0.48 0.46 -7.1� 0.2 -6.9� 0.2 4.10 4.23 0.00 0.00
K0 40 0.53 0.53 0.55 0.51 -8.1� 0.2 -7.8� 0.2 4.46 4.69 0.00 0.00

Normal Spiral Sample
B 15 0.32 0.26 0.35 0.28 -6.8� 0.4 -6.5� 0.4 2.16 1.52 0.01 0.10
R 15 0.31 0.26 0.33 0.28 -8.0� 0.5 -7.7� 0.4 1.76 1.30 0.04 0.21
I 15 0.34 0.28 0.36 0.32 -9.0� 0.5 -8.6� 0.5 1.87 1.42 0.03 0.14
K0 15 0.34 0.32 0.39 0.34 -10.7� 0.6 -10.2� 0.5 1.54 1.42 0.10 0.14

unequal weights
Complete Sample

B 41 0.47 0.45 0.48 0.46 -5.9� 0.2 -5.5� 0.2 3.67 4.92 0.00 0.00
R 41 0.42 0.43 0.46 0.44 -6.8� 0.2 -6.4� 0.2 2.69 4.39 0.00 0.00
I 41 0.43 0.45 0.49 0.46 -7.3� 0.2 -6.8� 0.2 2.80 4.99 0.00 0.00
K0 40 0.47 0.51 0.55 0.51 -8.2� 0.3 -7.8� 0.2 3.03 6.22 0.00 0.00

Normal Spiral Sample
B 15 0.33 0.27 0.34 0.28 -6.5� 0.5 -6.4� 0.4 1.85 1.87 0.03 0.03
R 15 0.32 0.27 0.33 0.27 -7.9� 0.6 -7.5� 0.4 1.61 1.93 0.07 0.02
I 15 0.36 0.29 0.36 0.31 -8.9� 0.6 -8.4� 0.4 1.82 2.40 0.04 0.00
K0 15 0.35 0.31 0.38 0.36 -10.6� 0.7 -9.9� 0.3 1.52 2.69 0.10 0.00

to explain the total observed scatter.
The total observed scatter was calculated according

to

�2
obs=

P
i

wi

�
Mb,i

T (obs)i−
�
a�log(Wi )+b

��2

P
i

wi

wherewi was calculated as above and ‘a’ and ‘b’ are
the fitted slope and intercept.

Since the rms scatter may be strongly affected by
outliers, it often does not represent the scatter of the
bulk of the data points. Therefore, we find it use-
ful to calculate the more robust bi-weight scatter�bi

(see Beerset al, 1990) as well. Values of�bi were
determined after a least-squares fit was made. For
a pure Gaussian distribution of residuals one would
find �rms=�bi. The results of both weighted and un-
weighted fits are given in the subsequent tables as well
as�rms

(w) and�bi.
We will end this section by noting that a tighter

TF-relation does not necessarily imply a better distance
tool. The tightness of the relation is expressed by�2

Red
which is calculated by considering errors in both direc-
tions. The usefulness of the TF-relation as a distance

tool, however, depends on the scatter in the vertical di-
rection which is related to the steepness of the slope.
Consequently, a tighter correlation with a steeper slope
may still display a larger scatter.

5.2 Single dish versus synthesis data

Figure 5 presents a comparison between TF-relations
constructed with single dish HI data (upper panels)
and those constructed with the new WSRT synthesis
data (lower panels) using the widths of the global pro-
files. There are 41 galaxies with measured global pro-
file widths of which one galaxy (U7129) is not im-
aged atK0. There are two galaxies without single
dish data because of confusion (N3729, U6973) and
there are three galaxies without (useful) synthesis data
(N3870,U7129,N4220). These galaxies are indicated
by crosses and the sources of their profile widths are
exchanged between the upper and lower panels. The
larger symbols (filled circles) indicate the 15 galaxies
from thenormal spiral sample. Results of the various
fits are collected in Table 6.

First we consider thecomplete sampleand make a
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Figure 6: TF-relations for all 38 galaxies in theWesterbork samplewith measured rotation curves. The relations are
constructed for each of the 4 available passbands using 3 different kinematic measures; the corrected width of the
global profile (upper row), the maximum rotational velocity measured from the rotation curve (middle row) and the
amplitude of the flat part of the rotation curve (lower row). The open triangles indicate galaxies with continuously
rising rotation curves (no Vflat measured: see left panel of Figure 2), the open circles indicate galaxies with a
declining part in their rotation curves (Vmax > Vflat: see right panel of Figure 2) and the filled symbols indicate
galaxies with a flat rotation curve (Vmax = Vflat: see middle panel of Figure 2). Crosses represent the kinematically
perturbed galaxies. Solid lines show the fits to the 15 filled circles only. The dashed lines show fits using all
galaxies from theunperturbed samplein each panel.
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comparison between the TF-relations constructed with
global profile widths from single dish data on the one
hand and from the new WSRT data on the other hand.
There are no significant differences in the scatter be-
tween the upper and lower panel of a particular pass-
band. The slopes are insignificantly steeper when us-
ing single dish profiles. The differences are small but
systematic over the 4 passbands, however, and can be
accounted for by the effect of a single galaxy, U7094;
the most lower-left point in the lower panels. In the
single dish measurement, this galaxy is probably con-
fused with U7089, which results in a broader single
dish profile. When using unequal weights, the larger
values of�2

Red using the WSRT data are caused by
the smaller formal errors in the global profile widths
from the WSRT. Note also that using equal or unequal
weights does not make a big difference to the fitted
slope and scatter except for somewhat smaller values
of �2

Red when using single dish profiles with unequal
weights. We therefore conclude that the use of an HI
synthesis array does not significantly influence the sta-
tistical properties of the TF-relation for the complete
sample. In Chapter 3 it was already concluded that the
width and flux content of global profiles obtained with
single dish telescopes and the WSRT are statistically
equivalent.

Now, let’s stick to thecomplete sampleand con-
sider the differences between the various passbands.
First of all, it is striking to see how the slope of the re-
lation steepens from -5.6 to -7.8 when going from the
blue to the near-infrared. The scatter in the relation is
similar in the optical bands but is slightly increased at
K0 due to the steeper slope. From the fact that�rms��bi

we conclude that the residuals have a nearly Gaussian
distribution.

More interesting is the fact that in each panel, the
normal spiral sampleof 15 galaxies defines a much
tighter correlation with a steeper slope and significantly
less scatter. AtK0, the slope becomes slightly steeper
than -10. Furthermore, the scatter in thenormal spi-
ral samplebecomes somewhat smaller when using the
WSRT profiles instead of the single dish profiles. How-
ever, if one calculates the relative uncertainty in the
scatter as��

�
= 1p

2N
, the significance of this decrease

in the scatter is on average only at the 0.7-sigma level.
Nevertheless, it happens at all four passbands and for
both�rms and�bi. Note that the slope is on average 5%
shallower for the WSRT data and, of course, the scat-
ter in the vertical direction is related to the slope. The
fact that�bi is slightly larger than�rms indicates that
the residuals have a somewhat broader tail than would
be expected from a Gaussian distribution.

In the next section we will show that the statistical
differences between thecomplete sampleand thenor-
mal spiral samplecan be understood when considering
the detailed kinematics of individual galaxies

5.3 TF-relations and
the shapes of rotation curves

Figure 6 shows the TF-relations in all four pass-
bands, constructed for theWesterbork sampleof 38
galaxies which have measured rotation curves. The
TF-relations in the upper panels were constructed
using the corrected width of the global profiles. The
relations in the middle panels were constructed using
Vmax from the rotation curve. The lower panels show
the relations using the amplitude Vflat of the flat part
of the rotation curve. The various symbols refer to the
kinematical status of a galaxy:
Crosses: galaxies involved in strong interactions or
with severe kinematic distortions (6 systems).
Open triangles: galaxies with rotation curves still
rising at the last measured point (10 systems).
Filled circles: galaxies with monotonically rising
rotation curves that bend over into a more or less
extended flat part (15 systems).
Open circles: galaxies with a declining part in their
rotation curve (7 systems).

The open triangles could not be included in the lower
panels simply because Vflat could not be measured.

The results of the various fits are collected in Tables
7a and 7b. Table 7a contains the results obtained by
applying equal weights and Table 7b gives the results
obtained by applying unequal weights. Separate fits
were made to theWesterbork sample(38 points), the
unperturbed sample(32 points) and thenormal spiral
sample(15 points). In addition, fits were made consid-
ering only those 15 galaxies with a ‘classical’ rotation
curve (Vmax = Vflat; filled circles). To allow a meaning-
ful comparison of the statistical properties of the cor-
relation at a certain passband, one should consider the
same sample in all three the rows. Therefore, fits in the
upper and middle panels were also made considering
only those galaxies that appear in the lower panels for
a certain sample.

The solid lines in Figure 6 indicate least-squares
fits to the filled symbols only, applying equal weights.
The dashed lines show fits to the entirenormal spiral
sample(32 galaxies in the upper and middle panels and
22 galaxies in the lower panels).

From Figure 6 and Tables 7a and 7b we note the
following:

� When using the corrected widths of global pro-
files, the TF-relation displays a larger scatter in
the near-infrared than in the optical passbands,
regardless of the sample This larger scatter is due
to the steeper slope of the relation in the near-
infrared.

� Galaxies with a ‘classical’ rotation curve
(Vmax = Vflat, filled circles in Figure 6) define a
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Table 7a: Statistical properties of the Tully-Fisher relations in the various passbands, using three different kinematic measures; the corrected width
of the global HI profile (Wi

R), the maximum rotational velocity (2Vmax) and the amplitude of the flat part (2Vflat). The results for 3 different samples
are given. There are 10 galaxies without Vflat in theWesterbork sampleand theunperturbed sampleand 2 galaxies without Vflat in thenormal spiral
sample. Fits with equal weights were made and errors in both directions were taken into account.

Scatter Slope �2
Red �(N−2

2 ;
�

2

2 )
Root Mean Square Bi-weight

Wi
R,I 2Vmax 2Vflat Wi

R,I 2Vmax 2Vflat Wi
R,I 2Vmax 2Vflat Wi

R,I 2Vmax 2Vflat Wi
R,I 2Vmax 2Vflat

Westerbork Sample
N=38 B 0.44 0.47 0.45 0.47 -5.4� 0.2 -5.5� 0.2 5.85 5.21 0.00 0.00

R 0.43 0.48 0.43 0.44 -6.3� 0.2 -6.4� 0.2 5.28 4.85 0.00 0.00
I 0.46 0.52 0.45 0.45 -6.8� 0.2 -7.0� 0.2 5.80 5.48 0.00 0.00

K0 0.53 0.63 0.50 0.50 -7.8� 0.2 -8.0� 0.2 6.36 6.68 0.00 0.00
N=28 B 0.45 0.44 0.40 0.45 0.44 0.39 -6.0� 0.3 -6.3� 0.3 -6.8� 0.3 5.73 4.25 3.30 0.00 0.00 0.00

R 0.38 0.36 0.33 0.38 0.36 0.34 -7.2� 0.3 -7.4� 0.3 -8.0� 0.4 3.83 2.54 2.00 0.00 0.00 0.00
I 0.38 0.36 0.34 0.40 0.37 0.36 -7.9� 0.3 -8.1� 0.3 -8.7� 0.4 3.72 2.35 1.90 0.00 0.00 0.01

K0 0.39 0.36 0.34 0.40 0.36 0.35 -9.2� 0.3 -9.4� 0.4 -10.0� 0.4 3.30 1.95 1.56 0.00 0.01 0.05
Unperturbed Sample
N=32 B 0.40 0.43 0.41 0.44 -5.3� 0.2 -5.3� 0.2 4.83 4.61 0.00 0.00

R 0.41 0.47 0.41 0.42 -6.3� 0.2 -6.3� 0.2 5.00 4.86 0.00 0.00
I 0.45 0.53 0.44 0.44 -6.8� 0.2 -6.8� 0.2 5.80 5.75 0.00 0.00

K0 0.55 0.66 0.51 0.52 -7.8� 0.2 -7.8� 0.2 6.95 7.49 0.00 0.00
N=22 B 0.38 0.37 0.32 0.39 0.36 0.32 -6.0� 0.3 -6.1� 0.3 -6.7� 0.4 4.19 3.26 2.22 0.00 0.00 0.00

R 0.32 0.31 0.26 0.33 0.30 0.27 -7.3� 0.3 -7.3� 0.3 -8.0� 0.4 2.90 1.93 1.31 0.00 0.01 0.21
I 0.33 0.31 0.28 0.35 0.31 0.29 -8.0� 0.3 -8.0� 0.4 -8.8� 0.4 2.98 1.84 1.32 0.00 0.02 0.20

K0 0.37 0.33 0.29 0.37 0.29 0.29 -9.3� 0.3 -9.4� 0.4 -10.3� 0.4 3.00 1.63 1.17 0.00 0.06 0.33
Normal Spiral Sample
N=15 B 0.26 0.25 0.28 0.26 -6.3� 0.3 -6.4� 0.4 2.35 1.49 0.01 0.16

R 0.26 0.23 0.27 0.24 -7.4� 0.3 -7.5� 0.4 2.09 1.11 0.02 0.43
I 0.28 0.25 0.30 0.25 -8.3� 0.3 -8.4� 0.4 2.44 1.20 0.01 0.35

K0 0.32 0.24 0.36 0.25 -9.8� 0.3 -9.9� 0.5 2.49 0.89 0.01 0.64
N=13 B 0.27 0.25 0.24 0.30 0.28 0.22 -6.1� 0.4 -6.2� 0.5 -6.9� 0.5 2.66 1.65 1.35 0.01 0.12 0.26

R 0.27 0.23 0.22 0.28 0.25 0.24 -7.4� 0.4 -7.4� 0.5 -8.3� 0.6 2.35 1.22 1.00 0.02 0.35 0.53
I 0.30 0.26 0.25 0.32 0.27 0.26 -8.3� 0.4 -8.4� 0.5 -9.3� 0.6 2.77 1.35 1.11 0.00 0.26 0.43

K0 0.34 0.26 0.24 0.35 0.26 0.26 -9.9� 0.4 -10.1� 0.6 -11.2� 0.7 2.90 1.01 0.76 0.00 0.52 0.75
Only galaxies with Vmax= Vflat.

N=15 B 0.35 0.32 0.32 0.37 0.32 0.32 -6.9� 0.4 -7.1� 0.4 -7.1� 0.4 3.58 2.26 2.26 0.00 0.01 0.01
R 0.31 0.26 0.26 0.33 0.31 0.31 -8.1� 0.4 -8.3� 0.5 -8.3� 0.5 2.70 1.35 1.35 0.00 0.24 0.24
I 0.32 0.27 0.27 0.36 0.29 0.29 -8.7� 0.4 -8.9� 0.5 -8.9� 0.5 2.82 1.30 1.30 0.00 0.27 0.27

K0 0.33 0.22 0.22 0.34 0.24 0.24 -10.1� 0.4 -10.4� 0.6 -10.4� 0.6 2.39 0.72 0.72 0.01 0.80 0.80
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Table 7b: Same as Table 7a but in this case unequal weights were taken into account.

Scatter Slope �2
Red �(N−2

2 ;
�

2

2 )
Root Mean Square Bi-weight

Wi
R,I 2Vmax 2Vflat Wi

R,I 2Vmax 2Vflat Wi
R,I 2Vmax 2Vflat Wi

R,I 2Vmax 2Vflat Wi
R,I 2Vmax 2Vflat

Westerbork Sample
N=38 B 0.44 0.44 0.45 0.48 -5.4� 0.2 -5.9� 0.2 4.95 3.51 0.00 0.00

R 0.43 0.40 0.43 0.42 -6.3� 0.2 -7.0� 0.2 4.69 2.77 0.00 0.00
I 0.45 0.43 0.45 0.43 -6.8� 0.2 -7.6� 0.2 5.41 2.95 0.00 0.00

K0 0.51 0.48 0.49 0.43 -7.8� 0.2 -8.8� 0.3 6.62 3.34 0.00 0.00
N=28 B 0.44 0.42 0.37 0.45 0.43 0.38 -6.1� 0.3 -6.1� 0.3 -6.6� 0.3 5.31 3.64 2.57 0.00 0.00 0.00

R 0.37 0.34 0.31 0.38 0.36 0.34 -7.2� 0.3 -7.1� 0.3 -7.6� 0.3 3.82 2.20 1.64 0.00 0.00 0.03
I 0.38 0.34 0.32 0.40 0.37 0.36 -7.9� 0.3 -7.8� 0.3 -8.3� 0.3 3.89 2.09 1.64 0.00 0.00 0.03

K0 0.38 0.35 0.33 0.40 0.37 0.35 -9.1� 0.3 -8.9� 0.3 -9.6� 0.4 3.72 2.00 1.57 0.00 0.00 0.05
Unperturbed Sample
N=32 B 0.39 0.40 0.41 0.42 -5.3� 0.2 -5.7� 0.2 4.01 3.14 0.00 0.00

R 0.41 0.39 0.41 0.39 -6.2� 0.2 -6.9� 0.2 4.33 2.72 0.00 0.00
I 0.45 0.42 0.44 0.41 -6.7� 0.2 -7.6� 0.3 5.32 3.04 0.00 0.00

K0 0.53 0.49 0.51 0.42 -7.8� 0.2 -8.8� 0.3 7.24 3.63 0.00 0.00
N=22 B 0.38 0.37 0.31 0.39 0.36 0.31 -6.0� 0.3 -5.9� 0.3 -6.6� 0.3 4.06 3.15 1.91 0.00 0.00 0.01

R 0.33 0.31 0.26 0.33 0.30 0.28 -7.3� 0.3 -7.0� 0.3 -7.7� 0.4 2.98 1.95 1.25 0.00 0.01 0.26
I 0.34 0.31 0.28 0.35 0.31 0.30 -8.0� 0.3 -7.7� 0.3 -8.4� 0.4 3.21 1.94 1.35 0.00 0.01 0.18

K0 0.36 0.33 0.30 0.37 0.32 0.30 -9.3� 0.3 -9.0� 0.3 -9.8� 0.4 3.52 1.99 1.43 0.00 0.01 0.13
Normal Spiral Sample
N=15 B 0.27 0.24 0.28 0.25 -6.4� 0.4 -6.2� 0.4 2.03 1.36 0.03 0.23

R 0.27 0.22 0.27 0.23 -7.5� 0.4 -7.3� 0.4 2.09 1.02 0.02 0.51
I 0.29 0.24 0.31 0.25 -8.4� 0.4 -8.2� 0.4 2.60 1.16 0.00 0.38

K0 0.31 0.22 0.36 0.24 -9.9� 0.3 -9.8� 0.5 2.92 0.91 0.00 0.62
N=13 B 0.28 0.25 0.23 0.30 0.28 0.23 -6.3� 0.4 -6.0� 0.4 -6.8� 0.5 2.36 1.52 1.23 0.02 0.18 0.34

R 0.28 0.22 0.21 0.29 0.24 0.23 -7.6� 0.4 -7.2� 0.5 -8.1� 0.6 2.40 1.10 0.94 0.01 0.44 0.58
I 0.31 0.24 0.24 0.33 0.27 0.26 -8.5� 0.4 -8.1� 0.5 -9.1� 0.6 3.00 1.27 1.11 0.00 0.31 0.43

K0 0.33 0.23 0.22 0.35 0.26 0.26 -10.0� 0.4 -9.8� 0.5 -10.9� 0.6 3.40 1.04 0.85 0.00 0.50 0.67
Only galaxies with Vmax= Vflat.

N=15 B 0.36 0.30 0.30 0.37 0.32 0.32 -6.8� 0.4 -7.0� 0.4 -7.0� 0.4 3.88 1.92 1.92 0.00 0.04 0.04
R 0.31 0.25 0.25 0.33 0.29 0.29 -8.0� 0.4 -8.1� 0.4 -8.1� 0.4 3.01 1.22 1.22 0.00 0.33 0.33
I 0.33 0.26 0.26 0.36 0.28 0.28 -8.7� 0.4 -8.7� 0.5 -8.7� 0.5 3.24 1.21 1.21 0.00 0.34 0.34

K0 0.32 0.21 0.21 0.34 0.23 0.23 -10.1� 0.4 -10.1� 0.5 -10.1� 0.5 2.91 0.68 0.68 0.00 0.83 0.83
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The Ursa Major Cluster of Galaxies

Figure 8: (A) Deviations of theB;K0–Vmax TF-relations from theB;K0-Vflat TF-relations as a function of various
global properties of spiral galaxies: 1) systemic velocity, 2) Super-Galactic Longitude, 3) morphological type, 4)
inclination angle, 5) relative HI content, 6) relative dust content, 7) compactness of the radial light distribution and
8) face-on centralK0 surface bightness of the fitted exponential disk. Only galaxies from theunperturbed sample
are considered and theB;K0-Vflat TF-relations were constructed for the 22 galaxies in thisunperturbed sample
which show a flat part in their rotation curves. Filled circles: galaxies with Vmax = Vflat open circles: galaxies with
Vmax> Vflat and open triangles: galaxies without Vflat.

steeper and tighter relation compared to the en-
tire sample.

� Galaxies with a rotation curve that is still ris-
ing at the last measured point (open triangles) lie
systematically on the low velocity side of the re-
lations defined by the galaxies with Vmax = Vflat
(solid lines in Figure 6). These galaxies are
mainly found among the fainter systems in the
sample. If the HI disks of those galaxies would
have been more extended, they most likely
would have probed higher velocities further out
into the halo and consequently, those galaxies
would have shifted towards the relation.

� Galaxies with a partly declining rotation curve
(Vmax>Vflat; open circles) in the upper and mid-

dle panels tend to lie systematically on the high
velocity side compared to galaxies with Vmax=
Vflat of the same luminosity. If the lower ampli-
tude Vflat of the flat part is used instead of the
higher Vmax values, these galaxies shift toward
the relation and line up with galaxies that have
a ‘classical’ rotation curve as is illustrated in the
lower panels. Galaxies with declining rotation
curves are mainly found among the brightest sys-
tems in the sample.

� When considering only the 22 galaxies in the
normal spiral samplewhich show a flat part in
their rotation curves, the correlation becomes
tighter from the blue to the near-infrared. Fur-
thermore, the tightness increases as well when
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Figure 8: (B) Same as Figure 8a but now the residuals in theB;K0-Vflat TF-relations themselves are considered as
a function of various global properties of the spiral galaxies in theunperturbed sample. Note that the filled circles
remain on their positions but that the open symbols have moved upward and the open triangles are omitted because
Vflat could not be measured in those galaxies.

using Vflat instead of Vmax from the rotation
curve. Unfortunately, a tighter relation in the
near-infrared does not result in an improved dis-
tance estimater. A steeper slope in the near-
infrared cancels the merits of a tighter correla-
tion because the scatter is related to the slope.
Consequently, the scatter is not reduced in the
near-infrared.

For the sceptics among you, Figure 7 provides
a blow-up of the I-band panel in the middle row of
Figure 6. Each symbol is labeled with the NGC or
UGC numbers used in the various tables throughout
this book. This allows to relate each individual point
to its observational material presented in Chapters 1
and 3. Note UGC 6969, for instance, the faintest ob-
ject in Figur 7. One may argue that this point rules
out the hypothesis that all galaxies with rising rota-
tion curves would lie on the TF-relation if only their

HI disks would have been extended enough to reach
into the flat part of the rotation curve. The HI data of
this galaxy show, however, that the last measured point
very uncertain and consequently, the error bar on this
point allows the galaxy to lie on the relation.

In Figures 8a and 8b we investigate whether the
residuals in the M-Vflat TF-relations, as plotted in the
lower panels of Figure 6, correlate with various global
properties of the spirals. We consider only theB-band
andK0-band residuals as extreme cases. In Figure 8a
we calculated the deviations from the M-Vflat relations
when using Vmax and in Figure 8b we consider the
residuals in the M-Vflat relations themselves. Conse-
quently, the locations of the filled circles in Figure 8b
are identical to those in Figure 8a while the open circles
in Figure 8a have shifted upward in Figure 8b. Natu-
rally, the open triangles in Figure 8b are absent. When
looking for any trends in the residuals with other global
properties, the open triangles and crosses should be

– 209 –



The Ursa Major Cluster of Galaxies

2 2.52 2.5

-18

-20

-22

Figure 7: Enlargement of the I-band panel in the mid-
dle row of Figure 6. Here, the symbols are labeled
with a galaxy’s NGC or UGC number to allow check-
ing with the photometric and HI synthesis data. NGC
numbers run from 3718 through 4389, UGC numbers
run from 6399 through 7094.

discarded because the deviations of the open triangles
are not related to the underlying potential of a galaxy
but merely to the extent of the HI disk. The crosses in
both figures represent galaxies with perturbed kinemat-
ics. Because these galaxies are in a kinematically non-
equilibrium situation their rotational velocities are also
unlikely to relate to the underlying potential. There-
fore, the crosses are best to be ignored as well when
looking for trends in the panels of Figures 8a,b.

First, let us investigate whether the residuals corre-
late with the position of a galaxy in the cluster (panels
1a,b and 2a,b in both figures). Figure 1 hinted at a
possible corelation between radial velocity and Super-
Galactic longitude. In Figures 8a,b, no significant cor-
relations are found in theB-band relations. In theK0-
band, however, there seems to be a significant corre-
lation of the Vflat-residuals with Super-Galactic longi-
tude in the sense that galaxies at smaller Super-Galactic
longitudes (northern part of the cluster) are too faint
and galaxies at larger longitudes (southern part of the
cluster) too bright (panel 8b-2b). This suggests that

the northern part of the Ursa Major cluster is further
away than the southern part. This is also something
one would expect given the lower panel of Figure 1 and
assuming that the spirals still feel the overall Hubble
flow; galaxies in the northern part of the cluster tend to
have higher recession velocities. Note, however, that
a possible correlation of the residuals with recession
velocity is insignificant (panel 8b-1b).

The strongest correlation that we find is with mor-
phological type in theB-band (panels 8a,b-3a); early-
type spirals are too faint in their blue light or rotate
too fast compared to late type spirals. This effect is
less visible when using Vflat instead of Vmax but still
present. Because this correlation is absent when using
K0 magnitudes, we interpret this effect as due to dif-
ferent stellar populations between early and late type
spirals of the same luminosity and not due to differ-
ences in the maximum rotational velocity of dark mat-
ter haloes. If early type spirals would reside in more
massive haloes, we would have anticipated the same
effect in theK0 residuals.

We find no correlations of theB-band andK0-band
residuals with inclination.

A marginal correlation is found between theB-
band residuals and the relative HI content of a spiral
expressed in MHI /LK0 when considering Vmax from the
rotation curve (panel 8a-5a). Galaxies which are poor-
est in their relative HI content tend to be too faint in
their blue light. However, this correlation can not be
claimed when considering Vflat (panel 8b-5a). Note
also that the apparent correlation in panel 8a-5a is
mainly due to the HI poor early type spirals.

Panels 6a,b show that there is no correlation of the
residuals with the 60�m flux from IRAS, normalized
to the blue luminosity.

Considering only the open and filled circles in pan-
els 7a,b, there might be a weak correlation between
the residuals and the compactness of the light distribu-
tion, expressed in C82=R80/R20 which is the ratio be-
tween the radii that enclose 80% or 20% of the total
light. Galaxies with a substantial bulge or with a bright
active nucleus have larger values of C82. Panels 8a-
7a,b indicate that compact systems tend to rotate faster
than less compact systems. The most compact system
with C82=7.6 on the extreme right is the LINER galaxy
N4102 with a very bright nucleus.

Finally, we checked for a possiblecorrelation of the
residuals with the face-on central surface brightness at
K0 of the exponential disk. We do not see any convinc-
ing trend.

6 Intrinsic scatter

The intrinsic scatter in the TF-relation is an elusive
concept and its meaning depends on the context in
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Table 8: 95% confidence intervals for the intrinsic scatter assuming that the depth of the cluster adds 0.17 mag in
quadrature to the total observational uncertainties scatter. The three numbers for each entry refer to the minimum, the
most likely and the maximum intrinsic scatter.

95% confidence intervals for�intr
equal weights unequal weights

Wi
R,I 2Vmax 2Vflat Wi

R,I 2Vmax 2Vflat

Westerbork Sample
N=38 B 0.33 – 0.42 – 0.45 0.34 – 0.43 – 0.45 0.32 – 0.41 – 0.53 0.30 – 0.40 – 0.53

R 0.32 – 0.40 – 0.45 0.34 – 0.44 – 0.45 0.31 – 0.40 – 0.51 0.27 – 0.38 – 0.52
I 0.34 – 0.43 – 0.45 0.38 – 0.44 – 0.62 0.34 – 0.43 – 0.55 0.30 – 0.42 – 0.57

K0 0.40 – 0.44 – 0.64 0.44 – 0.60 – 0.76 0.40 – 0.50 – 0.64 0.38 – 0.52 – 0.70
N=28 B 0.32 – 0.42 – 0.56 0.29 – 0.40 – 0.45 0.24 – 0.34 – 0.450.32 – 0.42 – 0.45 0.27 – 0.38 – 0.45 0.21 – 0.32 – 0.46

R 0.24 – 0.34 – 0.44 0.19 – 0.29 – 0.42 0.13 – 0.24 – 0.370.24 – 0.34 – 0.44 0.16 – 0.27 – 0.40 0.06 – 0.21 – 0.35
I 0.24 – 0.34 – 0.44 0.18 – 0.28 – 0.42 0.12 – 0.24 – 0.370.25 – 0.34 – 0.44 0.15 – 0.26 – 0.40 0.06 – 0.21 – 0.35

K0 0.24 – 0.34 – 0.45 0.14 – 0.26 – 0.40 0.00 – 0.21 – 0.350.25 – 0.35 – 0.45 0.13 – 0.26 – 0.39 0.03 – 0.20 – 0.34
Healthy Sample
N=32 B 0.28 – 0.37 – 0.45 0.30 – 0.40 – 0.45 0.27 – 0.36 – 0.48 0.26 – 0.36 – 0.45

R 0.30 – 0.39 – 0.45 0.33 – 0.43 – 0.45 0.28 – 0.38 – 0.45 0.25 – 0.37 – 0.45
I 0.33 – 0.43 – 0.45 0.38 – 0.44 – 0.65 0.33 – 0.42 – 0.56 0.30 – 0.43 – 0.45

K0 0.41 – 0.44 – 0.68 0.44 – 0.63 – 0.82 0.41 – 0.44 – 0.68 0.41 – 0.44 – 0.76
N=22 B 0.24 – 0.35 – 0.45 0.22 – 0.33 – 0.48 0.13 – 0.25 – 0.390.24 – 0.35 – 0.45 0.21 – 0.32 – 0.47 0.09 – 0.23 – 0.37

R 0.17 – 0.27 – 0.41 0.10 – 0.23 – 0.37 0.00 – 0.13 – 0.280.18 – 0.28 – 0.41 0.10 – 0.22 – 0.36 0.00 – 0.12 – 0.27
I 0.18 – 0.29 – 0.42 0.08 – 0.22 – 0.37 0.00 – 0.14 – 0.300.19 – 0.29 – 0.43 0.10 – 0.22 – 0.37 0.00 – 0.14 – 0.29

K0 0.20 – 0.32 – 0.44 0.00 – 0.21 – 0.37 0.00 – 0.11 – 0.300.22 – 0.33 – 0.45 0.11 – 0.24 – 0.38 0.00 – 0.16 – 0.31
Distance Sample
N=15 B 0.10 – 0.21 – 0.37 0.00 – 0.15 – 0.32 0.06 – 0.20 – 0.36 0.00 – 0.13 – 0.31

R 0.07 – 0.20 – 0.36 0.00 – 0.07 – 0.27 0.07 – 0.20 – 0.36 0.00 – 0.00 – 0.26
I 0.11 – 0.24 – 0.40 0.00 – 0.10 – 0.30 0.12 – 0.24 – 0.41 0.00 – 0.09 – 0.30

K0 0.13 – 0.27 – 0.44 0.00 – 0.00 – 0.26 0.16 – 0.28 – 0.46 0.00 – 0.00 – 0.25
N=13 B 0.11 – 0.24 – 0.42 0.00 – 0.17 – 0.36 0.00 – 0.13 – 0.320.09 – 0.23 – 0.41 0.00 – 0.16 – 0.35 0.00 – 0.10 – 0.31

R 0.09 – 0.23 – 0.41 0.00 – 0.10 – 0.31 0.00 – 0.00 – 0.280.09 – 0.23 – 0.41 0.00 – 0.06 – 0.29 0.00 – 0.00 – 0.26
I 0.13 – 0.26 – 0.44 0.00 – 0.14 – 0.35 0.00 – 0.07 – 0.320.14 – 0.27 – 0.46 0.00 – 0.12 – 0.34 0.00 – 0.07 – 0.32

K0 0.15 – 0.30 – 0.45 0.00 – 0.00 – 0.32 0.00 – 0.00 – 0.250.18 – 0.31 – 0.53 0.00 – 0.01 – 0.31 0.00 – 0.00 – 0.26
Only galaxies with Vmax= Vflat.

N=15 B 0.20 – 0.32 – 0.52 0.11 – 0.25 – 0.44 0.11 – 0.25 – 0.440.20 – 0.33 – 0.52 0.04 – 0.23 – 0.43 0.04 – 0.23 – 0.43
R 0.14 – 0.26 – 0.44 0.00 – 0.14 – 0.33 0.00 – 0.14 – 0.330.15 – 0.27 – 0.44 0.00 – 0.11 – 0.32 0.00 – 0.11 – 0.32
I 0.15 – 0.28 – 0.44 0.00 – 0.14 – 0.34 0.00 – 0.14 – 0.340.17 – 0.29 – 0.44 0.00 – 0.11 – 0.32 0.00 – 0.11 – 0.32

K0 0.12 – 0.27 – 0.44 0.00 – 0.00 – 0.20 0.00 – 0.00 – 0.200.16 – 0.29 – 0.44 0.00 – 0.00 – 0.18 0.00 – 0.00 – 0.18

–
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1
1
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The Ursa Major Cluster of Galaxies

which it is discussed. We have seen that the statis-
tical properties of the TF-relation are closely related
to the passband in which the luminosities are derived
and to the selection criteria by which means a sam-
ple of galaxies is constructed. Therefore, extreme care
should be taken if one tries to relate the intrinsic scat-
ter to a certain degree of non-circular motions induced
by non-spherical haloes when the intrinsic scatter is de-
rived from a sample which is critically selected and op-
timized to serve as a distance tool (e.g. Franx and de
Zeeuw, 1992). On the other hand it would be unfair to
relate the intrisic scatter to the degree of accuracy with
which distances can be measured if the intrinsic scat-
ter is derived from a complete volume limited sample
without any further selection criteria applied. We have
seen, for instance, that the critically selectednormal
spiral sampleyields a much tighter correlation than the
Westerbork sample.

Here we calculated the 95% confidence intervals
for the intrinsic scatter�intr, given our estimated er-
ror budget. These intervals indicate the minimum and
maximum values of�intr that can be accommodated
within the total observed scatter. The results for the
various passbands, samples, kinematic measures and
fits are collected in Table 8. The minimum scatter, the
most likely scatter and the maximum scatter is given
for each entry. In some cases, the total observed scat-
ter can be explained given the observational uncertain-
ties: no additional intrinsic scatter would be required.
Note that, in general, the confidence intervals become
broader with smaller numbers of galaxies in a sample.

It should be noted again that the derived intrinsic
scatters depend on the assumed depth of the cluster
which is estimated to be�depth=0.17 mag. In princi-
ple, however,�depth and the intrinsic scatter�intr can
not be separated.

While reading the previous sections, it may have
become clear that the scatter in the TF-relation can
be dramatically decreased by applying proper selection
criteria and especially when detailed knowledge about
the kinematics of individual spirals is available. If only
global profiles are available (WiR) and one insists on
using every single galaxy (Westerbork sample, N=38)
regardless of their morphology and shape of the global
profile, one should prefer optical magnitudes and antic-
ipate an intrinsic scatter of about 0.42�0.05 mag or a
distance uncertainty of 19%. However, if one is willing
to apply selection criteria, based on global properties
(normal spiral sample, N=15), the intrinsic scatter can
be reduced to 0.22�0.04 mag in the preferred optical
bands. This corresponds to a relative distance uncer-
tainty of 10%.

If one is patient enough and willing to embarque on
a quest for detailed kinematic information of individual
spirals, the usefulness of the TF-relations as a distance
tool can be improved further. Measuring HI rotation
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Figure 10: Relative dust content as a function of Vflat
and central surface brightness in theK0-band. The less
massive Low Surface Brightness galaxies (open sym-
bols) have a relatively low dust content.

curves from galactic velocity fields enables one to iden-
tify galaxies with rotation curves that are still rising at
the last measured point and galaxies which show kine-
matic signs of interaction or global non-circular mo-
tions. Rejecting those galaxies will yield a sample of
kinematically well behaved gas disks. Galaxies with
a declining part in their rotation curve can be identi-
fied and for these systems the peak rotational velocity
Vmax can be discriminated from the amplitude of the
flat in the outer region Vflat. From Table 8 (normal spi-
ral sample, N=22) we see that using Vflat instead of
Vmax results in significantly lower values for the intrin-
sic scatter. Moreover, the intrinsic scatter that can be
accommodated in theK0 relation is now comparable to
the scatter on theRandI relations. The inferred intrin-
sic scatter in theB-band exceeds the ones in the other
bands significantly. Using Vflat andR, I or K0 mag-
nitudes yields an intrinsic scatter of roughly 0.13 mag
which corresponds to a relative distance uncertainty of
6%.

In practice, however, the distance uncertainty de-
pends on the measured scatter. The smallest observed
scatters are obtained in theR andI passbands and are
typically 0.28 mag. These bands offer the best compro-
mise between photometry accuracy, uncertain extinc-
tion corrections and the steepness of the slope. Sub-
tracting�depthin quadrature yields a scatter of 0.22 mag
or a relative distance uncertainty of 10%.

7 Low Surface Brightness galaxies
and the TF-relation

It was shown by Zwaanet al (1995) that Low Surface
Brightness (LSB) and High Surface Brightness (HSB)
galaxies of the same luminosity lie on the same loca-
tion in the TF-relation. Figure 9 shows the M–Vflat
TF-relations for our sample and the solid lines indicate
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Figure 9: This figure illustrates how Low Surface Brightness galaxies (open circles) and High Surface Brightness
galaxies (filled symbols) line up in the same TF-relation. In the upper panel, the same corrections for internal
extinction are applied to both the LSB and HSB galaxies, in which case, there is no significant offset. In the lower
panels, however, the LSB galaxies are assumed to be transparent at all wavelengths and no correction for internal
extinction was applied. The filled symbols are located at the same position foreach passband.

the fits. Here, the open symbols indicate the low sur-
face brightness (LSB) galaxies as identified by Tully
and Verheijen (1997) (Chapter 2, Paper II). In the up-
per panels, HSB and LSB galaxies received the same
corrections for internal extinction. We confirm the re-
sult by Zwaanet al and extend it to the near-infrared.
The slope in theK0-relation is very close to -10 and
becomes as shallow as -6.7 in theB-band.

We note, however, that LSB galaxies contain in
general much less dust than HSB galaxies. This is il-
lustrated in Figure 10 where we plot the IRAS 60�m
flux, normalized by the observed uncorrected blue lu-
minosity, against log2Vflat and central surface bright-
ness. There is a correlation between relative dust
content, indicated by L60/LB and surface brightness.
Therefore, in the spirit of Chapter 2, we assume that
LSB galaxies are nearly transparent and construct the
M–Vflat TF-relations without correcting the magni-
tudes of the LSBs for internal extinction. These TF-

relations are plotted in the lower panels of Figure 9
in which the HSB galaxies still received an appropri-
ate correction. Consequently, the filled symbols lie at
the same location in the upper and lower panels but the
open circles lie higher up in the upper panels. The solid
lines in the lower panels are identical to the ones in the
upper panels and the dashed lines indicate the new fits.
The differences in slope and scatter are tabulated be-
low.

Dusty LSBs Dust-free LSBs
slope �rms slope �rms

B -6.7�0.4 0.32 -10.1�0.4 0.47
R -8.0�0.4 0.26 -10.1�0.4 0.35
I -8.8�0.4 0.28 -10.3�0.4 0.33

K0 -10.3�0.4 0.29 -10.5�0.5 0.29

Note that under the assumption that LSB galaxies are
dust-free, the slope of the relation is -10 in all pass-
bands.Note, however, that such a bimodal extinction
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correction is an extreme situation. It is likely that the
extinction correction is a more gradual function of lu-
minosity or surface brightness.

8 Discussion

Our study is the first one that considers acomplete vol-
ume limitedcluster sample of galaxies for which HI
velocity fields are obtained as well as multi-band op-
tical and near-infrared imaging photometry. As such,
our dataset is unique but nevertheless, we would like to
know how our results compare to a few of many other
studies which relate the shape of the rotation curves
to the statistical properties of the TF-relation. These
studies come in four flavors, depending on how the ro-
tation curves are measured, either via HI synthesis ob-
servations or by means of optical spectroscopy and ei-
ther with long slit spectroscopy (or its radio-equivalent)
along the major axis or through observations of the full
galactic velocity field. Each methodology has its limi-
tations in the extent of the interpretation of the data. In
the light of its scientific merit, however, the availability
of extended HI velocity fields is the most fruitful.

Broeils (1992) collected accurate HI rotation
curves from the literature for a sample of 21 field galax-
ies with HI velocity fields. About half of these galax-
ies show a significantly declining part. UsingB-band
magnitudes, he found scatters of 0.70 mag when using
global profile widths, 0.66 mag when using Vmax and
0.55 mag when using Vflatwith slopes of -7.3, -8.3 and
-8.5 respectively. Unfortunately, it is not clear which
fitting method he applied. Although he had much
larger scatters than we do (he used a nearby field sam-
ple with significant distance uncertainties), he found
the same trend in the scatter and slope of the relation.
We find, however, nearly identical slopes when using
Wi

R and Vmax thanks to a more appropriate value for
the turbulent motion parameter Wt. Broeils also made
short WSRT observations (equivalent to optical long-
slit spectroscopy) of a sample of 48 nearby field galax-
ies. In this sample he did not identify galaxies with ris-
ing, flat or declining rotation curves but he merely mea-
sured a ‘representative’ rotational velocity and subse-
quently found no improvement in the TF-relation when
using this velocity instead of the global profile width;
scatters of 0.77 versus 0.81 mag and slopes of -6.6
and -6.3 respectively. He concluded that a reduction
of the scatter can only be achieved with more informa-
tion about the inclination angle to be derived from full
HI velocity fields.

Several years later, Rhee (1996) supplemented the
two samples of Broeils who, in the meantime, had pub-
lished 7 more rotation curves derived from full velocity
fields. Rhee himself analysed short WSRT observa-
tions of 60 more spirals. With these larger samples of

28 velocity fields and 108 short observations, Rhee and
Broeils (1996) reached exactly the same conclusions as
Broeils did before: rotation curves derived from ‘long-
slit’ HI observations are not helpful to reduce the scat-
ter due to a lack of information about the inclination of
a galaxy. This inclination angle and its possible change
with radius can be retrieved from an HI velocity field,
however, and that is why they advocate the use of full
galactic velocity fields for deriving accurately the rota-
tional velocity of a galaxy.

The investigationsby Broeils and Rhee are the only
ones so far that exploit the advantages of HI synthesis
observations in an attempt to gain a better understand-
ing of the statistical properties of the TF-relation. This
is mainly because the reduction and interpretation of
HI synthesis data is very elaborate. And indeed, studies
using optical observations occur more frequently. The
major advantage of optical spectroscopy is the much
higher spatial resolution of the data compared to that
of radio synthesis data. The disadvantages of optical
spectroscopy, however, are the relatively low velocity
resolution, the limited radial coverage and the influ-
ence of obscuring dust in the observed galaxies. Nev-
ertheless, many investigators used H� long-slit spec-
troscopy to retrieve the rotation curve of a galaxy (e.g.
Rubinet al (1985), Courteau (1992), Mathewsonet al
(1992), Vogtet al (1996), Raychaudhuryet al (1997)
and many references therein).

Rubin et al (1985) noted a morphological segre-
gation in theB- andH-band TF-relation obtained us-
ing Vmax from their optical rotation curves. They con-
structed separate TF-relations for Sa, Sb and Sc type
spirals selected from the nearby field and noted that,
although the slopes are similar for each morphological
class, in theB-band, earlier type spirals are offset to-
ward higher rotational velocities with respect to later
type spirals. This offset is less but not zero when using
H-band magnitudes. Their rotation curves do not reach
beyond R25 and a decline in the rotation curve beyond
this radius, as is seen in the case of N3992 (see Fig-
ure 2), would not have been detected by them. They
did not have the possibility to explore the shapes of
the rotation curves in the outer regions. Furthermore,
they found rather large scatters of 0.7 mag in both pass-
bands after shifting the three separate relations on top
of each other. These results of Rubinet al can be rec-
onciled with our findings by noting that declining ro-
tation curves are mainly found in early type spirals.
It was impossible for Rubinet al to measure the ro-
tation curve at large enough distances from the center
to reveal a significantly declining part as we do. Appar-
ently, in most cases, the relevant kinematic information
is found in the very outer parts of the rotation curves,
beyond R25.

Recently, Raychaudhuryet al (1997) investigated
the I-band TF-relation for a sample of spirals in the
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Coma cluster using long-slit H� spectroscopy. They
found, for a sample of 25 carefully selected Sb-Sd spi-
rals, an unusually shallow slope of -5 and a remark-
ably low scatter of only 0.14 mag, barely consistent
with their observational uncertainties. They investi-
gated whether the scatter could be reduced even fur-
ther by using the shape of the rotation curve as an extra
parameter. They quantified the shape in terms of the
steepness of the rotation curve in theinner part and,
not surprisingly, failed to reduced the scatter any fur-
ther. Due to a lack of signal, they were not able to
measure the shape of the rotation curve in the outer re-
gions.

Schommeret al (1993) present an extensive study
using Fabry-Perot techniques to map the H� velocity
fields of 75 spirals in 3 clusters. By fitting tilted-rings
to the velocity fields, they derive rotation curves from
which they extract the circular velocity. A comparison
of these circular velocities with the velocities derived
from global HI profiles shows that the H� velocities
are often estimated too low. From their published ro-
tation curves, we note that many are still rising at their
last measured points and for those cases, it is likely that
a more extended HI disk would show a significantly
faster rotation in the outer regions. Unfortunately, they
did not check whether the deviations between the opti-
cally and HI derived rotational velocities are related to
the slope of the optical rotation curves at the last mea-
sured points. Anyway, usingI-band magnitudes, they
constructed TF-relations for 7 galaxies in the Antlia
cluster and for 10 galaxies in the Hydra cluster. From
double regression fits, they find scatters of 0.18 and
0.29 mag for the two clusters with slopes of -8.8�0.8
and -9.8�0.8 respectively.

Reviewing these studies of the TF-relation which
make use of available rotation curves, illustrates that
measuring rotation curves via optical spectroscopic
gives insufficient information about the shape of rota-
tion curves in the relevant outer regions of spirals.

The TF-relation is tighter in the near-infrared than
it is at optical wavelengths. For distance measure-
ments, however, the steeper slope in the near-infrared
cancels the merit of the tighter relation in terms of the
related scatter. Consequently, the near-infrared TF-
relation does not provide a better distance tool com-
pared to the TF-relation in the optical passbands.

On the other hand, the near-infrared luminosity is
more closely related to the mass of the stellar popu-
lation than the optical luminosities are. The observa-
tion that the correlation becomes increasingly tighter
from theB-band to theK0-band suggests that the stel-
lar mass itself is closely related to the gravitational po-
tential. Moreover, using Vflat instead of Vmax yields an
even tighter correlation atK0. This indicates that the
potential of the dark matter halo is closer related to the
K0-band luminosity than the depth of the potential of

the luminous mass itself.
The TF-relations seem to reflect a correlation be-

tween the potential of the dark matter halo and the stel-
lar mass embedded in that halo, regardless of its dis-
trubution.

9 Summary

This study has shown that the corrected widths of
global HI profiles do provide the maximum rotational
velocity observed in the HI rotation curves with a scat-
ter of 6.8 km/s, provided that the proper correction
for turbulent motion is applied. However, for galax-
ies with rotation curves that are still rising at the last
measured point, neither the corrected line widths nor
theobservedmaximum rotational velocity are good in-
dicators of the actual maximum rotational velocity in-
duced by the halo but merely yield lower limits. For
galaxies with a partly declining rotation curve, the am-
plitude of the flat part in the outer regions can not be
measured reliably from the width of the global profiles
and depends on the surface density distribution of the
HI gas.

For a complete volume limited sample, the total ob-
served scatter in the TF-relation is typically 0.40 mag
at theB, R and I passbands and 0.45 mag atK0 when
using the corrected widths of the global HI profile, af-
ter subtracting in quadrature the estimated contribution
�depth due to the depth of the sample. From HI syn-
thesis observations it is possible to evaluate the shapes
of rotation curves and to identify galaxies with rising,
flat or declining rotation curves. For galaxies with a
declining rotation curve, a distinction can be made be-
tween Vmax and Vflat. When using Vmax as derived
from the rotation curves, it is shown that galaxies with
a constantly rising rotation curve lie systematically on
the low velocity side of the TF-relation while galaxies
with a declining rotation curve tend to lie on the high
velocity side. Using Vflat instead of Vmax for galax-
ies with declining rotation curves shows that they lie
on the same TF-relation defined by galaxies for which
Vmax = Vflat. Excluding kinematically perturbed galax-
ies and considering Vflat instead of the corrected global
line widths, the lowest scatter is found in theR and I
passbands with an observed scatter of 0.28 mag.

The TF-relations steepen and becomes tighter go-
ing fromB–band luminosities to the near-infrared. Us-
ing K0 magnitudes and Vflat, the slope reaches -10 and
the total observed scatter is consistent with no intrinsic
scatter given the observational uncertainties.

High and Low Surface Brightness galaxies lie on
the same TF-relation, also in the near-infrared. A mor-
phological dependence of the zero point of the TF-
relation can in part be understood when realizing that
Vmax > Vflat in general occurs in compact, massive
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early type spirals. The morphological dependence dis-
appears atK0 when using Vflat instead of Vmax.
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Chapter 6
Dark Matter in Spiral Galaxies

ABSTRACT– This chapter discusses the shapes of galaxy rotation curves and the
structural properties of dark matter haloes in which spiral galaxies seem to be embed-
ded. A comparison is made between observed HI rotation curves and the so-called ‘uni-
versal’ rotation curve. We find that for about one third of the observed rotation curves
the shapes deviate significantly from this ‘universal’ rotation curve shape. We derived
structural parameters of dark matter haloes for both isothermal sphere and Hernquist
models. Various fits with different assumptions about the stellar mass-to-light ratios
were made. Maximum-disk, sub-maximum-disk, equal-(M/L) and constrained-halo
decompositions were performed. We conclude that the inferred structural properties of
the dark matter haloes strongly depend on the adopted stellar mass-to-light ratios. In
the case of maximum-disk fits we find for the high surface brightness galaxies that the
near-infrared stellar mass-to-light ratios lie in the range 0.4-1.0 and do not vary with
color or morphological type. There are at most marginal trends between the structural
parameters of the haloes and the amounts and distributions of the luminous mass. There
is some evidence for a kinematic signature of the bimodality of surface brightness dis-
tribution discussed in Chapter 3. Finally, a comparison is made between the rotation
curves of three galaxies of the same luminosity but with different distributions of the
stellar component. The decomposition of their rotation curves showed that the same
halo can be adopted for all three systems while only minor differences in theK0 mass-
to-light ratios are required to obtain satisfactory fits to the observed rotation curves.
This result supports the idea that galaxies of the same luminosity live in similar haloes
regardless of the distribution of their luminous mass.

1 Introduction

Information about the present-day distribution of dark
matter in and around galaxies should lead to a better
understanding of the conditions and processes which
initiated and guided the formation of galaxies out of
the initial density perturbations in the early universe.
The density and extent of a dark matter halo is for in-
stance closely related to the epoch of its formation and
the density of the universe at the time the halo started
to collapse. An early collapse in a young, high den-
sity universe will result in a small compact halo, while
haloes that collapse at a later stage will be larger and
more diffuse. Consequently, in the framework of hi-
erarchical clustering, one would expect that present-
day dwarf galaxies live in more compact, denser haloes

than the more massive systems. Moreover, the de-
tailed radial behaviour of the density of dark matter
within a collapsed halo is related to the slope of the
power spectrum of the initial density perturbations.
Two kinds of density profiles for a dark matter halo
are now widely accepted as plausible outcomes of the
process of galaxy formation. One is the density pro-
file which corresponds to an isothermal sphere of dark
matter and the other is the so-called Hernquist (1990)
density profile. The former one can be justified on the-
oretical grounds (e.g. Hoffman, 1988) while the lat-
ter density profile has emerged empirically from nu-
merical simulations (e.g. Dubinski and Carlberg 1991,
Navarroet al, 1996 and 1997).

This chapter deals only with the observational as-
pects related to these issues, and presents a discussion
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Table 1: Photometric and kinematic information for the 30 members of the Ursa Major Cluster sample with
relatively unperturbed HI kinematics.

nr. Name Type i Mb;i
T (B) Mb;i

T (K0) �
i
0(K0) rd(K0) C82 Rb;i

25(B) R80(I ) Rlmp Vmax Vflat

(�) (mag) (mag) (mag/002) (kpc) (0) (0) (0) (km/s) (km/s)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

1 U6399 Sm 75 -17.76 -19.93 19.28 1.98 3.3 0.91 1.08 1.50 88 88
2 U6446 Sd 51 -18.03 -19.48 19.84 1.49 4.1 1.02 1.33 2.93 82 82
3 N3726 SBc 53 -20.58 -23.02 17.72 2.84 3.1 2.63 2.01 6.22 162 162
4 N3729 SBab 49 -19.22 -22.38 16.86 1.40 3.5 1.29 1.07 1.00 151 151
5 U6667 Scd 89 -18.04 -20.25 20.44 2.43 3.3 1.08 1.59 1.50 86 86
6 N3877 Sc 76 -20.24 -23.28 17.12 2.34 3.2 1.95 1.74 2.17 167 167
7 U6773 Sm 58 -17.22 -19.76 19.48 1.26 3.3 0.67 0.66 0.67 45 ...
8 N3917 Scd 79 -19.65 -21.97 18.66 2.57 3.0 1.72 1.65 2.83 135 135
9 N3949 Sbc 55 -20.07 -22.56 17.08 1.44 3.7 1.31 0.81 1.35 164 164

10 N3953 SBbc 62 -20.68 -23.96 17.22 3.20 4.4 2.63 2.03 3.00 223 223
11 U6894 Scd 83 -17.10 -18.66 20.35 1.26 3.1 0.56 0.66 0.67 63 ...
12 N3972 Sbc 77 -19.10 -21.64 17.90 1.62 3.0 1.29 1.24 1.67 134 ...
13 U6917 SBd 56 -18.49 -20.69 19.83 2.43 3.4 1.40 1.47 2.00 104 104
14 N3985 Sm 51 -18.35 -20.79 17.56 0.95 2.9 0.64 0.46 0.50 93 ...
15 U6923 Sdm 65 -17.86 -19.95 18.80 1.08 5.0 0.82 1.09 1.02 81 ...
16 N3992 SBbc 56 -20.75 -23.75 17.45 3.47 4.0 3.05 2.39 6.67 272 242
17 N4013 Sb 90 -19.93 -23.38 16.44 1.71 3.7 1.78 1.71 6.12 195 177
18 N4010 SBd 89 -19.01 -21.84 19.41 2.89 2.9 1.46 1.81 2.00 128 128
19 U6969 Sm 76 -17.02 -18.45 20.34 1.13 3.0 0.58 0.60 0.85 79 ...
20 U6983 SBcd 49 -18.44 -20.46 19.87 2.21 3.8 1.46 1.40 3.00 107 107
21 N4085 Sc 82 -19.29 -21.86 17.36 1.31 3.2 1.03 0.90 1.18 134 134
22 U7089 Sdm 80 -18.64 -19.95 20.53 2.57 3.5 1.22 1.58 1.75 79 ...
23 N4100 Sbc 73 -20.14 -23.00 17.11 2.12 2.9 2.01 1.53 4.35 195 164
24 U7094 Sdm 70 -17.16 -19.42 19.68 1.22 4.5 0.64 0.98 1.00 35 ...
25 N4102 SBab 56 -19.58 -23.12 16.78 1.49 7.6 1.33 0.87 0.83 178 178
26 N4138 Sa 53 -19.30 -22.79 16.48 1.17 5.3 1.10 0.75 3.55 195 147
27 N4157 Sb 82 -20.27 -23.54 16.77 2.16 3.9 2.30 2.07 5.67 201 185
28 N4183 Scd 82 -19.41 -21.30 19.47 2.66 3.2 1.55 1.86 4.02 115 109
29 N4218 Sm 53 -17.88 -20.15 17.06 0.54 3.2 0.53 0.34 0.33 73 ...
30 N4217 Sb 86 -20.22 -23.45 17.17 2.43 3.3 2.11 2.12 3.17 191 178

of the structural parameters of the dark matter haloes as
inferred from observed rotation curves of spiral galax-
ies. Both the isothermal sphere and the Hernquist pro-
files will be considered when decomposing the rotation
curves into the main dynamical constituents of a spiral
galaxy, i.e. a gaseous disk component, the stellar com-
ponent and the dark matter halo.

Here the observed rotation curves are analysed in
the framework of Newtonian gravity. It should be
noted, however, that the concept of modified Newto-
nian dynamics (Milgrom, 1983) is very succesful in re-
lating the shapes of observed rotation curves directly to
the luminous mass in galaxies (e.g. Sanders and Bege-
man 1994, Begemanet al1991).

For our study we selected a complete, volume lim-
ited sample of spiral galaxies in the nearby Ursa Major
Cluster (Tullyet al 1996: Chapter 2). These galaxies
cover a wide range of luminosities, morphologies and

surface brightnesses. For each galaxy we obtained op-
tical and near-infrared surface photometry to determine
the distribution of the stellar component and 21cm-line
line observations to derive the HI density distribution
and the rotation curve.

We briefly describe the sample and the observa-
tions in Section 2 and the shapes of the rotation curves
in Section 3. In Section 4 we describe the density pro-
files of the isothermal sphere and the Hernquist halo.
The performed decompositions are explained in Sec-
tion 5 and the results are presented in Section 6. In
Section 7 we investigate a possible kinematic signature
of the bimodality of surface brightnesses as described
in Chapter 3. In Section 8 we compare the shapes and
decompositions of the rotation curves of three galaxies
with the same luminosity but different surface bright-
ness distributions. Finally, Section 9 presents the con-
clusions.
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2 The sample

The galaxies we consider here are from the Ursa Ma-
jor cluster sample described in Chapter 2. Since all
these galaxies are nearly at the same distance, there
is little doubt about their relative luminosities, masses
and sizes. There are 49 galaxies intrinsically brighter
than the SMC and more inclined than 45 degrees of
which 30 systems show relatively unperturbed HI kine-
matics. The other 19 systems are HI poor S0s, are
involved in serious interactions or show global non-
circular motions. The optical and near-infrared pho-
tometry of these 30 spirals is presented in Chapter 2.
The HI synthesis observations from which the rotation
curves and the radial HI surface density profiles were
obtained are presented in Chapter 4.

Table 1 gives a summary of the global properties of
these galaxies.
Column(1) contains a number for references in subse-
quent figures.
Column(2) gives the NGC or UGC number.
Column(3) provides the morphological type and
Column(4) the inclination angle.
Columns(5-6) give the corrected total absolute magni-
tudes in theB andK0 passbands.
Column(7) contains the near-infrared face-on disk cen-
tral surface brightness and
Column(8) gives the disk scale length as derived from
theK0 luminosity profile.
Column(9) provides the compactness parameter which
is defined as C82�R80/R20, the ratio of the radii which
enclose 80% and 20% of the total light. For an expo-
nential disk C82 is independent of scale length but will
increase with increasing bulge-to-disk ratio.
Columns(10-12) provide the radius of the corrected
25th B-mag/002 isophote, the radius which encloses
80% of theI-band light and the radius of the last mea-
sured point on the rotation curve.
Column (13) gives the maximum rotational velocity
and
Column(14) provides the amplitude of the outer flat
part of the rotation curve which is occasionally lower
than Vmax. In some cases the HI disk is not extended
enough to reach the flat part of the rotation curve.

3 The shapes of rotation curves

The shapes and amplitudes of rotation curves of spiral
galaxies are directly related to the gravitational poten-
tial in the plane of the disk which arises from the com-
bined distribution of luminous and dark matter. If the
luminous mass embedded in the dark halo is of any dy-
namical importance, the shapes of rotation curves are
expected to differ among galaxies of the same luminos-
ity but with different luminosity profiles. The presence

of a dark matter halo will moderate these differences
and, if the dark matter halo is dynamically dominant,
the shapes of rotation curves will largely be indepen-
dent of the light distribution. In this section we will
investigate the shapes of the rotation curves as a func-
tion of the distribution of the luminous mass.

Results from the first measurements of galaxy ro-
tation curves have led to the generic picture that ro-
tation curves show a steep rise in the inner regions,
after which they turn over and remain flat to the last
measured point, often well beyond the radius of a de-
tectable stellar disk (van Albada and Sancisi 1986,
Casertano and van Albada, 1990). Clearly, such a
shape of the rotation curve deviates from what one
would expect given the exponential distributionof light
in a spiral galaxy (Freeman, 1970). Although the shape
of the rotation curve in the inner regions can be recon-
ciled with the distribution of luminous mass (Kalnajs
1983, Kent 1986), the extended flat part can only be
explained by introducing an additional dynamical com-
ponent, the dark matter halo. The radial density pro-
file of a dark matter halo seems to compensate for the
decreasing contribution of the luminous matter to the
gravitational potential beyond about 2 scale lengths in
such a way that the rotation curve remains nearly flat.
This effect is known as the ‘disk-halo conspiracy’ (van
Albada and Sancisi 1986).

This generic picture of the flat shapes of rotation
curves has been progressively refined since the mid-
seventies, using optical and HI rotation curves. Optical
rotation curves typically do not extend much beyond
two-thirds of R25 and map the kinematics in the inner
regions of galaxies only. The more extended HI rota-
tion curves are necessary to study the shapes of rota-
tion curves in the outer regions of spiral galaxies. In
this respect, optical and HI rotation curves should be
considered complementary to each other.

Using optical rotation curves of Sa-Sc spirals, Ru-
bin et al (1985) noted that the shape of the rotation
curves in the inner regions are not related to the mor-
phological type of a galaxy. The steepness of rotation
curves in the inner regions are more related to the lu-
minosity of a spiral than to its morphology. From this
they concluded that dark matter must be the dynami-
cally dominant component at all radii, even in the very
centers of spirals.

On the other hand, some rotation curves show de-
tailed features in the inner regions which can be re-
lated to corresponding features in the luminosity pro-
files (e.g. Kent, 1986). This notion gave support to
the maximum-disk hypothesis, which postulates that
the luminous matter is the dominant dynamical com-
ponent in the central regions of galaxies (van Albada
and Sancisi 1986). This hypothesis was put forward to
derive lower limits on the amounts of dark matter in
spirals.
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Figure 1: Compilation of rotation curves of all kinematically unperturbed spirals in the Ursa Major Cluster plotted
on the same linear scale (left panel) and scaled with the disk scale length (right panel). The insets show the
positions of the last measured points.

Casertano and Van Gorkom (1991) investigated the
shapes of the rotation curves in the outer regions of
galaxies using HI synthesis data. They found that ro-
tation curves are not always simply flat after they turn
over but can show a significant decline in their outer re-
gions, sometimes until their last measured point. Such
a decline occurs mainly in galaxies with short photo-
metric scale lengths and in the most massive systems.
In those galaxies, the luminous mass is concentrated to
such a degree that its contribution to the local poten-
tial dominates over that of the dark halo. In such cases
the disk-halo conspiracy apparently breaks down to a
certain extent.

Figure 1 shows the rotation curves of the 30 spiral
galaxies in the Ursa Major cluster with kinematically
unperturbed gas disks (see Chapters 4 and 5). In the
left panel the rotation curves are plotted on the same
linear scale. Since all galaxies are nearly at the same
distance, there is little doubt about the relative extent of
their rotation curves in terms of kiloparsec. In the right
hand panel the rotation curves are scaled with the scale
length of the exponential disk in theK0–band. The ro-
tation curve from a purely exponential disk reaches its
maximum rotational velocity at 2.2 disk scale lengths.
Note that several rotation curves are still rising at that
radius. This may indicate for instance that the gas com-
ponent or the dark matter halo are already dynamically
important at that radius or that the luminosity profiles
are shallower than exponential.

The positions of the last measured points of the ro-
tation curves in each panel are plotted separately in the
insets. They show that in general the rotation curves of
more massive galaxies can be measured at larger radii,

in terms of kiloparsec, than those in less massive sys-
tems. In terms of scale lengths this is less the case.
Therefore, care should be taken when comparing mass-
to-light ratios within a fixed number of scale lengths or
within the radius of the last measured point as a func-
tion of luminosity or Vmax since the inferred total mass
enclosed by a particular orbit depends on the radius of
that orbit in kiloparsec.

Figure 2 shows the rotation curves as a function
of global morphology. Although the few Sa galax-
ies in our sample have rotational velocities compara-
ble to those of the Sb systems, the well known cor-
relation between morphology and rotational velocity
is evident. The Sa systems reach their maximum ro-
tational velocity closer to the center than Sb galaxies
with similar asymptotic velocities. Furthermore, we
find a wide range of rotational velocities among the Sb-
Sc galaxies, varying between 80 and 250 km/s. Finally,
note that there are four Sb galaxies (NGC 4013, 4100,
4157 and 4217) with nearly identical rotation curves
which show a slight decline between 8 and 15 kpc.
These four spirals also have very similar luminosities
(-23.49<MK0<-22.98), exponential disk scale lengths
(1.7<rd(kpc)<2.4) and central disk surface brightnesses
(16.44<�i

0(K0)<17.17).
In general, the morphological classification of a

spiral is closely related to the overall distribution of
the light and can be quite subjective. If the shapes of
rotation curves in the central regions of galaxies are
related to the distribution of the luminous matter, one
would expect to see differences between galaxies with
a purely exponential disk and galaxies with a more cen-
trally concentrated distribution of light, regardless of
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their morphology.
In Figure 3, the rotation curves are plotted ac-

cording to a more quantified assessment of the distri-
bution of the stellar light. In the left six panels the
rotation curves are plotted in kiloparsec, and in the
right six panels they are scaled with the disk scale
length. The upper panels make a distinction between
high surface brightness (HSB) and low surface bright-
ness (LSB) galaxies. The distinction between HSB
and LSB galaxies is made in the spirit of Chapter 3.
In case the face-on (extrapolated) central disk surface
brightness in theK0–band�i

0(K0) is fainter than 18.5
mag/arcsec2, a galaxy is considered to be LSB and if
�i

0(K0)<18.5 mag/arcsec2 it is HSB. The maximum
observed rotational velocities of LSB galaxies in
our sample do not exceed�150 km/s. The most
massive, barely LSB system is NGC 3917 with
�i

0(K0)=18.66 mag/arcsec2 and Vmax = 135 km/s. The
faintest HSB system is NGC 4218, but the rotation
curve of this blue compact dwarf is only marginally
resolved and is apparently still rising at the last mea-
sured point. We do not find declining rotation curves
in our LSB galaxies.

In the lower panels of Figure 3, the rotation curves
are grouped according to the disk scale length rd and
the compactness C82�R80/R20 of the luminous matter.
Note that the compactness parameter is related to the
relative importance of a bulge component or any cen-
tral concentration of the light. For a purely exponen-
tial disk C82=3.63 and is independent of scale length.
The limits on C82 and rd were chosen empirically in
such a way that the rotation curves are distributed more
or less evenly over the four panels. Declining rota-
tion curves are mainly found in galaxies with a more
compact (C82>3.2) distribution of the light. The three
Sa-Sab galaxies in our sample are compact and have
small scale lengths. They can be found in the upper left
of each block of four adjacent panels. There does not
seem to be a significant correlation between the shape
of the rotation curve and the scale length of the disk.

Casertano and Van Gorkom (1991), however,
noted that the shapes of rotation curves do depend
on the scale length rd of the exponential disk and
the maximum rotational velocity Vmax of a galaxy.
Figure 4 shows our rotation curves in a Vmax–rd plot
in which the curves are plotted in a similar fashion as
those by Casertano and Van Gorkom. The origin of
each rotation curve indicates the scale length of the
exponential disk in kpc and the maximum rotational
velocity. Each rotation curve is scaled individually
both in radius and in amplitude. In the radial direction
each curve is scaled by 20rd so, in terms of scale
lengths, each rotation curve extends twenty times
further from the origin than the scale of the abscissa
suggests. The horizontal bar at each origin indicates
1 scale length. The rotation curves are also scaled in
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Figure 2: The shapes of the rotation curves as a func-
tion of morphological type.

amplitude and the vertical bar at the origin indicates
20 km/s. The labels refer to the entry numbers in
Table 1. Our rotation curves populate only a limited
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Figure 3: The shapes of the rotation curves as a function of the distribution of the luminous mass, plotted in
kiloparsecs and in disk scale lengths. The upper panels make a distinction between high and low surface brightness
galaxies. The lower panels make a distinction between galaxies with small and large scale lengths (rd<2 kpc<rd)
and with or without a central concentration (C82<3.2<C82 with C82�R80/R20).

area of the Vmax–rd parameter space covered by Caser-
tano and Van Gorkom and therefore, the correlation
between the shapes of our rotation curves and the
values of Vmax and rd are only marginal. Casertano
and Van Gorkom noted that declining rotation curves
are mainly found in the upper left part of the diagram
while rising rotation curves are found among the dwarf
galaxies in the lower part of the figure. They devised 4
classes of galaxies:

Large bright : Vmax>180 km/s, rd>3.5 kpc.
Compact bright : Vmax>180 km/s, rd<3.5 kpc.
Intermediate : 100<Vmax<180 km/s.
Dwarf : Vmax<100 km/s.

Note that they use the word ‘compact’ for galax-
ies with short scale lengths. Their concept of com-
pactness is unrelated to our compactness parame-
ter C82. In Figure 5, our rotation curves are dis-
played in the panels that correspond to each of
the classes which are identified in Figure 4. All
galaxies with a declining rotation curve in our sam-
ple belong to the class of compact bright sys-
tems. Note that our sample of unperturbed rotation

curves lacks large bright spiral galaxies. Due to this
lack of large bright systems, we can not confirm nor
falsify the claim by Casertano and Van Gorkom that
bright galaxies with declining rotation curves have
small scale lengths while bright galaxies with large
scale lengths have flat rotation curves. The one galaxy
in our sample which just falls outside the class of large
bright systems is NGC 3992 and this galaxy does have
a declining rotation curve. The largest galaxy in the
Ursa Major cluster, NGC 3718, would have been clas-
sified as a large bright system but this galaxy is severly
perturbed and its rotation curve is ill defined. Nearly all
the dwarf galaxies in our sample have rotation curves
which are still rising at the last measured point while
the rotation curves of the intermediate galaxies do
show the generic flattened shape. In this respect, our
sample of rotation curves does follow the trend out-
lined by Cassertano and Van Gorkom. The dependency
of the rotation curve shape with scale length among
the bright systems, which we can not address with our
data, was discussed by Broeils (1992) with a sample
of 23 spirals. He finds that most of the 8 large bright
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Figure 4: Compilation of rotation curves following Casertano and Van Gorkom (1991). The origin of each curve
corresponds to the scale length of the stellar disk and the maximum rotational velocity in the rotation curve. To
avoid confusion, all rotation curves are scaled in radius and velocity.

spirals in his sample do show declining rotation curves,
contradicting the claim by Casertano and Van Gorkom.

the ‘universal’ rotation curve

From numerical simulations of the formation of
dark matter haloes the concept of a universal rota-
tion curve (URC) has emerged (Navarroet al 1997)
and it has become of prime interest to relate the ob-
served shapes of rotation curves to the results from
these simulations (e.g. Persicet al, 1996, Hernandez
and Gilmore, 1997). It is claimed by Persic and Salucci
(1991) that theobservedrotation curves of galaxies
also follow a universal shape, solely as a function of
luminosity. Persicet al (1996) established this uni-
versal shape by averaging observed rotation curves in
eleven luminosity bins using a sample of 714 optical
rotation curves from Mathewsonet al (1992) supple-
mented by 33 HI rotation curves. They provide the fol-
lowing functional form:

VURC(x) =

V(Ropt)

�
(0:72+ 0:44log�)

1:97x1:22

(x2 + 0:782)1:43 +

1:6e−0:4� x2

x2 + 2:25�0:4

� 1
2

where�=L/L�with log(L�/L�)=10.4 in theB-band and
x=R/Ropt with Ropt the radius which encloses 83% of
the light. For an exponential disk with scale length rd,
Ropt = 3.2rd. V(Ropt) is the rotational velocity at the
radius Ropt given by

V(Ropt) =
200�0:41�

0:80+ 0:49log�+ 0:75e−0:4�

0:47+2:25�0:4

� 1
2
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Figure 5: The shapes of the rotation curves as classified
according to Casertano and Van Gorkom (1991).

With this prescription, the shape of the rotation
curve does not depend on the actual distribution of the
light within the dark matter halo. However, the value
of Ropt is relatively smaller for galaxies with a bulge
component than for galaxies without a bulge. Conse-
quently, an observed rotation curve which is scaled by
Ropt will become shallower if a bulge component is
present, and hence will more resemble a rotation curve
of a bulge-less galaxy of the same luminosity.

The optical rotation curves used by Persicet al
were derived for Sb-Sd galaxies and because Sa galax-
ies in general do not show extended HI disks, Persic
et al make a disclaimer about the validity of the URC
for early type spirals with a considerable bulge compo-
nent. Below, we will consider our observed HI rotation
curves of spirals in the Ursa Major Cluster and investi-
gate whether their shapes follow this universal rotation
curve.

In Figure 6 we split our sample into 4 luminosity
bins to avoid too much confusion. In the left column
the rotation curves are plotted on the same linear scale
in each panel, in the middle column they are scaled
with R80 and in the right column they are radially
scaled with the scale length of the exponential disk.
For galaxies with a considerable bulge component, R80
may be relatively much smaller than 3.2rd compared
to galaxies without a bulge. In the middle and right
columns the URC is plotted for various luminosities.
We make the approximation that Ropt�R83�R80 since
we did not measure Ropt for our galaxies. The URCs
in the right column are plotted under the assumption of
purely exponential disks for which Ropt=3.2rd. Consis-
tent comparisons between our rotation curves and the
URC should be made in the panels of the middle col-
umn. At first glance, our observed rotation curves fol-
low the URC pretty well especially in the inner parts.
However, in nearly every luminosity bin we can iden-

tify rotation curves that rise too steeply in the inner re-
gions or which show a declining rotation curve incon-
sistent with the URC for that luminosity class.

These deviating galaxies are grouped together in
a single panel in Figure 7. In the upper panels, the
rotation curves which more or less follow the URC
are plotted and in the lower panels we have plotted
the ten rotation curves which clearly deviate from the
‘universal’ shape. Some rotation curves deviate signif-
icantly from the shape described by the URC. Among
the fainter galaxies we find rotation curves that rise
steeper than the URC, while several galaxies with ro-
tational velocities between 150 and 200 km/s show a
decline in their outer regions, not accommodated by
the URC prescription. The galaxies in which these
deviating curves were measured are N3729, N4013,
N4100, N4102, N4138, N4157, N4183, N4217, U6446
and U6983. The median value of the scale length for
these 10 galaxies is similar to that of the entire sample
(1.9 vs 2.0) while the median value of C82 is slightly
larger than that of all 30 galaxies (3.8 vs 3.2).

Note that the URC found by Navarroet al is re-
lated to the dark matter halo. The observationally es-
tablished URC comprises contributions from all dy-
namically important constituents of a spiral galaxy, not
just the halo. Therefore, an elaborate transformation
scheme is worked out by Persicet al to allow a proper
comparison between the observational and numerical
URC.

4 Mass models for dark haloes

Although the shape of rotation curves in the inner re-
gions of galaxies can largely be explained by the dis-
tribution of the luminous mass, the constant rotational
velocity in the extended outer parts cannot. Assum-
ing Newtonian gravity from the luminous mass, rota-
tion curves are expected to drop in the outer regions.
However, the observational fact that they remain more
or less flat can only be understood by introducing an
additional, unseen component, the dark matter. It is a
priori unclear what the 3-dimensional density distribu-
tion of this matter is. Although much research is aimed
at improving our understanding of the 3-dimensional
geometry using a variety of methods (e.g. using e.g.
the thickness of the HI disk; Olling 1996, Sicking
1997; non-circular motions; Franx and de Zeeuw 1992;
anisotropic velocity dispersions of satellite galaxies;
Zaritsky et al 1997) there is still no convincing solid
result which unambiguously excludes a simple spheri-
cal distribution. Therefore, the most simple geometry,
a sphere, is adopted here. Because the observed rota-
tion curves are nearly flat in the outer parts, the density
within this spherical distribution should decrease with
radius like 1/r2 in the region where the rotation curves
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Figure 6: A comparison between the shapes of rotation curves and the universal rotation curve as proposed by
Persicet al (1996). To avoid too much confusion the rotation curves are plotted in four luminosity bins. In the left
column the rotation curves are plotted in kiloparsec. In the middle column the rotation curves are scaled radially
with R80 which is effectively the scaling factor applied by Persicet al. In the right column, the rotation curves
are scaled radially by the disk scale length. The dashed/dotted cuves indicate the shape of the ‘universal rotation
curve’ which is roughly defined until 2R80. For the URCs plotted in the right column it is assumed that R80=3.2rd.
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Figure 7: A comparison between the observed shapes of rotation curves and the ‘universal’ rotation curve. The
observed rotation curves in the upper panels are in reasonable agreement with the URC shape. The lower panels,
however, show that some rotation curves deviate significantly from the URC shape.

are observed. Here we will consider the isothermal
sphere with a core of constant density and the Hern-
quist model for the radial density profiles.

a) The isothermal sphere

The radial density profile of an isothermal sphere
with a core of radiusRc and a constant central density
�0 is given by

�(R) = �0

"
1+
�

R
Rc

�2
#−1

This spherically symmetric radial density profile gives
rise to a halo rotation curve of the form

V2
halo(R) = 4�G�0R

2
c

�
1−

Rc

R
arctan

�
R
Rc

��

with an asymptotic maximum velocity of

V1 =
q

4�G�0R2
c

In the context of the disk-halo conspiracy, the value of
V1 is equivalent to the amplitude of the flat part of the
rotation curve. Most of the observed declining rotation
curves reach a flat part in their outer regions. (So far, no
rotation curves have been observed which unambigu-
ously and significantly turn up after they remained flat
over an extended radial interval.) Note that the slope
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of this halo rotation curve at the center is related to the
central core density and the ratio of the asymptotic ve-
locity and the core radius like

�
@Vhalo

@R

�
R=0

= 1:15
p
�G�0 = 0:577

V1
Rc

The total mass of the isothermal sphere halo does not
converge when integrating the density profile to infin-
ity. The effect of an adiabatic compression of the dark
matter due to the baryons in the center can be partly
accommodated by a smaller value of the core radius.

b) The Hernquist profile

An often used alternative to the isothermal
sphere model is a density profile introduced by Hern-
quist (1990) to allow for an analytic treatment of the
density profiles in bulges and ellipticals. This Hern-
quist model is described by

�(R) =
M0

2�R2
0

1

R
�

1+ R
R0

�3

=
�0

R
�

1+ R
R0

�3

whereM0 is the total mass of the halo andR0 an effec-
tive truncation radius.�0 can be considered as a global
surface density of the dark matter halo. The mass en-
closed by a circular orbit of radiusR is given by

M(R) = M0

�
R

R+ R0

�2

= 2��0R
2
0

�
R

R+ R0

�2

which gives rise to a rotation curve of the form

Vhalo(R) =

p
GM0R

R+ R0

which reaches its maximum atR= R0 of

Vmax
halo = 1039

r
M0

R0
(km/s)

whereM0 is in 1012M� andR0 is in kpc.
The shape of this halo rotation curve is nearly iden-

tical to the shape found by Navarroet alover the radial
range where galactic rotation curves can be measured.
Differences can only be expected in the very inner re-
gions where the luminous matter in general dominates
and near the outer truncation radiusR0 where rotation
curves have not been measured so far.

5 The decompositions

From the 30 unperturbed rotation curves (Table 1) the
22 curves with at least five measured points were mod-
elled by a 3-component fit:

V2
mod(r) = V2

disk(r)+V2
gas(r)+V2

halo(r)

whereVdisk is the rotational velocity induced by the po-
tential of the stellar disk,Vgas the velocity induced by
the potential of the gas andVhalo is the rotational ve-
locity of the dark matter halo as given in the previous
section.

The gravitational potential induced by the stellar
component is derived directly from the observed lumi-
nosity profiles. No attempt was made to decompose
these luminosity profiles into a disk and a bulge com-
ponent in cases where the luminosity profile shows an
upturn near the center. The angular resolution with
which the rotation curves were observed does not allow
one to make a clear distinction between the quadratic
sum of a bulge and a disk rotation curve and a single ro-
tation curve arising from a disk with an enhanced cen-
tral density. When constructing the potential from the
(possibly non-)exponential disk, we assume that all the
stars are located in a disk with a vertical sech2 distribu-
tion of scale height z0=0.2rd (van der Kruit and Searle,
1981) where rd is the exponential disk scale length fit-
ted to the quasi linear part of the luminosity profiles.
The shape ofVdisk(r) is calculated from the K0-band
luminosity profiles, presented in Chapter 1, using the
prescription by Casertano (1983) and Begeman (1987).
Since the I-band profiles could be measured to larger
radii and galaxies are nearly transparent in their outer
regions, the K0-band profiles were extended with the
up-scaled I-band profiles. The amplitude ofVdisk(r)
scales with the mass of the stellar disk like

p
Mdisk.

The massMdisk is calculated from the total absolute K0

magnitude MK0 and the stellar K0-band mass-to-light
ratioM⁄ LK0 according to

Mdisk= (M⁄ LK0)�10−0:4(MK0−3:41) (M�)

where 3.41 is the adopted solar absolute K0 magnitude
(Allen, 1973). It is assumed that (M⁄ LK0 ) does not
change with radius. A purely exponential disk with
face-on central surface brightness�i

0(K0) mag/arcsec2,
scalelength rd (arcsec) and stellar mass-to-light ratio
M⁄ LK0 reaches, at 2.1rd, its maximum rotational veloc-
ity in km/s of

Vmax
disk = 8:60�104

q
(M⁄ LK0 ) 10−0:4�i

0(K0) rd(K0)

The rotation curve of the gaseous component is cal-
culated from the radial HI surface density profile, mul-
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tiplied by 1.32 to account for the mass fraction of he-
lium. It is assumed that the gas resides in an infinitely
thin disk. The mass of the gas disk is fixed given the
integrated HI flux by

Mgas= 1:32�2:36�105D2
Z

Svdv (M�)

whereD is the distance in Mpc and
R

Svdv the inte-
grated HI flux in Jy km/s. We adopt a common distance
of D=15.5 Mpc for all galaxies in our cluster sample.

When fitting the models described above to the ob-
served rotation curves, there are three model parame-
ters to be determined. These are the mass-to-light ratio
of the stellar disk, the core radius Rc and the asymptotic
rotational velocityV1 for the isothermal sphere model,
or alternatively the halo massM0 and radiusR0 for the
Hernquist model. A�2–minimalization analysis using
all three parameters shows a very broad and noisy min-
imum. For instance, most observed rotation curves can
be well fitted by a halo rotation curve alone. There-
fore, we reduced the number of free parameters in our
fits by fixing the mass-to-light ratio of the stellar disk
while fitting the two halo parameters. In fact, the in-
ferred structure of the dark matter halo derived from its
fitted parameters depends strongly on the assumed stel-
lar mass-to-light ratio. When comparing the structural
parameters of dark matter haloes of different galaxies it
should be noted that galaxy-to-galaxy variations in the
mass-to-light ratio of the stellar populations may create
or destroy spurious trends. To minimize this potential
problem we considered the stellar mass-to-light ratios
in theK0–passband which depend less on the properties
of the stellar populations (like its age and metallicity)
than the mass-to-light ratios in the optical passbands.

The observed rotation curves were decomposed in
four different ways with various assumptions about the
K0 stellar mass-to-light ratio. The decompositions are
presented graphically in the appendix. For each galaxy
eight panels are plotted. The four left hand panels (�1)
show the decompositions with an isothermal sphere.
The four right hand panels (�2) present the decompo-
sitions with a Hernquist halo. Panels a� show the re-
sults for a maximum-disk fit. Panels b� present the de-
compositions assuming that the luminous mass in the
HSB galaxies provides 63% of the maximum observed
rotational velocity (Bottema, 1993). The correspond-
ing mass-to-light ratios of the HSB galaxies were av-
eraged and the value thus obtained was used for the
LSB galaxies. The decompositions shown in panels c�
were made by assuming that all galaxies have the same
near-infrared mass-to-light ratio of 0.6. Finally, in pan-
els d�, the M/L was fitted assuming that the disk-halo
conspiracy holds until the halo rotation curve reaches
its maximum velocity. For the isothermal sphere it was
therefore assumed that V1=Vflat and for the Hernquist
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Figure 8: Distribution of stellarK0 mass-to-light ratios
assuming that the stellar disk contributes 63% to the
observed maximum rotational velocity.

halo it was assumed that Vmax=0.5
p

GM0⁄ R0=Vflat
which fixes the ratio between M0 and R0. In the fol-
lowing subsections, each method will be addressed in
somewhat more detail.

5.1 Maximum-disk fits

Maximum-disk fits were made by assuming a maxi-
mum contribution of the luminous matter to the gravi-
tational potential. This provides a lower limit on the
amount of dark matter inside the observed baryonic
part of the galaxy. For each galaxy the stellar mass-
to-light ratio was maximized in such a way that the ro-
tational velocities induced by the luminous mass were
as high as possible without exceeding the observed ro-
tational velocities. As a result, the rising rotation curve
of the dark matter halo in the inner regions is flattened
and ‘pushed outward’.

For the isothermal halo, this results in large core
radii and a halo rotation curve which is often still ris-
ing just beyond the last measured point. The latter as-
pect suggests that in those cases the observed apparent
disk-halo conspiracy would break down if the HI disk
would have been slightly more extended. No rotation
curves have been observed that show a sudden upturn
at their last measured points. Therefore, an additional
soft constraint on the maximum mass-to-light ratio was
invoked by demanding that the fitted V1 of the isother-
mal sphere does not deviate by more than 10% from
the amplitude of the flat part of the observed rotation
curve.
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5.2 ‘Bottema-disk’ fits

One of the few more direct ways to measure the mass-
to-light ratio is via stellar velocity dispersions in spi-
ral galaxies with a self-gravitating stellar disk. From
these kind of observations, Bottema (1993) concluded
that the maximum rotational velocity induced by the
stellar disk contributes on average about 63% to the
observed maximum rotational velocity. In this spirit,
we adjusted the stellar mass-to-light ratios in our HSB
galaxies such that the corresponding Vmax

disk is 63% of
Vmax

obs. Figure 8 shows the distribution of the M/L ratios
found in this way. Excluding the two extreme cases
(N3972 and N3992), we find for nine galaxies an av-
erage value of (M�⁄ LK0)=0.46 with a scatter of 19%.
Assuming that the near-infrared mass-to-light ratios in
LSB galaxies are similar to those in HSB systems, we
adopted this representative value when decomposing
the rotation curves of the low surface brightness galax-
ies.

5.3 Equal (M�/LK0) fits

We also derived the structural properties of the haloes
by assuming that the different stellar populations
have the same near-infrared (M�/LK0) in all galaxies.
This approach might not be too ridiculous since the
(M�/LK0) of a stellar population is less affected by age,
metallicity and star formation history than the mass-to-
light ratios in the optical passbands. We chose a value
of (M�⁄ LK0)=0.60 for all galaxies, which is a compro-
mise between the median value of 0.78 given by the
maximum-disk fits of the HSB galaxies and the min-
imum maximum-disk value of 0.30 (N4085). Conse-
quently, the adopted value of 0.60 could result in unre-
alistic run-away halos with values for V1 that are too
large. The actual datapoints, however, are not seriously
exceeded. In the case of N3992, the support by the lu-
minous matter is much too small with (M�⁄ LK0 )=0.60
and the halo required to explain the observed rotation
curve would have a core radius of 10 pc and a central
density of 15�103 M�pc−3 which seems quite unreal-
istic. For the two galaxies in which the soft constraint
on V1 for the maximum-disk fits gets violated, the fits
still seemacceptable although the value of V1 for the
halo of N4085 is a bit high.

5.4 ‘Constrained-halo’ fits

So far, we have been fitting the two structural parame-
ters of the halo (i.e. (Rc,V1) for the isothermal sphere
and (R0,M0) for the Hernquist halo) while keeping the
(M�/LK0) fixed at educated-guess values. Finally, we
also attempted to derive (M�/LK0) values by making fits
to the rotation curves while keeping one of the struc-
tural parameters of the halo fixed.
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Figure 9: Distributions of the ratios of�2 from the
fits using a Hernquist profile and an isothermal sphere
model. In both cases, the same number of parameters
were fitted. Distributions are shown for the various
fitting methods. The solid histogram corresponds to
the HSB galaxies and the open histogram to the LSB
galaxies. In general, the isothermal sphere model gives
relatively smaller�2 values than the Hernquist model,
i.e. (�2

Hernquist/�
2
isothermal)>1.

Searching for a constraint on one of the halo struc-
tural parameters, the phenomenology of the disk-halo
conspiracy in the outer parts of rotation curves gives a
useful clue. We make the assumption that this disk-
halo conspiracy also holds at large radii where the
amplitude of the rotation curve is completely deter-
mined by the dark matter halo. Consequently, the max-
imum rotational velocity induced by the dark matter
halo should be equal to the amplitude of the observed
flat part of a rotation curve. For an isothermal sphere
this implies that V1=Vflat and for an Hernquist halo it
means thatVmax

halo=0:5
p

GM0⁄ R0=Vflat or

M0 [1010M�] = R0 [kpc]

�
Vflat[km/s]

103:9

�2

With this relation we can express the shape of the ro-
tation curve of the Hernquist halo in terms of R0 and
Vflat and decompose the observed rotation curves by
fitting (M�/LK0) and R0 while keeping Vflat fixed at its
observed value.

It turns out that the (M�/LK0) values found in these
constrained-halo fits are quite similar to the maximum-
disk values, both for the isothermal sphere and the
Hernquist halo. This result is not entirely obvious since
unconstraining the stellar M/L ratio gives the fitting al-
gorithm much freedom within the broad and noisy�2-
minimum to make a trade-off between the halo core
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Figure 10: Trends in stellarB andK0 mass-to-light ratios as a function of color and morphology. An isothermal
sphere was used to obtain the results in the left two blocks and a Hernquist profile was used to obtain the results in
the right two blocks. Mass-to-light ratios in the upper two panels of each block were obtained from maximum-disk
fits and mass-to-light ratios in the lower two panels of each block were obtained from constrained-halo fits. Filled
symbols: HSB galaxies. Open symbols: LSB galaxies.
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radius and the mass-to-light ratio. Apparently, the ob-
served shapes of the rotation curves in the inner regions
are such that a maximum-disk situation is preferred in-
stead of a maximum-halo solution with a small core
radius.

No converging solution could be found for U6923
in case of the Hernquist halo. This galaxy has the least
number of observed points (6) along its rotation curve.

6 Results from the decompositions

In this section we will discuss the results obtained from
the various decompositions. Mass-to-light ratios and
the structural parameters of the haloes are collected in
Tables 2a and 2b in the appendix which also contains
graphical representations of the decompositions.

To evaluate whether the Hernquist profiles give bet-
ter fits to the observed rotation curves than the isother-
mal sphere models, we calculated�2

red for each fit. For
both halo models, the same number of parameters were
fitted to the same data points. If both models gave
equally good or bad fits, we would expect compara-
ble values for the two�2

red and their ratio should be
close to unity. This ratio does not tell us whether a
particular pair of fits is intrinsically good or bad but it
gives a clue about their relative successes. The distri-
bution of these ratios is plotted in Figure 9 for each of
the four decomposition methods. The filled histograms
show the distributions for the HSB galaxies and the
open histograms those of the LSB galaxies. We see
that, in a statistical sense, the Hernquist models give
larger values of�2

red than the isothermal sphere models.
Of course, more sophisticated statistical tests should be
applied but these will be postponed until later. For the
moment, Figure 9 gives a first hint that the isothermal
sphere models give tighter fits to the observed rotation
curves than the Hernquist models.

6.1 Mass-to-light ratios

The stellar mass-to-light ratios were allowed to vary
from galaxy-to-galaxy for the maximum-disk and the
constrained-halo fits. Therefore, these fits allow us to
investigate whether trends in the stellar mass-to-light
ratio are present as a function of color and morpho-
logical type for instance. Mass-to-light ratios could
also be investigated as a function of luminosity and ro-
tational velocity but all these properties are more or
less correlated along the Hubble-sequence. Figure 10
shows results for both the isothermal sphere model and
the Hernquist model. The filled symbols indicate HSB
galaxies and the open symbols correspond to LSB sys-
tems. The maximum-disk mass-to-light ratios are also
constrained by the shapes of the luminosity profiles in
the inner regions. Recall that the fits were made by

using theK0 luminosity profiles which were extended
with theI-band profiles in the outer regions. Figure 10
presentsK0-band mass-to-light ratios as well asB-band
(M/L) values. These latter ones were not obtained by
making separate fits with theB-band luminosity pro-
files but were calculated from the fittedK0 mass-to-
light ratios according to

�
M�

LB

�
=

�
M�

LK0

�
� 10−0:4(MK0−MK0;�)

10−0:4(MB−MB;�)

where MK0
;�=3.41 and MB;�=5.46 are the adopted ab-

solute magnitudes of the Sun.
The first thing to be appreciated from Figure 10

is that the results from maximum-disk fits and those
of the constrained-halo fits are quite consistent with
each other for both the isothermal sphere model and
the Hernquist model. Considering the constrained-halo
fits, it is obvious that, for an isothermal sphere, the core
radius and the mass-to-light ratio are strongly coupled:
larger values of M/L push the core radius further out-
ward. For the Hernquist model, such a correlation be-
tween M/L and the truncation radius R0 is less clear but
nevertheless present.

We find that theK0 mass-to-light ratios of the
HSB galaxies are independent of color and mor-
phological type, and above all, their values lie
typically between 0.4 and 1.0, a very reasonable
range. This observation gives strong support to the
maximum-disk hypothesis in high surface brightness
galaxies. Since theK0 (M/L)-values of the HSB galax-
ies are independent of color we find a significant corre-
lation of theB-band (M/L)-values as a function of color
given the conversion fromK0 to B-band mass-to-light
ratios as explained above. Furthermore, the mass-to-
light ratios of the HSB galaxies show a much smaller
scatter than those of the LSB galaxies. A detailed com-
parison with stellar population synthesis models seems
an obvious topic for future study.

6.2 Correlations between luminous mass
and halo parameters

In this section we investigate possible correlations be-
tween the structural parameters of the dark matter
haloes and their relation to the distribution of the lu-
minous matter. For the moment we will restrict our-
selves to the isothermal sphere model only and review
its structural parameters as derived from fits to the ob-
served rotation curves with equalK0 mass-to-light ratio
of (M�/LK0)=0.6 for all galaxies. In practice the val-
ues of the core radius Rc and the asymptotic maximum
velocity V1 were fitted without any constraints while
keeping (M�/LK0) fixed at the specified value. The cen-
tral halo density�0 was calculated from (Rc,V1) ac-
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Figure 11: Correlations between the structural param-
eters of the isothermal sphere and their relations to the
K0 luminosity. Equal (M�/LK0)=0.6 for all galaxies was
assumed.

cording to�0=V2
1/4�GR2

c and a velocity dispersion�
of the halo was calculated according to�=1

3V1.
The left hand panels of Figure 11 show the correla-

tions among the structural parameters plotted in a sim-
ilar fashion as Kormendy’s (1990) relations. The ap-
parently obvious anti-correlation between�0 and Rc is
partially an artifact since�0 follows from Rc and V1.
The line drawn in this panel indicates how�0 is af-
fected if Rc changes by a factor of 2. This can easily
occur for small changes in (M/L) close to a maximum-
disk situation; i.e., if M/L is lowered then the halo
draws in to smaller Rc to compensate. The line has the
same slope as the correlation. With the specified value
of (M/L)=0.6, the HSB galaxies are often close to this
maximum-disk situation while the LSB galaxies are far
below maximum-disk. For the LSB galaxies, therefore,
the correlation between Rc and�0 is genuine provided
that indeed (M/L)=0.6 for these systems, which results
in an almost irrelevant potential of the luminous com-
ponent. The fact that the LSB galaxies (open symbols)
are systematically offset from the HSB galaxies (filled
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Figure 12: Correlations between the structural param-
eters of the isothermal spere and the scale length and
central disk surface brightness. Equal (M�/LK0)=0.6
for all galaxies was assumed.

symbols) should not raise any concern since lines of
constant log(�) also have a slope of -2 and run paral-
lel to each other. Hence, the ‘offset’ between HSB and
LSB galaxies is simply related to their different rota-
tional velocities. Our data suggest a weak correlation
between velocity dispersion and core radius (middle
left panel) in the sense that more massive haloes have
larger core radii. In the lower left panel we find no re-
lation between velocity dispersion and central density.

The right hand panels show basically the same
trends between near-infrared luminosity and�0 or Rc
as found between� and�0 or Rc because MK0 and� are
correlated via the TF-relation. Its equivalent is plotted
in the lower right panel. We find no significant correla-
tion of MK0 with �0 and at most a marginal correlation
with Rc.

In Figure 12 we check for possible correlations be-
tween the halo parameters and the disk scale lengths
and central surface brightness. From the upper left
panel we conclude that there is no correlation between
central halo density and the disk scale length. The mid-
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dle left panel suggests that at a given disk scale length,
LSB galaxies have smaller core radii. The apparent
offset in the lower left panel is again related to the TF-
relation. There is no correlation between disk scale
lengths and rotational velocities. Correlations between
the central disk surface brightness and central halo den-
sities or core radii are at most marginal. The correla-
tion between velocity dispersion and surface brightness
represents again the TF-relation since surface bright-
ness is strongly correlated with luminosity in our sam-
ple.

We end this section by recalling that these results
were obtained from decompositions assuming equal
mass-to-light ratios for all galaxies. It should be noted
that maximum-disk decompositions may result in very
different scaling relations and may even show strong
artificial correlations. Nevertheless, under the assump-
tion of equal (M�/LK0)=0.6 for all galaxies, which leads
to a maximum-disk situation for most HSB systems,
there is no hint of the hierarchical clustering expecta-
tion that�0 is larger for low luminosity galaxies. How-
ever, we have probed only a limited range in mass.

6.3 Dark to luminous mass fractions

We calculated the total amounts of dark matter within
the last measured points of the rotation curves Mlmp

dark
according to

Mlmp
dark = 4��0R

2
c

�
Rlmp− Rcatan

�
Rlmp

Rc

��

for the isothermal halo and according to

Mlmp
dark = M0

�
Rlmp

Rlmp + R0

�2

for the Hernquist halo. The dark matter masses cal-
culated in this way are of course model dependent. It
should be noted that the fraction of luminous to dark
mass does depend on the radius at which the last point
on the rotation curve was measured. In general, nearly
all of the light is enclosed within this radius so the stel-
lar mass Mstars will not increase significantly when go-
ing to larger radii. Of course, Mstars does depend on
the adopted value of the stellar (M/L). For a flat rota-
tion curve, however, Mdark will still increase with ra-
dius. For an isothermal sphere, Mdark/Mlum/R once R
is large enough to enclose all the luminous mass. Con-
sequently, mass fractions determined within the last
measured points have a limited meaning. This is fur-
ther stressed by the insets of Figure 1 which illustrate
that, for galaxies of similar luminosities, the radii of
the last measured points can easily differ by a factor
of five, both in terms of kiloparsec and in disk scale
lengths.

Nevertheless, let us consider the relative amounts
of mass represented by each of the three dynamical
constituents of a spiral galaxy. As mentioned above,
the amount of mass locked-up in the stars Mstars de-
pends of course on the adopted mass-to-light ratio. The
mass of the gaseous component Mgasis calculated from
the observed HI line flux, multiplied by 1.32 to correct
for the amount of helium. The mass of the dark matter
component Mdark is calculated from the fitted model as
explained above. We calculated the total mass of the
luminous matter as Mlum=Mstars+Mgas. Figures 13 and
14 show the various mass fractions as a function of the
amplitude of the flat part of the rotation curves. Given
the TF-relation, the abscissa can also be interpreted as
K0 luminosity. In Figure 13, Mstars and the halo param-
eters were obtained by assuming equal mass-to-light
ratios for all galaxies. In Figure 14, the relevant pa-
rameters were obtained from constrained-halo fits. The
filled symbols correspond to the HSB galaxies in our
sample and the open symbols relate to the LSB galax-
ies.

The upper panels show the Mgas/Mstars ratio which
depends on the adopted or fitted mass-to-light ratio.
Independent of fitting method and halo model we ob-
serve the well known trend that Mgas/Mstars increases
with decreasing mass or luminosity. A large fraction, if
not most, of the baryonic mass content of dwarf galax-
ies is in a gaseous form. The second row of panels
shows the Mgas/Mdark ratio which follows the same
trend with luminosity as the Mgas/Mstars ratio. In dwarf
galaxies the amount of mass in the form of gas may
be as much as 10-20% of the amount of mass in the
dark matter component. In the third row of panels we
plot the ratio of Mstars/Mdark and run into an unfor-
tunate situation. When considering the equal-(M/L)
fits we should conclude that the relative amount of
mass locked-up in the stars decreases with decreasing
luminosities, independent of the adopted halo model.
However, when considering the constrained-halo fits
one would reach exactly the opposite conclusion in
the case of an isothermal sphere model. When adopt-
ing the Hernquist density profile for the dark matter
halo, the constrained-halo fits seem to indicate that the
Mstars/Mdark ratio is nearly constant with luminosityal-
beit with a large scatter. Adding Mgas to Mstars and
plotting the Mlum/Mdark ratios in the lower panels cre-
ates an even more unfavorable situation. We are forced
to conclude that trends in the Mlum/Mdark ratios depend
on the fitting method.

It is very desirable to obtain independent and more
direct determinations of the mass-to-light ratios of stel-
lar populations in spiral galaxies, for instance via stel-
lar velocity dispersions.
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Figure 13: Mass ratios between the three dynamical
components of a spiral galaxy determined within the
last measured point on the rotation curve. The stellar
mass was calculated from the stellarK0 mass-to-light
ratio which was assumed to be equal for all galaxies.
The masses of the dark matter were calculated from
the models using the fitted structural parameters.

7 A kinematic bimodality?

In Chapter 3 we investigated the distributions of the
extrapolated central disk surface brightnesses in theB,
R, I andK0 passbands. It turned out that the face-on
K0 central surface brightness�i

0(K0) has a bimodal dis-
tribution. The stellar disks in spiral galaxies seem to
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Figure 14: Mass ratios between the three dynamical
components of a spiral galaxy determined within the
last measured point on the rotation curve. The stel-
lar mass was calculated from the stellarK0 mass-to-
light ratio which was obtained from the constrained-
halo fits. The masses of the dark matter were calculated
from the models using the fitted structural parameters.

avoid central surface brightnesses around�i
0 (K0)=18.5

mag. It was then anticipated that such a bimodal dis-
tribution may also have a kinematic signature. This
idea is based on the fact that the rotation curve of an
exponential disk peaks near 2.1rd and that for galax-
ies of the same luminosity, this peak velocity is pro-
portional to the surface brightness. The observation
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0

2

4

6

8

Figure 15: Distribution of ratios between the maxi-
mum rotational velocity Vmax

disk induced by the poten-
tial of the disk and the rotational velocity Vhalo(rmax)
of the isothermal dark matter halo at the radius rmax
where Vmax

disk occurs. When calculating Vmax
disk, equal

values of (M/LK0)=0.6 for all galaxies was assumed.
The filled histogram indicates the distribution for HSB
galaxies and the open histogram that for the LSB galax-
ies. N3992 is omitted because of the unacceptable fit
for (M/L)=0.6 .

that galaxies of the same luminosity but with differ-
ent surface brightnesses lie at the same position on the
TF-relation suggests that a bimodal distribution of sur-
face brightnesses translates into a bimodal distribution
in the Vmax

disk/V
max
obs ratio. It was argued that HSB galax-

ies have self-gravitating disks and LSB disks are dy-
namically dominated by the dark matter halo. In the
first case one would expect Vmax

disk to exceed the rota-
tional velocity of the halo Vhalo(rmax) at the radius rmax
where the disk rotation curve peaks. In the latter case
one would expect that the rotation curve of the dark
matter halo at rmax exceeds the peak rotational velocity
induced by the stellar disk.

We measured the Vmax
disk/Vhalo(rmax) ratios by as-

suming an equalK0 mass-to-light ratio of 0.6 and an
isothermal dark matter halo. Figure 15 shows the re-
sults. Although we are dealing here with less galaxies
than in Chapter 3, a certain bimodality seems evident
with a minimum very near to (Vmax

disk/Vhalo(rmax)) = 1. In
general, the Vmax

disk/Vhalo(rmax) ratio is larger than unity
for the HSB galaxies and lower than unity for LSB
galaxies. This indicates that the disk rotation curves
of HSB systems exceed the dark matter rotation curve
at the radius where Vdisk peaks, a condition indicative
of a self-gravitating disk. For LSB galaxies, the peak

1 2 3 4 5
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0.8
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Figure 16: Correlation between fitted mass-to-light ra-
tio and core radius for three galaxies of similar lumi-
nosity but with different distributions of the luminous
matter.

velocity of Vdisk reaches on average only half the ro-
tational velocity of Vhalo at the corresponding radius,
a condition indicative of a halo-dominated potential.
This result does not change if one considers a Hern-
quist halo instead of an isothermal sphere. It should be
noted, however, that the rotational velocity of the other
baryonic component, the gas disk, was neglected. In-
clusion of this component into Vdisk to obtain Vbaryon
would shft the distribution a bit further to the right.

8 Haloes of HSB and LSB galaxies

The question whether HSB and LSB galaxies of the
same luminosity are located in similar haloes has been
a subject of some debate in recent years (e.g. de Blok
and McGaugh 1996) and this issue is directly related
to understanding the process of galaxy formation. It
was shown in Chapter 5 and by Zwaanet al (1995) that
LSB galaxies follow the TF-relation defined by HSB
spirals which implies that the TF-relation is a corre-
lation between luminosity and the velocity dispersion
of the dark matter. By comparing the rotation curves
of the HSB/LSB-pair NGC2403/UGC128 de Blok and
McGaugh (199) concluded that the structural proper-
ties of the haloes around these two galaxies are differ-
ent. The LSB galaxy U128 is surrounded by a halo
with a lower central density and a larger core radius
than its HSB counterpart. In this section we intend to
investigate whether this result can be verified with our
observations.

In our sample of Ursa Major spirals with available
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(a) (M�/LK0 )=0.8 (b) (M�/LK0 )=0.6 (c) (M�/LK0 )=0.7

Figure 17: Rotation curve decompositions for three galaxies of the same luminosity but with different central disk
surface brightnesses. Identical haloes with V1=149 km/s and Rc=3 kpc (long dashed lines) for all three galaxies
were assumed. Only minor differences in mass-to-light ratio allow for acceptable fits. The vertical arrows indicate
R25.

HI rotation curves, the overlap in luminosity between
HSB and LSB galaxies is limited. Fortunately, we
can identify three galaxies with nearly the same lumi-
nosities but with different distributions of the luminous
mass:

name MB MK0 �i
0(K0) rd C82

(mag) (mag) (mag/002) (kpc)
N3917 -19.65 -21.97 18.66 2.6 3.0
N3949 -20.07 -22.56 17.08 1.4 3.7
N4138 -19.70 -22.79 16.48 1.2 5.3

The central surface brightness of N3917 is quite high
for an LSB system and in fact this system lies very
close to theK0 surface brightness limit which we
adopted in Chapter 3 when defining the HSB and LSB
families of galaxies. The relative positions of these
three galaxies on the TF-relation is illustrated in Fig-
ure 7 of Chapter 5.

We examine now the structural properties of the
haloes that surround these three galaxies. We are espe-
cially interested in the central densities and core radii
of their haloes. We decomposed their rotation curves
by fitting the core radii and the stellar mass-to-light ra-
tios while keeping the maximum asymptotic velocity
of the assumed isothermal sphere halo fixed. The fixed
value of V1=149 km/s was taken as the average of the
observed amplitudes of the outer flat parts of the three
rotation curves (135, 164 and 147 km/s). Figure 16
shows the results from fitting the stellar mass-to-light
ratio and the halo core radius Rc for each of the three
galaxies. The three symbols indicate the results when
fitting M/L and Rc simultaneous as free parameters.
The solid lines indicate for each galaxy how the fit-
ted M/L values vary as a function of core radius when
keeping both V1=149 km/s and Rc fixed at the spec-
ified values. The dashed lines show how Rc varies as

a function of M/L when keeping both V1=149 km/s
and M/L specified. The symbols indicate the positions
of the minimum of�2 along each of the paired lines.
Figure 17 shows that if one adopts the same halo with
a core radius of 3 kpc for all three galaxies, accept-
able fits are obtained forK0 mass-to-light ratios of 0.8,
0.6 and 0.7 for N4138, N3949 and N3917 respectively.
This is only a small range.

In conclusion, the observed rotation curves of these
three galaxies of the same luminosity but with different
distributions of their stellar components are consistent
with the hypothesis that they are surrounded by identi-
cal haloes under the assumption that the stellar popu-
lations of these three galaxies have nearly the sameK0

mass-to-light ratio. In other words, they would have
the same halo and similar (M�/LK0) and be left free to
distribute their luminous mass.

9 Conclusions

In this chapter we analyzed the shapes of HI rotation
curves of 30 spiral galaxies located in the nearby Ursa
Major cluster. Since all the galaxies are nearly at the
same distance there is little doubt about their relative
luminosities, sizes and masses. The 22 rotation curves
with at least five measured points were decomposed
into the three dynamical constituents of a spiral galaxy:
the stellar, gas and halo component. We adopted alter-
natively an isothermal sphere and a Hernquist model
to describe the density profile of the dark matter halo.
Maximum-disk, equal-(M�/LK0) and constrained-halo
decompositions were performed. Our main conclu-
sions are the following:

� The shapes of rotation curves correlate with the
compactness of the stellar component in the

– 236 –



Chapter 6. Dark Matter in Spiral Galaxies

sense that for galaxies of the same luminosity, a
more compact distribution gives rise to a steeper
rotation curve. Occasionaly, when the maximum
rotational velocity exceeds�150 km/s, rotation
curves may be declining in the outer parts. Our
findings are in accordance with those of Caser-
tano and Van Gorkom (1991).

� We find that about one third of our observed ro-
tation curves do not have the ‘universal rotation
curve’ shape.

� In maximum-disk fits and constrained-halo fits
for HSB galaxies the derivedK0 mass-to-light
ratios are independent of color and morphologi-
cal type and display a relatively small scatter. In
the case of maximum-disk fits for LSB galaxies
we find that (M/L) requirements are systemat-
ically much higher than in the HSB cases and
there is a much larger scatter in the (M/L) val-
ues. The small scatter in the fits for the HSB
cases is evidence that the maximum disk hypoth-
esis is roughly justified for HSB systems. The
large (M/L) requirement and large scatter in the
fits for LSB cases is evidence that the maximum
disk hypothesis fails for LSB systems.

� The structural parameters of dark matter haloes
inferred from rotation curve decompositions de-
pend strongly on the adopted stellar mass-to-
light ratios. Equal (M�/LK0) ratios for all galax-
ies on the one hand and a maximum-disk decom-
position on the other hand lead to contradicting
results when considering the luminous-to-dark
mass ratios within the last measured points of the
rotation curves.

� Decomposition fits with a Hernquist density pro-
file for the dark matter halo give in general larger
values of�2 than fits with an isothermal sphere
density profile.

� There is a hint for a kinematic bimodality in
the sense that, under the assumption of equal
(M�/LK0)=0.6, the stellar disk rotation curves of
high surface brightness galaxies peak above the
rotation curves of the dark matter haloes near 2.2
scale lengths. In contrast, the rotational veloci-
ties of low surface brightness galaxies are domi-
nated by the halo potential at the radii where the
disk rotation curve reaches its maximum.

� Finally we have demonstrated for three galaxies
of the same luminosity but with different surface
brightnesses and compactness of the light distri-
bution that their observed rotation curves can be
decomposed using the same structural parame-
ters for an isothermal dark halo and only minor

differences in stellar mass-to-light ratios. For the
two HSB examples, the potential of the luminous
disk is dominant in the interior but for the LSB
example, the halo is dominant at all radii.
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Appendix: The decompositions

This appendix contains a compilation of all the de-
compositions, presented in eight adjacent panels for
each galaxy. The four left hand panels show the de-
compositions assuming an isothermal sphere model
for the dark matter halo while a Hernquist density
profile was assumed for the decompositions in the
four right hand panels. The short dashed lines rep-
resent the rotation curves of the stellar component,
the dotted lines show the contributionof the gaseous
component and the long dashed lines indicate the
rotational velocities induced by the potential of the
spherical dark matter halo. The upper thick line
shows the quadratic sum of the three components
and is supposed to represent the observed rotation
curve. The vertical arrows indicate Rb;i

25. The label
in the upper left corner of each panel refers to the
kind of fit that was made as explained in Section 5.
The results of the fits are summarized in Tables 2a
and 2b. The fits presented in panels N3992b1/c1,
N4013b1, N4138b1 and U6923d2 resulted in ex-
treme halo properties and should not be considered.

Tables 2a and 2b at the end of this appendix summa-
rize the various mass-to-light ratios and structural
parameters of the haloes.
Column(1) gives the NGC or UGC number.
Column(2) contains the stellar (M/L) ratio.
Column(3) gives the maximum rotational velocity
of the rotation curve induced by the stars with the
(M/L) ratio from the previous column.
Column(4) contains the maximum rotational veloc-
ity induced by the isothermal sphere.
Column(5) gives the halo core radius.
Column(6) provides the halo’s central density.
Column(7) contains the weighted scatter of the ob-
served point arround the fitted curve.
Columns(8-9) are similar to col.(2-3) except that
these values relate to a Hernquist halo.
Column(10) gives the Hernquist halo mass.
Column (11) gives the truncation radius of the
Hernquist halo.
Column(12) contains the global surface density cal-
culated from M0 and R0.
Column(13) gives the maximum rotational velocity
of the halo which occurs at the radius R0.
Column(14) is similar to column (7) except that in
this case a Hernquist model was fitted.
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Table 2a: Results from the rotation curve decompositions for an isothermal halo and a halo with a Hernquist density
profile. The results in the upper part of this table were obtained by adopting the maximum-disk hypothesis. The
lower part contains the results when assuming that the maximum rotational velocity of the HSB stellar disk is
63% of the observed maximum rotational velocity. Corresponding HSB-(M/L) values were averaged an uniformly
applied to the LSB systems.

Name Stellar disk Isothermal halo Stellar disk Hernquist halo
( M�

LK0
) Vdisk

max V1 Rc �0 �w ( M�

LK0
) Vdisk

max M0 R0 �0 Vhalo
max �w

(km/s) (km/s) (kpc) (M�pc-3) (km/s) (1012M�) (kpc) (M�pc-2) (km/s) (km/s)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

Maximum-disk fits
HSB galaxies

N3726 0.90 127 169 7.1 0.010 10.0 0.70 112 2.06 78 54 169 10.0
N3877 0.70 139 171 4.8 0.023 9.1 0.45 111 0.53 25 136 151 8.8
N3949 0.40 111 180 2.1 0.141 7.5 0.20 78 0.51 18 262 176 8.7
N3953 0.95 205 228 10.1 0.009 4.1 0.85 193 2.10 67 75 184 4.4
N3972 0.60 72 144 2.4 0.069 3.1 0.25 47 1.34 44 110 181 4.4
N3992 2.10 251 235 10.6 0.009 5.2 1.95 242 4.00 95 71 214 4.4
N4013 0.85 188 179 6.4 0.015 5.8 0.85 188 3.34 103 50 187 5.1
N4085 0.30 65 172 2.1 0.121 5.4 0.30 65 295.80 654 110 699 8.7
N4100 0.90 151 153 2.2 0.090 7.6 1.30 182 2.28 94 41 162 7.7
N4138 0.70 174 135 1.3 0.193 11.1 1.00 208 1.81 80 45 156 12.0
N4157 0.95 179 199 9.3 0.009 5.5 0.85 170 4.39 117 51 201 5.6
N4217 0.60 138 164 2.2 0.099 6.7 0.75 154 1.15 49 75 159 8.9

LSB galaxies
U6399 1.75 59 89 2.8 0.019 5.4 0.65 36 0.06 11 75 76 8.6
U6446 1.45 40 74 1.3 0.064 5.2 2.80 55 0.26 47 19 77 7.7
U6667 1.95 59 85 3.0 0.015 2.3 1.00 42 1.08 68 37 131 1.7
N3917 1.30 104 124 3.6 0.022 0.7 0.50 65 0.63 33 92 143 4.8
U6917 1.30 61 103 1.9 0.055 2.0 1.70 69 0.56 47 40 113 2.5
U6923 0.55 36 96 1.8 0.055 1.2 0.50 34 0.05 11 75 73 2.7
N4010 0.50 63 145 3.1 0.041 1.6 0.60 69 0.27 24 75 111 2.6
U6983 3.65 94 119 8.4 0.004 3.0 3.10 86 0.92 81 22 111 4.6
U7089 1.20 40 89 3.5 0.012 4.5 1.40 43 15.14 382 17 207 4.3
N4183 1.90 90 105 5.3 0.007 1.8 1.80 88 1.27 97 22 119 2.2

Bottema-disk fits
HSB galaxies

N3726 0.59 103 161 3.6 0.038 10.0 0.59 103 1.11 49 73 156 10.3
N3877 0.40 105 162 1.8 0.155 6.4 0.40 105 0.52 23 151 155 8.9
N3949 0.36 105 178 1.8 0.180 7.1 0.36 105 6.89 87 144 292 8.9
N3953 0.45 141 201 1.6 0.302 3.6 0.45 141 0.50 16 308 183 3.6
N3972 0.82 84 147 3.2 0.040 3.9 0.82 84 24.37 264 56 316 5.6
N3992 0.98 172 215 0.6 2.314 4.1 0.98 172 0.69 16 422 215 3.7
N4013 0.36 123 ... ... ... 6.5 0.36 123 0.35 15 265 161 8.9
N4085 0.52 85 184 3.3 0.059 7.0 0.52 85 107.82 464 80 501 10.0
N4100 0.59 122 165 1.5 0.212 10.4 0.59 122 0.28 14 244 150 8.6
N4138 0.35 123 ... ... ... 14.5 0.35 123 0.11 5 677 153 8.7
N4157 0.48 128 171 1.7 0.197 6.8 0.48 128 0.47 20 192 160 8.0
N4217 0.46 121 171 1.7 0.181 6.9 0.46 121 0.43 19 190 157 9.3

LSB galaxies
U6399 0.46 30 99 1.7 0.062 4.7 0.46 30 0.58 43 50 121 8.7
U6446 0.46 23 78 0.9 0.135 5.5 0.46 22 0.05 11 72 73 6.4
U6667 0.46 29 96 1.7 0.062 2.6 0.46 29 0.06 11 75 75 2.5
N3917 0.46 62 147 2.3 0.078 1.1 0.46 62 0.61 32 95 144 3.4
U6917 0.46 36 113 1.5 0.117 1.8 0.46 36 0.17 17 98 105 2.0
U6923 0.46 33 95 1.6 0.065 1.3 0.46 33 0.05 10 75 72 5.4
N4010 0.46 61 145 3.0 0.044 1.6 0.46 61 15.36 205 58 284 2.5
U6983 0.46 33 107 1.0 0.223 2.9 0.46 33 0.09 10 140 99 4.7
U7089 0.46 25 88 2.4 0.025 3.8 0.46 25 8.93 236 26 202 3.8
N4183 0.46 45 105 1.0 0.185 1.8 0.46 45 0.12 13 109 100 1.8
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Table 2b: Results from the rotation curve decompositions for an isothermal halo and a halo with a Hernquist
density profile. The results in the upper part of this table were obtained by assuming that all galaxies have the same
stellar mass-to-light ratio in theK0–band of 0.6 which is the maximum value allowed without severly violating the
maximum observed rotational velocity in any galaxy. Results in the lower part of this table were obtained by
contraining one of the halo parameters.

Name Stellar disk Isothermal halo Stellar disk Hernquist halo
( M�

LK0
) Vdisk

max V1 Rc �0 �w ( M�

LK0
) Vdisk

max M0 R0 �0 Vhalo
max �w

(km/s) (km/s) (kpc) (M�pc-3) (km/s) (1012M�) (kpc) (M�pc-2) (km/s) (km/s)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

Equal-(M�⁄ LK0 ) fits
HSB galaxies

N3726 0.60 104 161 3.6 0.037 10.0 0.60 104 1.15 51 71 156 10.3
N3877 0.60 129 139 2.0 0.088 6.6 0.60 129 0.61 33 91 142 8.4
N3949 0.60 136 169 3.0 0.059 10.4 0.60 136 364.39 869 77 673 12.1
N3953 0.60 163 189 2.1 0.149 3.5 0.60 163 0.61 22 199 173 3.6
N3972 0.60 72 144 2.4 0.069 3.1 0.60 72 47.28 330 69 393 4.8
N3992 0.60 134 ... ... ... 6.9 0.60 134 0.67 13 621 235 3.7
N4013 0.60 158 161 2.0 0.116 6.4 0.60 158 0.59 27 124 152 7.4
N4085 0.60 92 197 4.1 0.043 7.8 0.60 92 187.99 659 69 555 10.8
N4100 0.60 123 165 1.6 0.204 10.3 0.60 123 0.26 14 240 149 8.5
N4138 0.60 161 136 0.8 0.554 11.7 0.60 161 0.14 9 288 131 9.6
N4157 0.60 143 167 2.2 0.111 6.2 0.60 143 0.61 27 135 156 7.4
N4217 0.60 138 164 2.2 0.099 6.7 0.60 138 0.63 29 124 155 8.9

LSB galaxies
U6399 0.60 34 97 1.8 0.057 4.7 0.60 34 0.06 11 75 75 8.4
U6446 0.60 26 77 0.9 0.123 5.4 0.60 26 0.05 11 68 72 7.7
U6667 0.60 33 95 1.7 0.057 2.4 0.60 33 0.54 43 46 116 2.4
N3917 0.60 71 143 2.4 0.067 1.0 0.60 71 0.67 36 84 143 5.0
U6917 0.60 41 112 1.5 0.101 1.9 0.60 41 0.18 18 91 104 2.0
U6923 0.60 37 97 1.9 0.049 1.2 0.60 37 26.89 324 41 299 2.9
N4010 0.60 69 146 3.5 0.033 1.6 0.60 69 0.27 24 75 111 2.5
U6983 0.60 38 106 1.0 0.205 3.1 0.60 38 0.09 11 133 98 4.1
U7089 0.60 28 87 2.5 0.022 3.8 0.60 28 34.60 482 24 278 3.8
N4183 0.60 51 103 1.1 0.158 1.8 0.60 51 0.13 14 99 98 1.7

Constrained-halo fits
HSB galaxies

N3726 0.32 75 162 2.2 0.101 9.7 0.73 114 1.73 71 55 162 9.6
N3877 0.33 96 167 1.7 0.185 6.3 0.82 151 3.09 120 34 167 7.9
N3949 0.24 86 164 1.1 0.437 6.2 0.12 60 0.28 11 354 164 8.5
N3953 0.91 200 223 8.7 0.012 3.9 0.80 188 4.43 96 76 223 3.9
N3972 0.57 70 134 1.9 0.092 3.6 0.38 58 0.37 22 119 134 5.9
N3992 2.20 257 242 12.5 0.007 5.1 2.02 246 7.99 147 59 242 4.4
N4013 0.89 193 177 6.6 0.013 5.5 0.86 189 2.57 89 52 177 5.1
N4085 0.40 74 134 1.5 0.156 8.5 0.30 65 0.29 17 154 134 10.6
N4100 0.88 149 164 2.7 0.067 8.4 1.18 173 1.94 78 51 164 8.2
N4138 0.71 175 147 2.1 0.096 12.6 0.81 188 0.92 46 69 147 13.6
N4157 0.89 174 185 6.9 0.013 5.8 0.84 169 2.89 91 55 185 5.6
N4217 0.41 114 178 1.7 0.197 7.2 0.71 150 1.81 62 76 178 8.8

LSB galaxies
U6399 1.56 55 88 2.4 0.027 5.6 0.65 36 0.15 21 56 88 7.2
U6446 3.12 58 82 4.4 0.006 5.6 2.71 54 0.34 54 18 82 6.9
U6667 1.54 53 86 2.3 0.026 1.8 1.00 42 0.17 24 45 86 1.7
N3917 1.30 104 135 4.5 0.017 0.7 1.41 109 1.32 78 34 135 3.5
U6917 1.22 59 104 1.8 0.006 2.5 1.47 64 0.32 32 50 104 2.5
U6923 0.49 34 81 1.1 0.096 1.1 ... .. ... .. ... .. 3.2
N4010 0.79 80 128 3.3 0.028 1.6 0.58 69 0.56 37 65 128 2.5
U6983 3.49 92 107 6.4 0.005 3.9 3.00 85 0.74 69 24 107
U7089 1.38 43 79 3.0 0.012 4.5 1.03 37 0.21 36 25 79 4.3
N4183 2.10 95 109 7.0 0.005 2.0 1.79 88 0.84 76 23 109 3.0
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Chapter 7
Highlights,
Conclusions and Prospects

1 Unique sample

� A complete, volume limited sample of 62
equidistant spiral galaxies has been selected.
This sample provides an unbiased inventory of
the nearby field and forms a solid basis for the
study of the TF-relations and of dark matter in
spiral galaxies.

The Ursa Major Cluster of galaxies contains an excel-
lent collection of late type spiral systems suitable to
study the scatter in the Tully-Fisher (TF) relation and
the structural properties of the dark matter haloes. It
differs in nearly all respects from the classical clusters
like Virgo and Coma. The 79 identified members of the
Ursa Major Cluster, located at the same distance as the
Virgo Cluster, display a very low velocity dispersion of
�150 km/s and show no concentration toward any core.
The sample is overwhelmingly dominated by late type
systems and is representative for the galaxy population
in the field. Since the crossing time is comparable to
the Hubble time, only a few systems have been affected
by tidal interactions. In fact, the principal reason to
call this a cluster is the large number-density of galax-
ies in this region of the Local Supercluster, although
the ensemble probably does have negative energy. Es-
sentially all objects intrinsically brighter than the SMC
are identified and make up a complete volume limited
sample of 62 galaxies.

Another important advantage of this sample is the
availability of optical and near-infrared surface pho-
tometry for all galaxies in the complete sample. In
fact, all galaxies are photometrically imaged in theB,
R andI passbands. Furthermore, 21-cm line synthesis
observations have been obtained for all cluster mem-
bers with detectable amounts of neutral hydrogen gas.
From these HI data, rotation curves have been derived.

Such detailed photometric and kinematic information
on individual galaxies of a complete, volume limited
sample forms a solid basis for investigations of the sta-
tistical properties of the TF-relations and the structural
parameters of dark matter haloes. For both studies it
is of crucial importance that all galaxies in the sample
are at the same distance so that the relative luminosi-
ties, sizes and masses are accurately known.

2 Surface brightness bimodality

� In the near-infrared, stellar disks tend to avoid
a certain regime of face-on central surface
brightness around�i

0(K0)�18.5 mag/arcsec2.
This gap in the surface brightness distribution
is clearer when only the isolated systems are
considered.

The critical new aspect of this dataset is theK0 sur-
face photometry of a complete volume limited sample.
Even galaxies with the lowest optical surface bright-
nesses in our complete sample have been imaged in
theK0-band and this has showed an unexpected new re-
sult. The distribution ofK0 face-on disk central surface
brightnesses turned out to be bimodal. There seems
to be a regime of central surface brightnesses around
�i

0(K0)� 18.5 mag/arcsec2 which is avoided by galac-
tic stellar disks. This bimodality becomes even more
pronounced when galaxies with significant near neigh-
bors are excluded from the analysis. This has lead us
to identify two distinct families of galaxies in our sam-
ple, the High Surface Brightness (HSB) galaxies and
the Low Surface Brightness (LSB) systems.

It is speculated in Chapter 3 and tentatively con-
firmed in Chapter 6 that the bimodality in surface
brightness has a kinematic signature as well. We make
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the hypothesis that the disks of HSB galaxies are self-
gravitating and those of LSB galaxies are not. We
speculate that the gap in surface brightness is then re-
lated to a stability threshold at the epoch when most of
the baryons were still in a dissipational gaseous form.
Apparently, massive gas disks become unstable when
they are on the verge of becoming self-gravitating.
Gas disks with a high initial angular momentum can
be pushed to this limit by loss of their angular mo-
mentum due to a traumatic birth or tidal interactions
with near neighbors. Detailed high resolution hydrody-
namic simulations of a collapsing gas disk are required
to verify or falsify this hypothesis.

As an aside, it is worthy to note that present-day
disks appear to have an upper limit to their gas surface
density. Most gas disks with surface densities above
5-10 M�pc-2 seem to be involved in interactions, are
kinematically perturbed, or show active star formation.

3 An unbiased HI view

� An HI synthesis survey of the complete Ursa
Major sample provides, for the first time, an
unbiased HI view of spirals in the field and im-
proves the statistics on the occurrence of warps
(30%), lopsidedness (45%), and interactions
(15%).

A complete sample of galaxies with properties similar
to those of field galaxies has been imaged in the 21-cm
line. So far, HI imaging surveys of field galaxies have
been biased by strong selection criteria such as certain
lower limits on the HI flux density or angular size, in-
voked to select observationally favorable systems. In
our sample of Ursa Major galaxies, nearly all systems
were imaged in HI regardless of their size and HI con-
tent. This strategy has lead to unbiased statistics of
HI surface densities, frequency of lopsidedness, warps,
and global kinematic perturbations. These statistics
have not yet been fully explored and will be addressed
in future studies.

4 The TF scatter and slope

� The origin of the scatter and the slope of the
TF-relation has been investigated by using the
shapes and amplitudes of the rotation curves
in theouterparts of spiral galaxies – generally
beyond the radii sampled with optical rotation
curves.
We see that galaxies with rotation curves that
are still rising at the last measured point lie
systematically on the low-velocity side of the
TF-relation while galaxies with a declining
rotation curve tend to lie on the high-velocity

side of the TF-relation when using WiR or Vmax.
The main results are:

Scatter: No intrinsic scatter
Using Vflat instead of the occasionally higher
Vmax and excluding galaxies with rising
rotation curves reduces the scatter in the
TF-relation to values consistent with the
observational uncertainties. The tightest cor-
relation is found for the K0−Vflat relation with
a total observed scatter of 0.29 mag, a slope of
−10:3�0:4,�2

red = 1:17and�N−2 = 0:33.

Slope: The slope of the TF-relation steepens
progressively from the B-band (−6:7� 0:4) to
the K0−band (−10:3�0:4).
Assuming that low surface brightness and
dwarf galaxies are relatively dust-free
(L60�m/LB is small), thereby omitting internal
extinction corrections for these systems, results
in equal slopes of� −10 in all passbands when
using Vflat.

One of the main results of the present work is that
the observed scatter in the TF-relation can be largely
understood in terms of the individual galaxy rotation
curves. For convenience and simplicity we identified
three basic shapes of rotation curves. First of all, there
are the ‘classical’ rotation curves which rise gently
near the center, smoothly turn over into the flat part and
then remain flat out to the last measured point. Then
there are the ‘rising’ rotation curves which in general
turn over somewhat but not far enough to reach the flat
part. These rotation curves are still rising at the last
measured point and theobservedmaximum rotational
velocity provides a lower limit on the actual maximum
rotational velocity induced by the potential of the dark
matter halo. These rotation curves are mainly found in
the fainter dwarf galaxies and in galaxies without ex-
tended HI disks. Thirdly, there are the ‘declining’ ro-
tation curves which rise very steeply near the center,
reach their peak rotational velocity inside the stellar
disk and then decline somewhat before they reach an
extended flat part. For these ‘declining’ rotation curves
a distinction can be made between the maximum rota-
tional velocity Vmax and the amplitude of the outer flat
part Vflat. This latter kind of rotation curves is mainly
found in the brighter earlier type spirals with a compact
distribution of the stellar component often identifiable
with a bulge.

When the highest velocity, Vmax, from the rotation
curves is used, it turns out that all galaxies with ‘ris-
ing’ rotation curves lie systematically on the low ve-
locity side of the relation while galaxies with a ‘de-
clining’ rotation curve tend to lie on the high velocity
side. Galaxies with ‘classical’ rotation curves define
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a steeper relation with a smaller scatter than the full
sample. Using Vflat instead of the occasionally larger
Vmax excludes galaxies with ‘rising’ rotation curves
and shifts the galaxies with a ‘declining’ curve onto
the relation defined by galaxies with a ‘classical’ rota-
tion curve. Assuming that Vflat can be identified with
the maximum velocity induced by the potential of the
dark matter halo, we infer that the TF-relation is truly
a relation between the luminosity of a galaxy and the
maximum rotational velocity of the surrounding dark
matter halo. It seems irrelevant how the luminous mat-
ter is distributed within that halo.

We also investigated, making use of theB, R, I and
K0 photometry, how the slope of the TF-relation varies
as a function of passband. We find the well know effect
that the relation steepens fromB to K0 where it reaches
a slope of -10. We note, however, that the observables
for all galaxies are corrected in the same way and that,
in particular, the LSB galaxies receive the same correc-
tion for internal extinction as the HSB galaxies. This
does not seem appropriate since the IRAS L60�m/LB
ratio is much lower for the fainter LSB systems, in-
dicating that the relative dust content of LSB galaxies
is much lower than that of HSB galaxies. Assuming
that the LSB galaxies in our sample are dust-free, we
only corrected the HSB galaxies for internal extinction.
Constructing the TF-relation under the assumption that
LSB galaxies are transparent, we find that the slope in
the relation is -10 for all passbands.

5 The shapes of rotation curves

� Roughly one-third of the observed HI rotation
curves deviate noticeably from the ‘universal
rotation curve’ shape.

The shapes of the rotation curves of kinematically un-
perturbed spirals were investigated as a function of
galaxy morphology, surface brightness, scale length
and compactness. In general, rotation curves of Sd/Sm
galaxies are still rising at their last measured points,
those of Sc systems are in general flat in the outer re-
gions, while the rotation curves of Sa/Sb type galax-
ies may show a declining part. No declining rotation
curves have been found below a maximum rotational
velocity of�150 km/s. This is in accordance with the
findings of Casertano and Van Gorkom (1991).

We have also qualitatively compared the shapes
of the observed HI rotation curves to the shapes pre-
dicted by the ‘universal rotation curve’ (URC) as pre-
scribed by Persicet al(1996). Roughly one-third of the
observed rotation curve shapes deviate by more than
the observational uncertainties from the URC shape.
These deviations occur both in the inner regions and
beyond about R80. Therefore, we conclude that the
URC prescription in its present state is inadequate.

6 Dark matter in spiral galaxies

� The rotation curves have been decomposed
adopting for the dark halo an isothermal
sphere and a Hernquist density profile. The
isothermal sphere models generally give better
fits (lower�2

Red).

� In the isothermal sphere case, the near-
infrared stellar mass-to-light ratiosrequired
for maximum-disk fitsin high surface bright-
ness galaxies are independent of color and
galactic morphology and display a small scat-
ter: <M�/LK0>=0.7�0.2. For low surface
brightness galaxies we find an average value
of<M�/LK0>=1.3 with a scatter of 0.5.

� The dark-to-luminous mass ratios within the
last measured points of the rotation curves de-
pend strongly on the adopted stellar mass-to-
light ratios. Maximum-disk fits and equal-
(M�/LK0) fits give contradictory results.

� The observed rotation curves of three galax-
ies with equal luminosities (i.e. equal Vflat)
but with different surface brightnesses suggest
that these three galaxies are embedded in the
same isothermal dark matter halo, assuming
they have nearly equal (M�/LK0) ratios.

The well resolved HI rotation curves of 22 spirals
with unperturbed kinematics have been decomposed
using theK0 luminosity profiles. Two different mod-
els for the dark halo density profiles have been used:
a modified isothermal sphere and a Hernquist halo.
Four different fitting methods have been applied for
both cases: a maximum-disk fit, a sub-maximum-disk
fit, fits with equal-(M�/LK0)=0.6 for all galaxies and
constrained-halo fits. It turns out that the isothermal
sphere model results in more satisfactory fits (lower
�2

Red) than the Hernquist model, regardless of the fit-
ting method. This is especially the case for LSB galax-
ies.

Maximum-disk fits to the rotation curves of
HSB galaxies require near-infrared stellar mass-to-
light ratios which show remarkably little variation
from one galaxy to another. An average value of
<M�/LK0>=0.7�0.2 is found without any obvious
trend with B − K0 color or morphology. This argues
in favor of a maximum-disk solution for HSB galax-
ies. Although much larger (M�/LK0) ratios are allowed
by a maximum-disk situation in LSB galaxies, adopt-
ing equal (M�/LK0)=0.6 values for LSB galaxies shows
that these systems are dynamically dominated by dark
matter at all radii.

In the case of a maximum-disk, the inferred
structural properties of the dark halo are very un-
certain. However, assuming equal-(M�/LK0)=0.6 for
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LSB galaxies implies that the observed rotation curve
closely relates to the rotation curve of the dark halo.
Consequently, the structural properties of dark haloes
around LSB galaxies are reasonably well defined and
we have found that LSB galaxies with smaller core
radii have higher central densities.

We have found that conclusions on the dark-to-
luminous mass ratios inside the last measured point of
the rotation curve depend strongly on the applied fit-
ting method. Equal-(M�/LK0) and constrained-halo or
maximum-disk fits lead to contradicting results.

Assuming equal-(M�/LK0) for all galaxies we have
found tentative evidence for a kinematic bimodality.
Galaxies seem to avoid a situation in which the stel-
lar disk and the dark halo are dynamically equally im-
portant near the radius where the rotation curve of the
stellar disk peaks.

Finally, we have compared the rotation curves of
three galaxies of the same luminosity, and hence with
a similar Vflat, but with very different distributions of
the stellar mass. Assuming that these three galaxies
are embedded in the same isothermal dark halo, accept-
able decompositions can be achieved with nearly equal
(M�/LK0) ratios for the stellar components. It seems
that galaxies of the same luminosity can live in iden-
tical haloes, regardless of how the luminous mass is
distributed.

7 Prospects for future research

The now available, observational data for the Ursa Ma-
jor sample of galaxies provides a wealth of information
for future research. At present, more data are being col-
lected in the far-infrared with ISO and in the sub-mm
regime with SCUBA on the JCMT. These new data will
serve to investigate the possibility that large quantities
of very cold but obscuring dust exist in low surface
brightness and dwarf galaxies. A better understanding
of the dust component of these galaxies is needed in
order to evaluate whether the generally applied correc-
tions for internal extinction in these systems are war-
ranted.

One of the most intriguing and controversial results
of this research is the apparent bimodal distribution in
theK0-band surface brightness distribution. If real, this
effect may provide hints about the stability of stellar
disks in the present-day and during the epoch of their
formation. In order to verify these results, it is nec-
essary to have a carefully selected sample of galax-
ies without any particular emphasis on either high or
low surface brightness systems. For instance, a vol-
ume limited, HI selected sample might be most appro-
priate for such a study. In fact, a continuous volume
of roughly 130 Mpc3 within a high density region in
one of the filaments of the Perseus-Pisces Superclus-

ter has already been surveyed in HI with the VLA at
nearly constant sensitivity. All galaxies detected in HI
will be photometrically imaged in the near-infrared to
determine their surface brightness profiles.

These same VLA data are of sufficient angular res-
olution to allow a crude determination of the shapes of
the rotation curves. The main objective will be to de-
termine whether the rotation curves are still rising, flat
or declining at the last measured point. In combina-
tion with the K0 photometry, the near-infrared Tully-
Fisher relation will be constructed for this sample us-
ing less detailed information on the shape of the rota-
tion curves. However, since the observed volume is at
a five times larger distance than the Ursa Major clus-
ter studied in this thesis, the depth of this sample will
contribute less to the scatter and the issue of a possi-
ble intrinsic scatter in the TF-relation can be better ad-
dressed.

The present multi-band photometric survey of the
Ursa Major cluster should also lead to a better under-
standing of the stellar populations of the various galax-
ies in this cluster. In combination with the observed
deviations from the TF-relations in the optical pass-
bands, it should be possible to put better constraints
on the global stellar mass-to-light ratios. These con-
straints can in turn be very useful to obtain more reli-
able determinations of the structural properties of dark
matter haloes around spiral galaxies.

In the future, the development of a high sensitivity
(sub-)mm array will make it possible to obtain kine-
matic information at very high angular resolution us-
ing many diagnostic spectral lines. These capabilities
ensure that a millimeter array would be a very power-
ful tool to study a wide variety of Galactic and extra-
Galactic objects in great detail. A new and rich field of
astronomical research would then be fully opened.
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