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Did you hear the music?

A serenade from the stars.

Wake up, wake up

wake up and look around you.

We’re lost in space

and the time is our own.

Serenade - Steve Miller Band



Cover Image: Peculiar extra-planar HI in NGC 7814 overlayed on top of an composite
optical image made with the cfh12k camera at the Canada-France-Hawaii Telescope for
the Hawaiian Starlight project (Copyright 2003 CFHT). Background in the back: the
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Chapter 1
Introduction

S
ince the dawn of time, men has been looking up at the night sky. At first just with
the naked eye, seeing only the white points of light that are so well known to all of

us as "stars". When one observes the sky with the naked eye there is only one structure
visible in the sky, a long band of whitish light. The Romans baptized this band the "Via
Lactea", meaning Milky Way.

When the first vision enhancing instruments became available (glasses, microscopes,
telescopes), again men pointed them at the sky. With these simple magnifying instru-
ments most of the "stars" remained unresolved points of light. But when Galilei Galileo
pointed his telescope at the majestic band of white light, called the Milky Way, he real-
ized that it actually consisted of many stars that were to faint to resolve with the naked
eye.

Already in 1755 Immanuel Kant speculated that this huge collection of stars was a
single system kept together by rotation and Newton’s gravitational force. Much like our
own solar system but on a much larger scale. According to Kant the rotation of the stars
would flatten such a system and create a disk like structure. He also suggested that the
"Milky Way" is actually only one of many such systems.

With the advancement of technology, telescopes became more powerful and new parts
of the electro magnetic spectrum became visible. Every time a new instrument became
available it was pointed at the sky and more "stars" were resolved into structures. Scien-
tists found that the sky was laden with nebula, almost as many as there were stars. This
started a discussion about scales and sizes in the Universe in the 1920’s, which led to the
so-called ’Great Debate’ between Curtis and Shapley. The main point of discussion was
whether nebula were part of the Milky Way or that they were separate systems not un-
like the our own Galaxy. The matter was solved when Edwin Hubble resolved individual
stars in the nebula M31. By identifying some Cepheid variable stars in M31 he was able
to derive a distance to the nebula and establish that it, and many other nebula, was an
extra-galactic system.

After settling the ’Great Debate’, Hubble inspected many photographic plates of neb-
ula. He found that they could be split up in two different main classes, ellipticals and
spirals (Hubble 1926). He then divided these classes into subclasses and this classification
scheme is still in use today as the ’Hubble tuning fork diagram’ (See Fig 1.1).
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Figure 1.1: Hubble tuning fork diagram. Diagram taken from Ganda (2007).

Even though Hubble based his scheme purely on morphological arguments we now
know that there are real structural differences between elliptical and spiral galaxies. El-
liptical galaxies are systems where the stars are organized into large spheres and they
are supported against gravitational collapse by the random orientations of the orbits of
the stars. They are said to be pressure supported because, even though a single star is
on a regular circular or elliptical orbit, there is no meaningful structure to the collection
of stars. On the other hand, spiral galaxies are systems where the orbits of the stars
are mostly ordered into a disk like structure. These systems are said to be rotationally
supported because the rotation of the disk counteracts the gravitational force and thus
keeps it from collapsing.

Spiral galaxies are mostly known for their name giving feature, their spiral arms.
These spiral arms often create the spectacular images of spiral galaxies that do so well
at capturing the imagination of almost any one. However, they are no more than a per-
tubation of the basic structure of a spiral galaxy.

Halfway through the 20th century spiral galaxies were thought to consist of two com-
ponents. A disk, in which the spiral arms formed, and a spheroid in its center, called
the bulge. This bulge varies in size from galaxy to galaxy and can be as big as the disk
itself or completely lacking (See Fig. 1.2). The disk was thought to be mostly made of
neutral hydrogen gas and young stars.

In the early 1900’s Jacobus Kapteyn found evidence that the proper motions of the
stars were not random, as was the general view in that time. Surprisingly, the stars
could be divided into two streams, apparently moving in opposite directions. This led
to the discovery of galactic rotation by Oort and Lindblad several years later. However,
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these observations were limited to the neighbourhood of the Sun due to the absorption
of stellar light in the plane of the Galaxy by interstellar dust.

When in 1940 Reber mapped the Milky Way in radio waves, Oort realized that a spec-
tral line in the radio would not suffer from extinction by dust. Therefore, the Doppler
shifts of such a line, if available, could be used to map the structure of the Milky Way.
Another Dutch astronomer, van de Hulst, found that such a line was indeed available. In
its ground state, neutral hydrogen (HI), the most abundant element in the Universe, has
a hyperfine transition that would emit photons with a wavelength of 21 cm. This led to
the construction of the Dwingeloo Radio Telescope and the Westerbork Radio Synthesis
Telescope.

Since this discovery Radio Astronomy has become a large part of modern observa-
tional astronomy. Especially spiral galaxies were observed in the 21 cm line because most
of the neutral hydrogen in the Universe is contained in their disks. Radio observations of
spiral galaxies have answered many questions but also brought many new puzzles about
the structure of our Universe and its galaxies.

These observations and others in different wave lengths have shown that spiral galaxies
are much more complex than just a disk and a bulge. Other components were discovered
such as a thick disk consisting of old stars and a halo of stars. Also it became clear that
the bulge is not always a separate component from the disk but can be a irregularity
that is part of the disk. With radio observations things became even worse. When the
first external spiral galaxies were observed in HI it became clear that the neutral gas in
spiral galaxies often extended much further out than the optical disks. Not only that but
also it became clear that the gas outside the optical disk often deviated from the regular
disk stucture observed in the optical.

Besides obtaining structural information about the gas distribution in spiral galax-
ies, HI observations also provided us with kinematical information about spiral galaxies.
Through the observations of the Doppler shift in HI it has become possible to construct
rotation curves of our own and other galaxies. These observations showed that galaxies
rotate faster than would be expected from the mass of their luminous components. In-
dicating that galaxies either contain large amounts of unseen matter (Dark Matter) or
that our understanding of gravity on galactic scales is incomplete.

This thesis will focus on the, so-called, extra-planar gas, i.e hydrogen gas deviating
in the vertical direction from the regular disk. Mostly through the analysis of neutral
or ionized hydrogen observations but also by making use of the fact that nowadays ob-
servations are done over the whole of the the electro magnetic spectrum. This makes
it possible to study astronomical objects in multiple wavelengths, the so-called multi
wavelength analysis. Such an analysis enables us to look at different components of a
galaxy at the same time.

Much of our current day knowledge about the structure and especially the vertical
structure of spiral galaxies has been derived from observations of so called edge-on galax-
ies where the disk is seen on its side (See Fig 1.2). Before outlining the goals of this thesis
and providing a short description of its contents we will discuss the current knowledge
about the structure of spiral galaxies and the halos surrounding them in particular.



4 chapter 1: Introduction

Figure 1.2: Composite optical images made with the cfh12k camera at the Canada-
France-Hawaii Telescope for the Hawaiian Starlight project. Left: NGC 891 Right: NGC
7814

1.1 Background

The fact that the Universe is immense and that spiral galaxies are randomly dis-
tributed over the sky in position and orientation, greatly helps us when we want to study
certain aspects of spiral galaxies. If we want to study the vertical structure of spiral
galaxies, like in these Thesis, we can select spiral galaxies of which the disk is orientated
in such way that we look exactly at its side. Galaxies that are orientated in this way are
normally referred to as edge-on galaxies.

In a mathematical way this orientation is defined as the angle between the disk and
the plane of the sky; This angle is called the inclination of a galaxy (i). In the case of
a perfectly edge-on galaxies this angle is 90◦. In the opposite case (i = 0◦ ) the disk is
seen from the top. These galaxies are called face-on galaxies in astronomy.

Observing galaxies that are heavily inclined brings many advantages. Due to the
edge-on orientation the light at a single point in the disk is summed with the whole
of the disk in front and behind it. This fact makes that irregularities in the disk are
smoothed out and that the luminosity is amplified over the whole disk. Therefore, edge-
on galaxies are extremely suitable for studying the faint outer parts of spiral galaxies.

Another great advantage is that in these galaxies it is relatively easy to study the
vertical structure of galaxies. In galaxies less inclined, it becomes increasingly hard to
study the vertical structure of galaxies because our line of sight cuts through these galax-
ies in the radial as well as the vertical direction. This will either block the stellar light
from the lower layers by dust extinction, or mix all the radiation coming from different
heights in the galaxy. In edge-on galaxies such confusion is avoided in the vertical di-
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rection and since the light is naturally amplified one can trace the vertical structure to
large distances from the plane.

A great disadvantage of the edge-on orientation is that not only the light from the
stars in the whole disk becomes summed, but also the extinction due to dust. This can
often obscure the whole plane of the galaxy. This effect creates the great dark lanes often
seen in optical images of edge-on spiral galaxies (See for example Fig 1.2).

Because of the advantages of the edge-on orientation, edge-on galaxies were the nat-
ural place to search for the end of the disk. The end of the disk can place important
constraints on theories for disk evolution and formation. This might be the place where
the enviroment in the disk is no longer suitable for star formation (Fall & Efstathiou
1980; Kennicutt 1989) or it may be caused by the maximum specific angular momentum
of the material that initially formed the galaxy (van der Kruit 1987). The end of the
disk is determined by the so-called truncation radius. At this radius the light distri-
bution suddenly shows a much steeper drop than the gradual decline found inside the
truncation radius. This truncation radius is now observed in 60% of the edge-on sys-
tems (van der Kruit & Searle 1982; Kregel et al. 2002) as well as less inclined systems
(Pohlen & Trujillo 2006).

It has been shown that the gradual brightness decline before the truncation radius is
best described as an exponential in the radial direction (de Vaucouleurs 1959; Freeman
1970). In modern astronomy this exponential is described by one parameter, the scale
height. This scale height is the distance over which the luminosity distribution drops
by a factor of e. In nearby spiral galaxies the scale length can range from 1 to 20 kpc
depending on the overall size ,i.e. mass, of a galaxy (Graham 2002).
If the luminous matter traces the mass in a galaxy, something that seem to be implied by
the fact that the color of a galaxy is almost constant over its radius (de Jong 1996), this
would mean that the exponential shape is inbedded in the mass distribution of the galaxy.
Therefore it seems to be an intrinsic shape of spiral galaxies which is either established
when the galaxy first formed (Fall & Efstathiou 1980; Dalcanton et al. 1997) or later by a
redistribution of matter caused by infalling gas (Lin & Pringle 1987; Thon & Meusinger
1998).

In the vertical direction the luminosity can also easily be resembled by an expo-
nential. The e-folding of this exponential, described by the scale height, is usually
related to the scale length and is typically ten times smaller (van der Kruit & Searle
1982; Shaw & Gilmore 1989). Even though over the radial extent of a galaxy the lu-
minosity density, and thus the mass density, can drop easily by four orders of magni-
tude, the observed scale height remains remarkably constant over the extend of the disk
(van der Kruit & Searle 1981a) . An exception seems to be found in early type galaxies
where a small increase, called flaring, can be observed (de Grĳs & Peletier 1997).

In more massive spirals the scale height of the dust is normally much smaller than
that of the old stars. This effect gives us the clear dark lanes over optical images of edge-
on galaxies (See fig 1.2). However, in smaller galaxies this effect is often missing. This
is because the dust disks in these small galaxies are much more puffed up compared to
the ones in their massive (vrot > 120 km s−1) counter parts (Dalcanton et al. 2004).
After this general overview about the structure of spiral galaxies we will now take a closer
look at one specific edge on system.
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1.1.1 NGC 891

One of the best studied edge-on galaxies is NGC 891 (See Fig.1.2, left ). It was first
thought to be remarkably similar to the Milky Way and thus provided an excellent case to
study the structure of massive spiral galaxies without the problems caused by being inside
the system. It is a galaxy at close proximity (9.5 Mpc, van der Kruit & Searle (1981b))
from our own Milky Way and highly inclined (89.8±0.5◦, Kregel & van der Kruit 2005).
Because it is, on Universal scales, so near to our own Milky Way it can be studied
in high detail. Therefore, it has been observed at many wavelengths ranging from the
UV to the Radio (Allen et al. 1978; Sancisi & Allen 1979; van der Kruit & Searle 1981b;
Dahlem et al. 1994; Swaters et al. 1997; Xilouris et al. 1998; Howk & Savage 2000).

van der Kruit & Searle (1981b) were the first to observe the vertical structure of NGC
891 in the optical at great detail. They found that the light distribution of the disk was
easily fitted by a model consisting of an exponential drop off in the radial direction and
the z-dependence of a locally iso-thermal sheet. Later, these observations were confirmed
by Xilouris et al. (1998) who fitted the light distribution with the double exponential,

Ldisk(R, z) = L0e
(−R

h
− z

z0
) (1.1)

Where L is the luminosity, L0 the stellar emissivity at the center of the disk, R the
radius, h the scale length, z the height and z0 the scale height. They used the same
double exponential to fit the extinction in the disk, thus in a manner of speaking the
dust disk. From the fitting of this model they found that NGC 891 is best described by
a stellar disk with a scale height of 0.39±0.01 kpc and a scale length of 5.71±0.2 kpc in
the V -band. In the optical NGC 891 looks like a normal edge-on galaxy.

Allen et al. (1978) and Dahlem et al. (1994) observed NGC 891 with high resolution
and high sensitivity in radio continuum emission and found a large radio halo around
NGC 891. This radio halo was brighter on the North East side of the Galaxy than
in the South West. Also the emission caused by ionized hydrogen, Hα emission, was
detected up to large distances from the plane (Dettmar 1990; Rand et al. 1990). This
extended layer of diffuse ionized gas (DIG) in NGC 891 (zNW=0.5 kpc, zSE=0.3 kpc,
Dettmar (1990)), is thought to be similar to the extended layer of DIG, or Reynolds
layer, (Reynolds 1990) of the Milky way (Dettmar 1990; Rand et al. 1990). In these Hα
observations the asymmetry is even more pronounced than in the radio continuum.

Hα and radio continuum emission are considered to be tracers of the star formation
in a galaxy. This idea has led people to believe that the star formation in NGC 891 is
heavily lopsided (Dahlem et al. 1994; Howk & Savage 2000). Even though this makes
the galaxy highly interesting the real suprise is still to come.

Sancisi & Allen (1979) observed the HI distribution and kinematics of NGC 891 with
the newly build Westerbork Radio Synthesis Telescope (WRST). They found a heavily
lopsided HI disk that on its outer radii had some extensions out of the plane. They
interpreted this as a flare, in which the gas on the outer edges of the disk has higher scale
heights due to the lower gravity in the plane.

When Swaters et al. (1997) re-observed the HI they found that a flare could not ex-
plain the hydrogen distribution above the plane but that instead the extra planar gas was
in the halo of NGC 891. By comparing the the galaxies HI images at different velocities
(channel maps) with models the concluded that the extra planar gas was rotating slower
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than the gas in the plane; This behaviour is called the lagging of the gas. The lagging
gas in the halo of NGC 891 is thought to be similar to the extra planar gas in the Milky
Way.

The latest HI observations of NGC 891(Oosterloo et al. 2007) are some of the deepest
HI observations ever done on a single galaxy. These observations show a massive neutral
hydrogen halo around the galaxy that is lagging with a vertical gradient of ± 15 km s−1

kpc−1. This gradient is also seen in Integral Field Unit observations of the DIG in a part
of the halo (Heald et al. 2006).

Nowadays NGC 891 has become a classical example of a galaxy with a halo and has
raised a great interest in the structure and kinematics of halos in disk galaxies and extra
planar gas.

1.2 Extra-planar gas

Extra-planar HI gas was discovered quite early on, in our own Milky way in the form
of High Velocity Clouds and a warp in our own Milky Way (Burke 1957; Kerr & Hindman
1957) and as warps in external galaxies (Rogstad et al. 1974).

Halos and warps form the two most important forms of extra planar gas. Therefore
we will discuss them in some more detail below.

1.2.1 Warps

(Sancisi 1976) found many systems with a vertical deviation of the gas compared to
the inner disk of a spiral galaxy. Such a deviation is called a warp. The most extreme
warp in an edge-on system was observed by Bottema et al. (1987) in NGC 4013 (See
Fig. 1.3, Left). In an edge-on system it is easily seen what a warp exactly is. However,
warps are also observed in less inclined systems by fitting a so-called Tilted Ring model
to the velocity fields of these galaxies. In this model a galaxy is resembled by a number
of rings that in the outer parts are inclined compared to the inner rings (See Fig 1.3,
Right ). It has been shown that warps are very common in disk galaxies (Sancisi 1976).
In fact García-Ruiz et al. (2002) claimed that "all galaxies that have an extended HI disk
with respect to the optical are warped". They made this claim based on HI observations
a sample of 26 edge-on galaxies in the Northern hemisphere.

Briggs (1990) defined a set of rules for the behaviour of warps in galaxies based on
a set of existing observations. Two of these rules being "The HI layer typically is planar
within R25, but warping becomes detectable within RHo = R26.5." and "Warps change
character at a transition radius RHo". Where R25 denotes the radius at the 25th B-band
magnitude of the galaxy, R26.5 the radius at the 26.5th B-band magnitude which is also
called RHo, the Holmberg radius.

In the early days people thought that warps were caused by interactions with other
galaxies. However it soon became clear that warps are also quite common among isolated
galaxies. This formed a problem for this theory of warp formation because warps were
not thought to be long lived. A different theory for the origin of warps is that they are
formed through the continuous infall of Inter Galactic Hydrogen gas that has a different
angular momentum.

If this gas had angular momentum such that it would end up at radii within the
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Figure 1.3: Left:Integrated moment map of NGC 4013. (Bottema et al. 1987). Right
:Tilted ring model of a galaxy from García-Ruiz (2001)

massive, already formed, extremely stable optical disk it would be flattened into a reg-
ular disk aligned with the already existing disk through gravity. However, if the initial
angular momentum of the accreting material is such that it virializes at radii larger than
the initially formed disk, gravity would not be able to align the plane of rotation with
the already existing disk (van der Kruit 2007).

A second possibility is the misalignment of the dark halo with the disk. In this case
it is thought that the gas on the outer edges of the disk is more under the influence of
the Dark halo and therefore tends to align with it (Debattista & Sellwood 1999). This
could also cause a long living warp. Another possibility is that warps are induced by the
magnetic field in galaxies (Battaner et al. 1990)

The warp often starts at the truncation radius of the optical disk and the onset
is abrupt and discontinuous (van der Kruit 2007). This behavior has important impli-
cations for the origins of warps but also the origin of the truncation radius because it
implies that the warp has been formed after the initial disk. If this is the case then
the truncation radius is determined by the maximum specific angular momentum of the
proto-galaxy (see § 1.1)(van der Kruit 2007).

If the warping of the plane took place exactly along the line of sight it would become
very hard to distinguish it because it would only look like a thickening of the plane. Such
a thickening could also be explained by flaring of the outer rings or a halo. Which brings
us back to NGC 891 where the extra planar gas was initially thought to be in a flare.

1.2.2 Halos

The discovery of a very extended HI halo in NGC 891 (See 1.1.1) has initiated a new
field of astronomy of halo kinematics and structure. After the initial studies conducted
on NGC 891 many other studies have followed studying the frequency, kinematics and
structure of halos in spiral galaxies (Schaap et al. 2000; Lee et al. 2001; Rossa & Dettmar
2003; Barbieri et al. 2005; Westmeier et al. 2005; Boomsma et al. 2005).
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These studies have shown that NGC 891 is not the only galaxy with an halo. Based
on a large Hα survey of edge-on galaxies Rossa & Dettmar (2003) found that in about
40% of the galaxies in their sample there is a clear detection of extra-planar DIG. They
investigated the morphological appearance of these halos and classified them accordingly.
Together with several Hα imaging studies of individual objects it has now been shown
that ionized halos appear in many forms.

Ionized halos have been found that consist of thick layers with filaments and bubbles
(NGC 4631, NGC 5775) (Dettmar 1990; Rand et al. 1990; Pildis et al. 1994b; Hoopes et al.
1999; Miller & Veilleux 2003)as well as ones which show only individual filaments and
isolated plumes (e.g., UGC 12281)(Rossa & Dettmar 2003). However, only in a few of
the observed galaxies their is evidence for widespread eDIG in the halo comparable to
that in NGC 891.

The origin and ionization source of the DIG component as well as the origin of the
neutral extra-planar gas is still a puzzle. Determining the origin of this gas can provide
important constraints for models of the inter stellar matter (ISM) in general and on the
large-scale exchange of matter between disk and halo in particular (e.g., Dettmar 1992;
Rand 1997).

The lagging behaviour seen in the Halo of NGC 891 is also observed in other galax-
ies in HI (Fraternali et al. 2005; Swaters et al. 1997) as well as in Hα (Rand 1997;
Heald et al. 2007). For theoreticians this lag is the greatest challenge to explain about
the observed halos.

Current theoretical models try to explain the formation of the halo gas by means
of galactic fountains (Shapiro & Field 1976; Bregman 1980; de Avillez & Breitschwerdt
2005) and chimneys (Norman & Ikeuchi 1989) (See Fig 1.4). In these models the gas in
the halo is brought up from the disk by supernova explosions of massive stars or even
complete clusters of stars in the plane exploding at the same time. Due to the force of
the explosion, gas is pushed away from the origin of the explosion. Initially this happens
in the form of an expanding sphere (See Fig 1.4). However, because the explosion takes
place in the disk, the pressure in the vertical direction is much less. Therefore, the explo-
sion can push the gas in the vertical direction without losing much energy and chimney
like tubes will form in this direction. Thus blowing gas from the plane into the halo.

Based on these theories people have tried to explain the lag with ballistic models
(Collins et al. 2002; Fraternali & Binney 2006). In these models little clouds of HI are
shot out of the plane. The initial speed is related to the star formation in the galaxy.
Then by following the gravitational motion of the clouds and shooting up new clouds
continuously they obtain a halo structure in their model. Fraternali & Binney (2006)
are able to reproduce the vertical HI distributions of NGC 891 and NGC 2403 this way.
However, their model fails in two important aspects: (1) they do not reproduce the right
gradient in rotation velocity; (2) for NGC 2403 they predict a general outflow where an
inflow is observed.

A different approach to the problem was taken by Barnabè et al. (2006). They in-
vestigated hydrostatic models and were able to reproduce the lag observed in the halo of
NGC 891. However, the stability of these models remains unresolved.

These models all assume that the gas in the halos comes from the disk of the galaxy.
This is of course not necessarily true. As we have seen with the warps, gas can be ac-
creted onto galaxies. This gas could also form the halo of a spiral galaxy. Especially,
when a small halo would already be present formed in the way previously discussed.
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Figure 1.4: Schematic of the galactic fountain/chimney model from Boomsma (2007).
A) The initial supernova explosion forms a expanding bubble in the disk. B) Due to
the lower pressure in the vertical direction the bubble mainly expands into this direction
and blows hot gas into the halo. C) the gas cools down and rains down onto the disk as
neutral hydrogen

1.3 This Thesis

1.3.1 Goals & Outline

Even though by now many edge-on galaxies have been observed through the whole
of the electro magnetic spectrum only a handful of them have been observed to a depth
that extra-planar gas could be analyzed kinematically. We have strong indications that
extra-planar gas is common in spiral galaxies. However, how common is still unclear.
The origin of this extra-planar gas in spiral galaxies is also still a puzzle.

This thesis aims at finding constraining clues about the origin of extra-planar gas and
the frequency at which it occurs. This will be done by analyzing the HI observations of
six galaxies which are observed to a depth that extra-planar gas can be detected. These
six galaxies are selected to cover a range in galaxy properties. Heald et al. (2007) have
investigated a set of 3 galaxies with the aim of finding correlations between the lag and
other properties of the galaxies. They found a correlation between the scale height and
the lag of these galaxies. However, their sample contained only massive spiral galax-
ies, where the only reasonably varying parameter was the SFR, and the correlation was
weak.
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We will extend the general knowledge about extra planar gas by first investigat-
ing some aspects of NGC 891 that have been neglected up to now or could greatly use
improvement. Chapter 2 will start this thesis by analyzing the diffuse ionized gas in
the classic example of a halo galaxy, NGC 891. This chapter will extend the work of
Heald et al. (2006) through the analysis of Fabry-Perót measurements over the whole
Halo of NGC 891 instead of just a part.

In Chapter 3 we present an multi-wavelength analysis of the same halo. This multi
wavelength analysis is done to extend the knowledge of the structure of NGC 891. It
focusses on the distribution of the SF in the plane and dust absorption above the by
comparing the asymmetry between the North East and South West sides of the galaxy.

Then, in Chapter 4. we will take a close look at the extra-planar gas in a completely
different kind of galaxy, the edge-on dwarf galaxy UGC 1281. Dwarf galaxies have not
yet been observed with the aim of analyzing the extra-planar gas. Therefore, these obser-
vations will extend the range of galaxies where there is observational data with sufficient
depth to observed extra-planar gas in the form.

In Chapter 5 we will analyze a set of six galaxies, including NGC 891 and UGC
1281, to look for correlations between the properties of the extra-planar gas and other
properties of these galaxies.

Extra-planar gas at peculiar velocities in the edge-on galaxy NGC 7814 will be pre-
sented and discussed in Chapter 6 and in the final chapter (Chapter 7) we will summarize
and discuss the results of this thesis and the possibilities for future work.
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Abstract

T
he properties of the gas in halos of galaxies constrain global models of the interstellar

medium. Kinematical information is of particular interest since it is a clue to the origin of
the gas. Here we report observations of the kinematics of the thick layer of the diffuse ionized
gas in NGC 891 in order to determine the rotation curve of the halo gas. We have obtained a
Fabry-Pérot data cube in Hα to measure the kinematics of the halo gas with angular resolution
much higher than obtained from HI 21cm observations. The data cube was obtained with the
TAURUS II spectrograph at the WHT on La Palma. The velocity information of the diffuse
ionized gas extracted from the data cube is compared to model distributions to constrain the
distribution of the gas and in particular the halo rotation curve. The best fit model has a central
attenuation τHα = 6, a dust scale length of 8.1 kpc, an ionized gas scale length of 5.0 kpc. Above
the plane the rotation curve lags with a vertical gradient of -18.8 km s−1 kpc−1. We find that
the scale length of the Hα must be between 2.5 and 6.5 kpc. Furthermore we find evidence that
the rotation curve above the plane rises less steeply than in the plane. This is all in agreement
with the velocities measured in the HI.
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2.1 Introduction

Over the last decade, diffuse ionized gas (DIG) in the halos of spiral galaxies has
been identified as an important constituent of the interstellar medium (ISM). The de-
tection of an extended layer of DIG in NGC 891 (zNW=0.5 kpc, zSE=0.3 kpc, Dettmar
(1990)) , which was found to be similar to the extended layer of DIG, or Reynolds
layer, (Reynolds 1990) of the Milky way (Dettmar 1990; Rand et al. 1990), was fol-
lowed by several Hα imaging searches. By now, many results on ‘normal’ (i.e., excluding
nuclear starbursts) edge-on galaxies have been published (Dettmar 1992; Rand et al.
1992; Pildis et al. 1994a; Rand 1996; Rossa & Dettmar 2003). Rossa & Dettmar (2003)
cataloged 74 galaxies and found about 40% to have extraplanar diffuse ionized gas
(eDIG). In those objects showing Hα emission from the halo, a wide range of the spa-
tial distributions have been found, from thick layers with filaments and bubbles (NGC
4631, NGC 5775) (Dettmar 1990; Rand et al. 1990; Pildis et al. 1994b; Hoopes et al.
1999; Miller & Veilleux 2003) to individual filaments and isolated plumes (e.g., UGC
12281)(Rossa & Dettmar 2003). For only a few of them there is evidence for widespread
DIG in the halo comparable to that in NGC 891. In this galaxy the DIG is distributed
in long filaments and bubbles of ionized gas embedded in a smooth background.

Since its emission line spectrum is rather easily accessible by optical imaging and
spectroscopy, the DIG component is an important tracer of the ISM halo in other galax-
ies. This is true particularly since most other tracers, such as radio continuum from
cosmic rays or X-rays from hot plasma, cannot be observed either with comparable an-
gular resolution or with sufficient sensitivity.

The origin and ionization source of the DIG component is still under debate and gives
important constraints for models of the ISM in general and on the large-scale exchange
of matter between disk and halo in particular (e.g., Dettmar 1992; Rand 1997).

Theorists describe the interaction between the disk and the halo by means of galactic
fountains (Shapiro & Field 1976; Bregman 1980; de Avillez & Breitschwerdt 2005), chim-
neys (Norman & Ikeuchi 1989), and galactic winds (Breitschwerdt et al. 1991). Possible
models trying to explain gaseous galaxy halos as a consequence of stellar feedback there-
fore depend on many factors, such as supernova rates, galaxy mass, magnetic fields and
the vertical structure of the ISM.

NGC 891 and NGC 4631 are two galaxies with extensively studied ISM halos. Both
of them not only show prominent thick layers of DIG, they also have extended radio
continuum, HI, and X-ray halos. The spatial correlation of radio continuum emission,
indicative of cosmic rays in a magnetic field found in a thick disk, and extra-planar DIG
has been discussed for NGC 891 in detail (Dettmar 1992; Dahlem et al. 1994).

If the DIG and other components of the ISM in the halo are due to dynamical pro-
cesses, important information on its origin and ionization could come from kinematic
studies. In the case of NGC 891 a first study was made by Keppel et al. (1991). Sub-
sequent studies show that there is evidence for peculiar velocities of DIG. Pildis et al.
(1994b) find a maximum difference with the HI rotation curve δvmax=40 km s−1; Rand
(1997) retrieves a difference in the observed mean velocity of 30 km s−1 between ve-
locities at z=1 kpc and z=4.5 kpc. Also in the HI peculiar velocities are observed
(Fraternali et al. 2005; Swaters et al. 1997). For both components, a deviation from
corotation is observed on scales of 2 kpc above the disk in the sense that the gas ro-
tates more slowly than expected. This “lagging” has been found to have a gradient of
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Figure 2.1: This channel of original wavelength calibrated data cube at v=674 km s−1

demonstrates the contamination by night sky lines with varying intensity (left). The
effect of removing a model for the night sky contribution from averaging in rings is seen
on the right.

dVrot/dz=-15 km s−1kpc−1 in HI (Fraternali et al. 2005). Recent SPARSE-PAK obser-
vations (Heald et al. 2006) show a similar result for Hα.

In order to understand this lagging, hydrostatic models have been investigated. These
models are able to reproduce the lag of the halo of NGC 891 in HI (Barnabè et al. 2006).
However, the stability of these models remains unresolved. A different approach to un-
derstanding the lag of halos are ballistic models (Collins et al. 2002; Fraternali & Binney
2006). Fraternali & Binney (2006) are able to reproduce the vertical HI distributions of
NGC 891 and NGC 2403 this way. However, their model fails in two important aspects:
(1) they do not reproduce the right gradient in rotation velocity; (2) for NGC 2403 they
predict a general outflow where an inflow is observed.

It is clear that improved data on the detailed kinematics of the extra-planar DIG
would be very useful to a further physical understanding of the phenomenon.

Here we present a full velocity cube for the DIG in NGC 891 from observations with
the TAURUS II imaging Fabry-Pérot spectrograph. As a byproduct, we obtain a very
clean map of the Hα distribution. NGC 891 has a systemic velocity of 528 km s−1 (RC3)
and we assume a distance of 9.5 Mpc (van der Kruit & Searle 1981b). At this distance
1 arcmin corresponds to 2.8 kpc physical size. We present the observations in § 2.2 and
the data reduction steps in § 2.3. § 2.4 will show the results that can be obtained by
rebinning the data. In § 2.5 we will present models for the gas distribution and these
models will be discussed and compared to the data in § 2.6. We will summarize and
conclude in § 2.7.
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Figure 2.2: Model for the night sky contribution obtained by averaging in rings as used
for the channel shown in Fig. 1.

Date Run-No: Field UT/Start Airmass/Start
Nov 16/17 1992 3559 NE 19:29 1.03

3564 SW 00:44 1.05
Nov 17/18 1992 3581 NE 21:46 1.04

3583 NE 01:09 1.10

Table 2.1: Log of the observations

2.2 Observations

The data were obtained during two nights in November 1992 with the TAURUS II
imaging Fabry-Pérot spectrograph at the William-Herschel Telescope on La Palma. The
attached EEV3 CCD detector with a pixel size of 22.5 µm provided an image scale of 1.′′

04/pixel with a binning by 2. An interference filter with central wavelength at λ =657.7
nm and a bandpass of 1.5 nm was used for order separation. The field of view was
restricted to 5.6′ ×5.6′ due to blocking by the prefilter. Two slightly overlapping fields
in NGC 891 were therefore observed to cover the inner ∼ 10′ . The North-East field
was located at RA= 2h22m36.8s, DEC= 42◦22′ 32.2′′ (J2000) and the South-West field
at RA= 2h22m26.7s, DEC= 42◦18′ 5.8′′ (J2000). The observations were taken under
non-photometric conditions, with poor seeing of typically 2 ′′ . For object exposures 75
etalon steps, with a step size of ∆λ =0.02742 nm, were used with an integration time
of 70 s each. Full data cubes were taken at the beginning of each night with a flat field
lamp, and during the night several cubes were taken using the CuNe lamp to allow us to
determine the wavelength dependence in each channel.
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2.3 Data Reduction

A slight gradient in the bias level of 1 ADU across the field was removed in all data
cubes because at the amplifier setting this accounted for a 10σ signal with respect to
the read-out noise. The IRAF package was used for these first data-processing steps
including flatfielding and cosmic-ray filtering. For all further processing steps we made
use of the GIPSY package, which is better suited for these kinds of data cubes.

Cuts in the velocity direction averaged over areas of the night sky showed significant
variations from channel to channel, up to 20% in the night sky contribution with a
systemic jigsaw pattern. This pattern is due to the stepping pattern used for scanning
over the ∼ 2 hrs of observation for each on-source cube. Significant brightness changes
of two bright night sky lines were not correlated to these changes in the sky background.
We corrected for the variations of the night sky brightness by subtracting a constant
determined for each channel.

The phase calibration was obtained by fitting a model to the scans of the CuNe lamp;
this way the step size was determined to be 0.02748 nm. Rebinning the object data cubes
with the appropriate model resulted in four complete data cubes on the object, three for
the field in the North-East and one for that in the South-West.

The rebinned images still contained the night sky lines. The strong OH night sky
lines at λ = 6568.78 Å and λ = 6577.28 Å were used to establish the absolute wavelength
calibration. They also provide a check on the channel step size. The ∆λ =0.02742 nm
determined this way is in excellent agreement with the determination from the afore-
mentioned calibration cube and corresponds to 12.5 km s−1 at Hα (for Fabry-Pérot data
reduction techniques see Bland & Tully (1989); Jones et al. (2002)). The profile of the
night sky lines also provides information on the spectral resolution, which was determined
to be 40.7 km s−1(FWHM). The formal errors of the Gaussian fits to the OH-night sky
lines allowed us to estimate the error of the wavelength scale to be less than 6 km s−1. A
correction to the observed velocity of -4.2 km s−1 was needed to obtain the heliocentric
velocity.

At this stage, one remaining problem was caused by the redistribution of the varying
line intensity of the night sky lines during the integration of the observed cube into
a wavelength cube. Rebinning of the lines into the appropriate wavelength channels
resulted in a strong pattern of rings. In the left-hand panel of Fig. 2.1, we show this
effect for the worst case. To overcome this artifact for all affected channels the rings of the
line emission were cut out interactively in areas well separated from the galaxy by using
the GIPSY routine BLOT. The result was integrated using the routine ELLINT using
the center as determined from the phase calibration and the mean value in individual
rings was used as a model. Such a ring model is given in Fig. 2.2. The subtraction of
the model resulted in general in a satisfactory reduction of the artifact as demonstrated
in the right hand panel of Fig. 1. Typically, the resulting residuals are smaller than the
noise level of the night sky. This can be judged from the right panel in Fig. 1. However,
some of the channels showed residual larger than the noise level of the night sky. These
residual rings were masked manually.

These cleaned and wavelength-calibrated data cubes covered a velocity range of 940
km s−1, sufficiently large to provide us with a scaled sum of continuum channels to
correct for the continuum. This continuum correction also removed all ghost images
from internal reflections of the instrument.



18 chapter 2: Kinematics of the diffuse ionized gas in NGC 891

We flux calibrated the observations by comparing 7 HII regions in the integrated
velocity map with the calibrated Hα image from Heald et al. (2006). 4 of these regions
were located in the NE pointing and 3 in SW pointing. We estimate the uncertainty of
this calibration to be ∼ 10%.

For the merging of all data and for comparison with other data sets, in particular the
HI map provided by Fraternali et al. (2005), astrometry was performed. Since the two
fields do not sufficiently overlap, we used five stars with positions obtained from DSS
to re-grid the two fields into a common map. The astrometric accuracy from the fits to
the stars is ∼ 2 ′′ . Finally the data cubes were combined into one cube, rotated by 42
degrees in position angle to be oriented along the major axis and cut back to 42 channels
to cover the velocity spread in NGC 891. The noise in a channel in the fully reduced and
calibrated cube is 1.2×10−18 erg s−1 cm−2 arcsec−2 in the NE pointing and 1.4×10−18

erg s−1 cm−2 arcsec−2 in the SW.

2.4 Results

For the following analysis, in order to obtain a better S/N, the data were binned.
In order maintain resolution in higher emission parts, this was done in such a way that
the length and width of a bin increases exponentially as the distance to the major and
minor axis increases. For the North-East side of the galaxy no binning was applied when
the S/N in a pixel was ≥ 4. The channel at the systemic velocity (vsys = 528 km s−1)
was set to 0 km s−1 and all velocities given are offsets from this channel. The central
position was determined by eye in several Palomar Sky Survey and 2MASS images to
be RA= 2h22m33.0s, DEC= 42◦20′ 51.2′′ and set to 0 in the images. From the scatter
of the central position in the different bands we determine the error to be less than 2 ′′

. Notice that this value differs from the best determined position given by the NASA
Extra-galactic Database by almost 6 ′′ in declination.

For display purposes the figures shown in this paper come from a cube which was
masked so that only regions with signal are shown. The mask was constructed by smooth-
ing the original binned cube with a Gaussian of 4 ′′ FWHM, which was cut at the 1σ
level.

2.4.1 Channel maps

In Figs. 2.3 and 2.4 we give the resulting channel maps of Hα emission with a velocity
step size of ∆v=12.5 km s−1. In the following figures, the NE part of the galaxy is to
the left; this is also the approaching side of the galaxy. Data are missing in small wedges
along the minor axis, as we had underestimated the vignetting of the field when the
required overlap of the fields was determined. It is noteworthy that a thick component
in the Hα emission is already visible in individual channel maps. This sudden thickening
of the Hα-emitting gas layer was reported before from Hα imaging (Rand et al. 1990;
Dettmar 1990; Pildis et al. 1994b). The channel maps also clearly show a dichotomy
between the NE and SW part of the galaxy with regard to the overall intensity level
of the Hα emission.This was already noted by Rand et al. (1990) and can be seen most
clearly in the spectacular color image of NGC 891 obtained by Howk & Savage (1997)
(their Fig. 1) which shows a line of blue knots all along the north side at |z| = 0, and
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no such features on the south side. This dichotomy is also seen in the distribution of the
non-thermal radio continuum emission. (Hummel et al. 1991b)

2.4.2 Hα distribution

The dichotomy discussed in § 2.4.1 is seen even better in the total Hα distribution,
which is shown in Figure 2.5. This image was obtained by integrating all channel maps
along the velocity axis of the cube. It clearly shows that the diffuse ionized gas (DIG)
extends beyond our field of view in several places. On the NE side of the galaxy our
whole image is filled with low-level emission; on the SW side, however, we are not able to
distinguish more than the major axis of the galaxy. This suggests that the difference in
intensity is a physical effect and not a line-of-sight effect (see further discussion § 2.6.2).
For comparison we added a F -band image from the POSS II, below the Hα image.

2.4.3 Velocity field

Fig. 2.7 shows the velocity field of our Hα cube. This velocity field is determined
by fitting a Gaussian profile to the line profile in each bin, the peak of this Gaussian is
considered to be the velocity in this bin. This way we do not measure the real rotational
velocity but an apparent mean velocity which is determined by a combination of the
rotational velocity, the density distribution of the gas, and the opacity of the dust. This
velocity will be referred to as the mean velocity. We chose the Gaussian fit because in
the places where the underestimation of the rotational velocity is most significant (major
axis, center of the galaxy) the Hα is optically thick (see discussion).

On the NE side we see a regular velocity field which resembles solid body rotation
with some lower velocities in the bins at |z| = 60 ′′ . This would indicate that the Hα
lagging does not begin below 60 ′′ (2.8 kpc). However, as the optical depth declines we
expect to look deeper into the galaxy. This would mean that we are receiving more
emission from the line of nodes the further we are from the plane of the galaxy. Since
the real rotational velocity should be determined at the line of nodes our underestimate
of the velocity would be less the further we look into the galaxy. So for a cylinder with a
declining optical depth in the |z|-direction and solid body rotation we would expect the
mean velocities to rise as the distance from the major axis increases. This is not the case
for NGC 891 as we can see in Fig. 2.7.

If we look at Fig. 2.7 and follow the -200 km s−1 contour we see that, starting from
major axis, the mean velocity first rises until ∼ 20 ′′ above the plane. Then the mean
velocity starts to drop up to ∼ 60 ′′ . Above this the mean velocity starts to rise again
but it is unclear whether this is real or a combined effect of the binning and Gaussian
fit.

Looking at the South-West side of the velocity field we see that this side is much
more irregular in velocity than the North-East side. Following the 100 km s−1 contour
we see a behavior similar to that of the -200 km s−1 contour only much more extreme.
Since on the SW side above ∼ 60 ′′ there is no emission it is unclear if the mean velocity
would start to rise again above this height.
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Figure 2.3: The velocity channel maps of the approaching side for the binned Hα
of NGC 891. The contours are at 25.3, 51, 510 ×10−19 erg s−1 cm−2 arcsec−2. The
horizontal and vertical dashed lines indicate the major and minor axis respectively. Color
version on Page 124.
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Figure 2.4: Same as fig. 2.3, for the receding side. Color version on Page 125.
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Figure 2.5: Hα distribution from NGC 891 as obtained from integrating the binned
channel maps. The black contours are at 1.0 and 10.0 ×10−17 erg s−1 cm−2 arcsec−2.
Red contours are the best fit model (see § 2.5.3) The horizontal and vertical dashed lines
indicate the major and minor axis respectively. Color version on Page 126.

Figure 2.6: R-band image taken from the Palomar Sky Survey for comparison with the
Hα distribution.The horizontal and vertical dashed lines indicate the major and minor
axis respectively. Color version on Page 126.
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Figure 2.7: The velocity field of the observed Hα determined by a Gaussian fitting to
the line profiles. The contours are at -200, -100, 0, 100, 200 km s−1 and are with respect
to the systemic velocity of 528 km s−1. The horizontal and vertical dashed lines indicate
the major and minor axis respectively. Color version on Page 126.

2.5 Models

2.5.1 Position - Velocity diagrams

An examination of ‘Position - Velocity diagrams’ (PV diagrams) provides the basis
for our discussion of the Hα. These diagrams are another representation of the channel
map data from Figs. 2.3 and 2.4, where now the profiles are extracted at each point
along a locus of positions in the image of the galaxy and plotted as contours in the PV
plane. Figure 2.8 shows three examples of this representation; here the position (x-axis)
is measured along the major axis of the galaxy through the nominal center at |z| = 0, and
on the y-axis radial velocity is given. The color scale represents the Hα surface brightness
observed at each position; for instance, the Hα line profile at the position located 1 arcmin
to the North of the galaxy center would be a line parallel to the velocity axis at a radial
offset of -1 arcmin. In the following discussion we will concentrate on the NE side of the
galaxy and refer to the absolute velocities.

2.5.2 PV-model

The position velocity model is a FORTRAN code which calculates emission at every
position of an exponential disk taking line of sight velocities into account. For every
position the light is extincted as expected from a dust disk with a given optical depth
and an exponential distribution with variable scale length and height. The structural
parameters are defined in the same way as in the models used by Xilouris et al. (1998).
If the radius of the disk exceeds a certain cut off (Rmax) all emission and absorption is set
to 0. This is done to simulate a truncation radius. The code then integrates these values
along the line of sight at every position and determines an observed velocity distribution
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Parameters Upper limit Lower limit Best fit model
Name Model 1.1/M 1.2 Model 2.1/M 2.2 Model 3/M G3
hg (kpc) 6.5/5.5 3.0/2.5 5.0
zg (kpc) 0.8/0.8 0.8/0.8 0.8
hd (kpc) 8.1/8.1 8.1/8.1 8.1
zd (kpc) 0.26/0.26 0.26/0.26 0.26
τHα 4-6/6 12-14/13-14 6
σv (km s−1) 40/40 40/40 40
Rmax 21/14 21/14 14

Table 2.2: Model parameters. The addition G to a model indicates that the rotation
curve has a gradient of -18.8 km s−1 kpc−1 in the vertical direction. For the upper and
lower limit there are two models which differ in truncation radius (See § 2.5.2 ). hg and
zg are the scale length and height of the gas respectively. Rmax is the truncation radius
of the models.

and a intensity. Scattering is ignored in the calculations.
The code allows the disk to be inclined and for NGC 891 we chose an inclination

of 89◦. To make a fit we assumed the HI rotation curve (Fraternali et al. 2005) and a
truncation radius Rmax = 21 kpc (van der Kruit & Searle 1981b). We fit the NE (left)
side of the PV-diagram by eye. The SW (right) side is not taken into account because
the signal is very irregular on this side (see § 2.4.3). We started with fitting some simple
models where the scale length of the dust equals the scale length of the gas (hg = hd = 5
kpc).

These simple models all show a major discrepancy with the data at high velocities
and large radii, where the intensities in the models start to rise again while in the data
no such rise is seen. To solve this problem we needed the scale length of the dust to be
longer than the scale length of the gas. Therefore we assumed that the dust disk has a
scale length of 8.1 kpc (Xilouris et al. 1998).

With this longer scale length for the dust the intensity peak at large radii and high
velocities has disappeared and the general shape of the PV-diagram is now comparable
to the data. Also it provides us with an upper limit for the scale length of the gas. At
a gas scale length of 6.5 kpc (Model 1.1, see Table 2.2,Top left panel of Fig. 2.8 black
contours) the problem of the simple model arises again. This is seen in the top left panel
of Figure 2.8 around -200 ′′ and -200 km s−1 offset (pointed out by the black arrow)
where the highest black contour of 48σ reappears while in the data no such thing is
seen. Therefore we consider Model 1.1 as a upper limit for the gas scalelength. A lower
limit for the scale length is found at 3.0 kpc (Model 2.1, see Table 2.2, Top left panel
of Fig. 2.8 red contours). At this scale length we clearly see the second highest contour
bending up around an offset of -200 ′′ and -200 km s−1 (pointed out by the black arrow)
while the same contour for the data continues almost up to the edge of the image at
an offset of -230 ′′ and -225 km s−1. The top left panel of Figure 2.8 also shows that
we are overestimating the intensities at low velocities. To fit the low velocities at large
radii a shorter truncation radius is needed in the models. Unfortunately this truncation
radius is clearly outside our field of view. Thus we can only find the right truncation
by fitting the PV-diagram. We find that a truncation at 14 kpc (Rmax) fits the data
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the best. This differs from the radius of the optical truncation (Rmax) determined by
van der Kruit & Searle (1981b) who obtain Rmax= 450 ′′ (21 kpc) but is in agreement
with Rand et al. (1990) who find diffuse emission out to 15 kpc. When we determine the
upper and lower limit on the scale length for models with a the new truncation radius
for the ionized gas (14 kpc) (Model 1.2 and Model 2.2, see Table 2.2)we find that these
models show the same behavior as Model 1.1 and Model 2.2 but at shorter scale lengths.
This is caused by the fact that in the models not only the gas disk is now truncated at
14 kpc but the dust disk as well. It remains unknown which truncation is more suitable
for the dust disk.

Koopmann et al. (2006) recently found that on average the Hα scale length for a
field galaxy is on average 14 % longer than the stellar scale length. Based upon the value
found by Xilouris et al. (1998) in the V -band this would mean that the deprojected Hα
scale length for NGC 891 should be ∼ 6.5 kpc which is in agreement with our limits.

Although the central attenuation for a given scale length is quite well constrained,
the differences in dust attenuation can be quite large between the different scale lengths.
This gives us another handle on which scale length is correct. Xilouris et al. (1998) found
a central optical depth of τface−on = 0.7 ± 0.01 in V -band, for the galaxy seen face on.
For our models for this edge-on galaxy this would translate to a central attenuation of
τHα = 10.9. τHα in our models is the optical depth at a radial and vertical offset of 0
along the line of sight to the center of the disk.

We consider the model with hd = 5.0 kpc, τHα = 6 and Rmax=14 kpc (Model 3) the
best fit. The top right panel of Fig. 2.8 is an example of the major axis PV diagram
of the data overlaid with contours of Model 3. Given the dependence of the central op-
tical depth on scale length our results are not in disagreement with Xilouris et al. (1998).

2.5.3 Image-model

After we fitted the PV-diagram on the major axis we put the same values into a
FORTRAN code which calculates an intensity along the line of sight (see § 2.5.1). This
code produces a model image which we can compare with the observed images of NGC
891. To determine the correct scale height we compare an intensity cut parallel to
the minor axis averaged between -100 to -50 ′′ of the model images to the observed
Hα distribution averaged over the same region (Fig. 2.5). Since at this point we are
interested only in the vertical shape above the dust, the maps are first normalized to
their emission 30 ′′ above the plane. To determine the best fit we concentrate on the
emission at a positive offset of the plane since this side is brightest. In our fit we only
consider the emission at offsets larger than 30 ′′ . From this comparison we find that a
scale height of 0.8 kpc best fits the data. We then determine from this comparison a
scaling for the model so that it represents the unnormalized data. Figure 2.9 (left) shows
this averaged cut along the minor axis. This figure shows the data (solid line) and the
scaled model for zg=0.7 (dashed red line), 0.8 (dashed blue line), 0.9 (dashed green line)
kpc. We see that zg=0.8 kpc is the best fit to the data.

As a check on our scaling factor and our scale lengths Fig. 2.9 shows on the right a
cut parallel to the major axis at a vertical offset of 30 ′′ . The solid black line is the data
and the colored lines are the scaled models with a changing scale length with hg=3.0 kpc
(dashed red line), hg=5.0 kpc (dashed blue line) and hg=6.5 kpc (dashed green line).
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Figure 2.8: Color plots of the Hα PV-diagram along the major axis White contours
are the data at 3σ, 6σ, 12σ and 48σ. Top left: overlaid with contours of Model 1 and
2 (see Table 2.2) corresponding to the upper and lower limit which can be fitted. Black
contours are Model 1.1 with τHα = 5, red contours are Model 2.1 with τHα = 13. The
black arrow indicates the place where the fits deviate from the data (see text). Top
right: Black solid contours are Model 3 (Table 2.2). Bottom: Black contours are HI PV
diagram on the major axis is over plotted at contour levels 3σ, 6σ and 9σ. Color version
on Page 127.
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Figure 2.9: Normalized intensity cuts of integrated maps. Left: along the minor axis.
Hα (solid line)), zg=0.7 kpc (dashed red line), zg=0.8 kpc (dashed blue line), zg=0.9 kpc
(dashed green line). Right: Parallel to the major axis at a vertical offset of 30 ′′ . Hα
(solid line)), hg=3.0 kpc (dashed red line), hg=5.0 kpc (dashed blue line), hg=6.5 kpc
(dashed green line). Color version on Page 128.

This figure shows clearly that a scale length of 5 kpc is the best fit to the data.

2.5.4 Cube model

Having obtained the best fits for the images and the major axis PV-diagram we model
a full data cube so we can obtain PV-diagrams at any height in the disk. We constructed
two of these cubes based on the the best fit of the major axis PV-diagram. These cubes
are then binned in the same way as the data and scaled with the previously derived
scaling factor. In one of these cubes the rotation curve is kept constant throughout the
vertical distribution of the cube (Model 3, see Table 2.2). The other cube model contains
a vertical gradient for the rotation curve of -18.35 km s−1 kpc−1 (Model G3, see Table
2.2). In this model the radial shape of the rotation curve is not changed. These cubes
and their comparison to the data will be presented below.
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Figure 2.10: Normalized velocity line profiles of the Hα (Solid line) and HI (dashed
line)on the major axis at a radial offset of -1 arcmin. The straight lines indicate the 3 σ
values for both observations.

2.6 Discussion

2.6.1 Kinematics in the plane

Figure 2.8, botom panel shows a PV diagram of the Hα emission along the major axis
of the galaxy (|z| = 0). This diagram bears the signature of solid body rotation instead
of showing the strong differential rotation of the HI. The simplest interpretation of this
is that the disk of the galaxy is optically thick at |z| = 0, so that the Hα emission we see
is mostly coming from the front edge of the disk. This is consistent with τHα=6.

Let us consider one ‘cut’ through this diagram parallel to the velocity axis, at a
radial offset of -1 arcmin (Fig. 2.10). Presuming that the Hα emission emanates from
gas which is in circular rotation, the Hα emission at |25| km s−1 is at the very front of
the disk. There is an absence of emission at lower velocities because the Hα disappears
as we get to the front edge of the disk of the galaxy. As we descend in this diagram
towards |175| km s−1, at the same radial offset, the emission fades out. We interpret this
as a result of increasing extinction due to dust in the plane. From our best fit model,
approximately 6.5 magnitudes of extinction, along the line of sight to the center of the
galaxy, are implied by this interpretation of the data; assuming that there is no extinc-
tion in the HI.

As we sample Hα emission at larger radial offset we look closer to the line of nodes,
and the velocities increase until we actually look at the line of nodes and the velocities
do not rise anymore. Note though that due to the clumpiness of the emission sources the
velocities can still decrease after this point.

Alternatively, the Hα emission may be confined to a thin annulus in the galaxy. This
annulus would have to be in the outer parts of the galaxy, with little or no emission
inside it. We consider such a distribution of the Hα to be unlikely, especially in the view
of the Hα at higher |z|, as we shall discuss in section 2.6.2.

The bottom panel of Figure 2.8 clearly shows the dichotomy between the NE and SW
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discussed earlier (sect. 2.4). If NGC 891 has spiral arms, the asymmetry suggests that
the Hα emission on the north side is emanating from HII regions located on the outside
of the spiral arm, while to the south we are viewing the opposite arm from the inside.
This suggested morphology is also consistent with the fact that the North-East side of
the galaxy is approaching us, while the South-West side is receding, since then the spiral
arms are trailing. From the ratio of emission between the NE and the SW side along the
along the major axis this morphology implies an extra 1.1 magnitudes of extinction on
the SW side due to the spiral arm.

2.6.2 Kinematics at high z

Figure 2.11 shows velocity cuts parallel to the major axis at an offset of 24-33 (Top
left), 46-65 (Top right) and 66-104 (Bottom) ′′ .

The first thing that we notice from these figures is that the dichotomy in intensity is
also clearly visible above the plane. In fact, as we can see from the top right panel and
the bottom panel of Figure 2.11, above |z| ∼ 30 there is not enough emission on the SW
side to say anything sensible about the rotation of the gas.

Since dust absorption above the plane is likely to be negligible this fact suggests that
the dichotomy is a real physical effect and that star formation in the SW is less intense,
assuming the extra-planar gas is indeed brought up from the disk by a mechanism related
to star formation.

To obtain an initial guess of the gradient, and to compare with the observations of
Heald et al. (2006), we performed envelope tracing on the plots in Figure 2.11. Envelope
tracing basically fits Gaussian profiles, with a dispersion equal to the intrinsic dispersion
of the gas convolved with the instrumental dispersion, to the three points with the highest
rotational velocity above 3σ. The peak position of the fitted Gauss is then considered the
rotational velocity. This method is not very trust worthy above the plane of the galaxy
where the S/N can become low (see Fraternali et al. (2005))

The points obtained with this method are shown in Fig. 2.12 (left). For comparison,
Figure 2.12 (left) also shows the HI rotation curve on the major axis and the results of
Heald et al. (2006). We see that in general our data is in agreement with their SPARSE-
PAK observations. Since we have a full cube we can study the slope of the rotation curve
in the inner parts. We find that above the plane the rotation curve rises less steeply with
radius the further we get from the plane. The HI observations already hinted at this but
due to the resolution this result could not be confirmed. At every height we average the
points obtained at radii larger than 80 ′′ . These points are shown in Fig. 2.12 (right).
With these three points we find from envelope tracing a gradient of 15 ± 6.3 km s−1

kpc−1 .
The top left panel of Figure 2.11 shows that the general slope of the diagram

steepens compared to PV-diagram at the major axis. This is as we would expect since
the gas is less obscured by the dust above the plane. Therefore, we can look farther into
the galaxy and look at gas closer to the line of nodes. This steepening is also the reason
why a thin annulus in the outer parts of the galaxy (See § 2.6.1) is very unlikely. In such
a distribution this steepening would not be possible unless the gas of the annulus would
move inward as it rises above the plane. Such an effect seems highly unlikely.

If we compare the data to Model 3 we see that the steepening is not enough. Our
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Figure 2.11: Color plot of the Hα PV-diagram at 26-34 ′′ (1.2-1.6 kpc) offset (Top
left panel), 48-67 ′′ (2.2-3.1 kpc) offset (Top right panel), 68-107 ′′ (3.2-4.9 kpc) offset
(Bottom panel) from the major axis. Contours are at 3 σ. The white solid contour is
the data, black contour is the best fit model (Model 3, Table2.2), red contour is the best
fit model with an assumed vertical gradient of 16.5 km s−1 kpc−1 in the rotation curve
(Model G3), Table 2.2. Color version on Page 129.
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Figure 2.12: (Left) Results of employing envelope tracing to the data. Blue (pluses):
HI on the major axis (Fraternali et al. 2005), red: points found by Heald et al. (2006),
at vertical offsets ∼ 30 ′′ (squares), ∼ 50 ′′ (triangles) and ∼ 80 ′′ (diamonds). Black:
our data at vertical offsets of 30 ′′ (squares), 40 ′′ (crosses), 58 ′′ (triangles) and 88 ′′

(diamonds). (Right) The average rotational velocity obtained with envelope tracing at
a vertical offset of 30, 40, 58 and 88 ′′ (1.4, 1.9, 2.7 and 4.1 kpc) for our data (squares)
and average points as obtained by Heald et al. (2006) at vertical offsets ∼ 30, 50, 80 ′′

(1.4, 2.4, 3.7 kpc)(triangles). Color version on Page 128.

model has much more gas at high velocities near the center of the galaxy. This lack of
gas at the high velocities in the center might still be an effect of the dust but could also
indicate that the rotational velocities of the gas above the plane not only lag compared
to the disk but that the rotation curve rises less steep radially the higher we look above
the plane.

A close inspection of the top left panel of Figure 2.11 shows us that there are two
more places where the data deviate from the model. The model underestimates the
intensities at low velocities and overestimates them at high velocities. The lack of gas at
high velocities at all radii confirms the lagging rotation curve found by Fraternali et al.
(2005) and Heald et al. (2006). If we draw a straight line through the lower part of the
3σ contour of the data and and then draw a straight line through the same contour of
Model 3 we can measure the lagging of the halo. In this way we find a difference between
Model 3 and the data ∼ 18.75 ± 6.3 km s−1 at a vertical offset of 30 ′′ (1.4 kpc).

In the diagram that shows the gas at an offset of 60 ′′ (Fig. 2.11, Top right panel) we
see that the slope of the emission becomes less steep compared to the slope at 30 ′′ . This
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is the continued effect of the rotation curve rising less steeply with radius the further we
get from the plane. For this effect to be caused by dust the dust extinction would have
to increase again which seems highly unlikely.

From the top right panel of Figure 2.11 we find a difference between Model 3 and the
data, by comparing the 3σ contours, of 62.5 ± 6.3 km s−1. At this height we cannot be
completely certain we are looking at the flat part of the rotation curve. Therefore, these
effects could also be caused by radial redistribution of the gas. We consider it unlikely
that such a redistribution completely causes the changes of the observed PV-diagram
because intensity cuts parallel to the major axis only show a hint of such an effect and
only at the East side of the galaxy, as shown by Heald et al. (2006) (their Fig. 7), while
the West side is the brighter side of the halo.

The bottom panel of Figure 2.11 shows the gas at 90 ′′ offset from the major axis.
The emission of the diffuse gas at this height is very low and we had too compare the
1σ contours of the model and the data. Therefore conclusions drawn from this plot are
considered to be no more than indicative. At this vertical offset the effects observed at
a 60 ′′ offset continue. Comparing the highest velocity of the 1σ contour at this height
with Model 3 we observe a difference of 81.25± 12.5 km s−1.

When we assume that the gradient starts on the major axis we find the slope of the
gradient to be ∼ 18.8 ± 6.3 km s−1 when we fit the points at 30, 60 and 90 ′′ (1.4, 2.7
and 4.1 kpc).

After determining the gradient of the lag we constructed a model (Model G3, see
Table 2.2) in which the rotation curve is scaled down at higher |z| by subtracting at every
vertical step in the model |z| × 18.8 km s−1, with |z| in kpc, from the rotation curve as
obtained from the HI. The vertical step size in the model was 49 pc (1.05 ′′ ). Model G3
is plotted in Figure 2.11 as the red contours. We see that gas is still missing at various
places in the diagram but that the maximum and minimum velocities are approximately
the same for the data as this model at the 3σ contour. Thus confirming that there is a
gradient of -18.8±6.3 km s−1 kpc−1 in the observations. The explanation for the missing
gas remains the same as before since we did not change the shape of the rotation curve.

Another way to look at the kinematics at higher |z| is by constructing PV diagrams
along the minor axis and parallel to the minor axis at some radial offset. To optimize
the information in the diagrams we normalized them by dividing every line profile by it’s
maximum. Figure 2.13 (Top left) is an example of such a PV-diagram. This PV-diagram
is constructed by looking through the cube at a radial offset of 150 ′′ and is a cut parallel
to the minor axis. Overlaid on the color scale are the 3, 6, 9 σ contours of the HI. Looking
at this plot the first thing we see is that the HI is much more extended vertically than the
Hα. This is partly due to beam smearing but not completely. If we look at the Hα at low
mean velocity (∼ |140| km s−1) we see that in the plane of the galaxy (e.g. 0 offset) the
maximum of the emission lies at this low mean velocity. Moving away from the plane the
maximum of the emission first rises to higher mean velocities and then drops again. The
initial rise is caused by diminishing dust attenuation. As we move further from the plane
the maximum of the emission drops to lower mean velocities again. This drop is caused
by the lower rotational velocities at higher |z|. The Hα is much less extended than the
HI, in velocity as well as vertical size (zEM=0.5 kpc (Dettmar 1990), the ionized gas scale
height is twice this, zHI=2.3 kpc (T.Oosterloo, priv. communication)). Considering the
sensitivity of both observations it could well be that our Hα observations are just not
sensitive enough to observe all the ionized gas in the galaxy. We also plot PV diagrams
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Figure 2.13: Normalized color plot of the Hα PV-diagram at a radial offset of 150 ′′

(Top left), 75 ′′ (Top Right), 0 ′′ (Bottom center) parallel to the minor axis and overlaid
with contours of HI at 3σ, 6σ and 9σ. Color version on Page 130.
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parallel to the minor axis at a offset of 75 ′′ and on the minor axis itself, Figure 2.13, top
right panel and bottom panel respectively. In the figure at 75 ′′ offset from the minor
axis we see the same behavior as at 150 ′′ offset, only here the rise and drop in mean
velocities is much more extreme. We also see that in this diagram the mean velocity at
the highest offset from the plane drops back towards systemic. This difference is caused
by the rotation curve which rises less steep the further we look above the plane. Looking
at the diagram which is a cut along the minor axis of the galaxy (Fig. 2.13, bottom
panel) we see that here the maximum of the Hα emission lies one channel below systemic
velocity at almost all the offsets from the plane. This offset is about 18 km s−1 which is
larger than the error in the wavelength calibration (e.g., 6 km s−1). We are confident this
offset is not an error in our velocity scale. In principle we could check this by comparing
the flat rotation speeds on the North side to those on the South side but we think such
a check is unreliable due to the effects of dust on the South side.

The flat shape in Figure 2.13 (bottom panel) is as expected; the offset from systemic
is unexpected. We realize that our central position of the galaxy is somewhat to the
south from the central position generally used in kinematical studies, but notice that
shifting the central position to the north would further remove us from the kinematical
center of the Hα. Also our kinematical center and the center used in this paper would lie
in the same resolution element of the HI observations. We note that at a vertical offset
of ∼ 60 ′′ the maximum seems to be displaced more from the systemic velocity. This is
a real effect and is not caused by our way of binning the data. Whether this deviation is
important for understanding the general dynamics of the halo remains unclear.

2.7 Summary

We present Fabry-Pérot Hα measurements of the edge-on galaxy NGC 891. This is
the first time kinematical data for the Hα are presented for the whole of NGC 891.
In our observations we can clearly see Hα emission above and below the plane of NGC
891. This vertical extent is already visible in the separate channel maps and becomes
even more obvious in a velocity integrated map.

This integrated velocity map shows a clear contrast between the distribution of the
Hα on the North-East and the South-West side of the galaxy. This dichotomy is not
restricted to the plane of the galaxy but is also clearly visible above the plane. Since
dust absorption is negligible above the plane it is likely that this dichotomy is a real
physical effect. Assuming that the halo gas is brought up from the plane by a SFR
related mechanism, this implies that the SFR on the South-West side of the galaxy is
much lower than on the North-East side of the galaxy.

For the interpretation of the kinematics of the extra-planar gas we constructed several
3-D models of an exponential disk rotating with a rotation curve derived from the HI
data (Fraternali et al. 2005). Included in the models is a uniform dust layer of given
optical depth distributed exponentially in radius and height and a truncation radius.

We started with models that have the same scale length for the dust disk as the Hα
disk (hg = hd = 5 kpc). We find that such models generate too much intensity at large
radii and high velocities when we compare them to the data. To overcome this problem
we modeled the galaxy with a dust scale length of 8.1 kpc, as derived by Xilouris et al.
(1998) from observations in the V-band. The longer scale length of the dust reduces the
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intensity of the gas at large radii and high velocities. This also provides us with a upper
limit scale length of the ionized gas of 6.5 kpc (Model 1.1). Longer scale lengths would
reintroduce the too high intensities found in the first models. A lower limit is found for a
model with a scale length of 2.5 kpc (Model 2.2). Models with even shorter scale lengths
do not produce enough intensity at large radii. Better constrains could be obtained if
the truncation radius of the dust disk would be known.

When we fit models in this range to the PV-diagram of the major axis we find that
the best fit is a model with a central attenuation of τHα = 6, a cut off radius Rmax = 14
kpc and a scale length and height of 5.0 kpc and 0.8 kpc respectively (Model 3). By
comparing PV-diagrams above the plane to the models kinematical information about
the galaxy is extracted from the data. We confirm the lagging of the halo, as found by
Fraternali et al. (2005) and Heald et al. (2006), and determine that this lagging occurs
with gradient of ∼ 18.8 ± 6.3 km s−1 kpc−1.

In the PV-diagrams we also see that compared to the models the distribution of the
Hα is displaced to larger radii or lower rotational velocities. This effect increases as we
look higher above the plane. This means that the higher we look above the plane, the
less steep the rotation curve rises. We can confirm this by comparing three cuts through
the cube along and parallel to the minor axis. After normalizing these PV-diagrams we
can clearly see that the Hα at a distance of 75 ′′ from the center has a larger gradient
than the Hα at 150 ′′ from the center.
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Abstract

T
he halo of NGC 891 has been the subject of studies for more than a decade. One of its

most striking features is the large asymmetry in Hα emission. In this letter, we will take

a quantitative look at this asymmetry at different wavelengths for the first time. We suggest

that NGC 891 is intrinsically almost symmetric and the large asymmetry in Hα emission is

mostly due to dust attenuation. We will quantify the additional optical depth needed to cause

the observed asymmetry in this model. By comparing large strips on the North East side of

the galaxy with strips covering the same area in the South West we can quantify and analyze

the asymmetry in the different wavelengths. From the 24 µm emission we find that the intrinsic

asymmetry in star formation in NGC 891 is small i.e., ∼ 30%. The additional asymmetry in

Hα is modeled as additional symmetric dust attenuation which extends up to ∼ 40′′ (1.9 kpc)

above the plane of the galaxy with a mid-plane value of τ=0.8 and a scale height of 0.5 kpc
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3.1 Introduction

NGC 891 is one of the best studied edge-on galaxies in the nearby universe. Its
close proximity (9.5 Mpc, van der Kruit & Searle 1981b) and high inclination (89.8±0.5◦,
Kregel & van der Kruit 2005) make NGC 891 an excellent candidate for the study of the
vertical structure of spiral galaxies.

The z-structure of the emission from NGC 891 has been studied at many wavelengths
over the past ∼ 30 years. In bands such as the optical (van der Kruit & Searle 1981b;
Xilouris et al. 1998) and the HI (Sancisi & Allen 1979; Swaters et al. 1997), NGC 891 is
almost completely symmetric. The blue colors in the plane are brighter on the the North
East side of the galaxy. This agrees with the idea of a trailing spiral structure with the
dust behind the HII regions and the fact that the North East side is the approaching
side as first suggested by R. Sancisi (see, van der Kruit & Searle (1981b) and references
therein). The first sensitive Hα studies (Dettmar 1990; Rand et al. 1990) however, ob-
served a large asymmetry between the North-East (NE) and the South-West (SW) of
NGC 891, extending up to large distances above the plane. Hα is a tracer of ionized gas,
often linked to star formation (SF from here on) because generally only young, massive
stars produce enough ionizing photons to ionize large volumes of neutral gas.

This asymmetry in Hα could be an effect of dust attenuation affecting this tracer in
the same way as the blue colors in the plane mentioned earlier. Even high above the
plane (|z|= 2 kpc) dust structures can be located and identified (Howk & Savage 2000)
and it is natural to think that attenuation by this dust on the SW side of NGC 891 can
cause the asymmetry.

Allen et al. (1978) and Dahlem et al. (1994) observed NGC 891 with high resolution
and high sensitivity in radio continuum emission, finding the asymmetry observed in Hα
to be present to a lesser extent in the distribution of radio continuum. Dahlem et al.
(1994) suggest that this is the result of outflow of relativistic electrons produced as a
by-product of SF in the disk. This and the fact that the asymmetry in Hα extends well
above the plane has led people to believe that it must be an intrinsic effect (Dahlem et al.
1994; Howk & Savage 2000; Kamphuis et al. 2007a).

Recently a new SF tracer unaffected by dust attenuation has become available.
Calzetti et al. (2005) show that 24 µm emission has a tight correlation with star for-
mation. Although this correlation does not work in the same way for all galaxies
(Pérez-González et al. 2006), the total Far Infrared Luminosity of NGC 891 (log(L(FIR))
= 10.27 L⊙) is so close to that of M51 (log(L(FIR))= 10.42 L⊙, Sanders et al. 2003) that
this correlation can be used for NGC 891. Based on this new SF tracer we will provide
for the first time a quantitative multi-wavelength analysis of the asymmetry in the halo
of NGC 891.

3.2 Data

From the Spitzer Archive we retrieved the public mosaics (PBCD) of NGC 891 at 3.6
µm (IRAC) (Ashby et al. in prep.; Holwerda et al. 2008) and at 24 µm (MIPS), with the
archive tool Leopard.

For the analysis of Hα primarily the image of Rand et al. (1990) is used. An inte-
grated map constructed from a Hα Fabry-Pérot measurement (Kamphuis et al. 2007a)
is used to rule out any systematic effects which might be present in the imaging. Since
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Name Rest λ Type of emission FWHM noise (σ) Units
HI 21 cm Line 30′′ 0.261 MJy sr−1

21 cm 21 cm Continuum 17′′ 0.005 MJy sr−1

24 µm 24 µm Continuum 6.4′′ 0.033 MJy sr−1

3.6 µm 3.6 µm Continuum 2.6′′ 0.59 MJy sr−1

Hα (Rand et al. 1990) 6563 Å Line 1.2′′ 7.8×10−18 erg cm−2 s−1 arcsec−2

Hα (Chap. 2) 6563 Å Line 2′′ 6.0×10−18 erg cm−2 s−1 arcsec−2

NUV 2275 Å Continuum 5.1′′ 0.003 MJy sr−1

FUV 1550 Å Continuum 4′′ 0.002 MJy sr−1

Table 3.1: Summary of the characteristics of the different wavelength images.

the cube is calibrated on the image we will refer to the image of Rand et al. (1990) in
the discussion unless mentioned otherwise.

The Near and Far Ultra-Violet images of NGC 891 are retrieved from the GALEX
public archive through the MAST website∗. Unfortunately, the NUV is too crowded with
foreground stars to give any useful information on diffuse emission out of the plane of
the galaxy.

The HI map and 21 cm continuum image are from the most recent observations of
NGC 891 with the Westerbork Radio Synthesis Radio telescope (Oosterloo et al. 2007).

Except for blanking stars in all the optical and IR images, no further reduction was
performed on the images. The resolution of the optical and IR images was determined by
fitting gaussian point spread functions to 6 stars in each image. The main characteristics
of the images are summed up in Table 3.1.

Figure 3.1 (upper panel) shows the distribution of Hα emission overlaid with con-
tours of the 24 µm emission. The lower panel of Fig. 3.1 shows the intensity profiles
parallel to the minor axis, averaged over 180′′ in the radial direction and 6′′ in the vertical
direction. The profiles are normalized to the peak emission on the NE side. The NE side
of NGC 891 is shown in the left panel and SW side in the right panel. The solid line
represent the Hα and the dashed line the 24 µm. In Fig. 3.1 the 24 µm profiles appear
to be much narrower than the Hα profiles. However, at low levels these profiles have
large extended wings. These wings are still well above the noise level of the image but
are hardly seen in the vertical profiles due to the large dynamical range of the emission.

3.3 Results

We are interested in determining what fraction of the SF in NGC 891 is intrinsically
asymmetric, and whether the remainder could be reasonably explained as extinction
owing to dust at high |z| in the galaxy. We have averaged over large strips on either side
of the galaxy to obtain the highest S/N possible. The strips have a width of 180′′ son
the major axis on either side and start at a radial offset of 10′′ from the center so that
effects from a central active source will not contaminate our results. We are interested
in how the ratio between the emission in the NE and the SW changes with height in the
different wavelengths. The resolution of the 24 µm (i.e., ∼ 6 ′′ , see Table 3.1) is the
lowest resolution in our different bands with the exception of the 21 cm data. Therefore
we have set the height of the strips equal to one resolution element in the 24 µm image.

∗ http://archive.stsci.edu
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Figure 3.1: Upper Panel: Hα distribution of NGC 891 from Rand et al. (1990) in
units of 10−18 erg cm−2 s−1 arcsec−2 and convolved to the 6.4′′ resolution of the 24 µm.
Overlaid in black contours is the 24 µm emission at 3, 6, 12, 24 σ levels with σ=0.033
MJy sr−1. Lower Panels: Intensity profiles parallel to the minor axis, averaged over 180′′

in the radial direction and 6.4′′ in the vertical direction. The profiles are normalized to
the peak emission on the NE side. The panels show the NE (left panel) and SW (right
panel) side of the galaxy. Solid blue line: Hα, Dashed red line: 24 µm. Note that the
difference between NE and SW in 24 µm is minimal. Color version on Page 131.

The average intensity of such a strip on the NE is then divided by the average intensity
of the strip on the SW with the same vertical offset. This way we obtain a vertical profile
for the ratio between NE and SW with a resolution of 6′′ . These vertical profiles are
shown in the top half of Figure 3.2.
Figure 3.2 shows us that:

1. The emission in 24 µm, 3.6 µm and HI is almost symmetric.

2. Hα and UV emission is asymmetric in the plane and declines to the same asymmetry
as 24 µm, 3.6 µm and HI above the plane.

We see that the ratio of asymmetry is very different between the wavelengths which
are affected by dust attenuation (e.g., Hα and the UV) and the ones which are not (e.g.,
HI, 24 µm and 3.6 µm). Also, as we move away from the plane of the galaxy the asym-
metry becomes less pronounced in the bands affected by dust attenuation.

The 24 µm and HI emission are not affected by dust attenuation and the ratio be-
tween the NE and SW is constant with height in these bands. The ratios in the plane of
the galaxy are 1.24, 1.03 and 1.19 for the 24 µm, HI and 21 cm continuum respectively.
The ratio found in the 24 µm emission is very similar to the ratio of 1.3 found in the
radio continuum (λ = 6 cm) by Dahlem et al. (1994). Therefore, we can consider this
ratio as the intrinsic asymmetry of SF in NGC 891. We model the rest as the effects of
dust attenuation.
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Figure 3.2: Upper Panels: Ratio between the total emission (see text) in the North
East and the South West. Left panel FUV (Galex), NUV (Galex); Left middle panel
Hα (Rand et al. 1990; Kamphuis et al. 2007a); Right middle panel 24 µm (Spitzer), 3.6
µm (Spitzer); Right panel HI, 21 cm continuum (Oosterloo et al. 2007). All panels show
two dot-dashed lines for (Red) a ratio of 1 indicating complete symmetry and (Blue)
a ratio of 1.3 as found by Dahlem et al. (1994) in the 6 cm radio continuum. Lower
Panels: Additional τ between the spiral arms as derived from the Hα. Solid blue lines
as from Rand et al. (1990). Dashed red lines as from Kamphuis et al. (2007a). Left
Panel: assuming complete symmetry. Right Panel: assuming an intrinsic asymmetry as
observed in the 24 µm. Color version on Page 131.
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Figure 3.3: Face-on view of our model for a symmetric NGC 891. The black S shape
symbolizes the dust lane in the spiral arms and the blue areas the HII regions. The
straight double headed arrow shows the difference in line of sight between the North East
side and the South West side. The curved single headed arrow indicates the direction of
rotation in NGC 891.

3.4 Discussion

Given the symmetry of the gas (HI), non-attenuated stellar (3.6 µm) and SF (24 µm)
emission (Fig 3.2, right middle panel), all tracing different components of NGC 891, we
assume that NGC 891 is intrinsically symmetric in the plane. Furthermore, we assume
that the Hα above the plane is related to the SF in the plane. This means that the Hα
above the plane is also symmetric and situated above the HII regions in the plane. We
constructed a model based on the trailing spiral arm idea, which means that the HII
regions are located in front of the dust lanes of the spiral arms. Then, because the SW
is the receding side of the galaxy, on the NE we would be looking first at the HII regions
and then the dust in the arm but on the SW side our line of sight to the HII regions
passes through the arm first. Figure 3.3 shows the face-on view of our model of NGC
891.

For the attenuating dust in the halo we assume an isotropic distribution (e.g.,
not specifically localized above the SF regions). It is already shown that the distri-
bution of attenuating dust and ionized gas are unlikely to trace the same component
(Howk & Savage 2000). Furthermore, on the SW side tendrils, chimneys and shells are
identified by Howk & Savage (2000). It is unlikely that these structures would be backlit
by the stellar disks if they resided in the back of the galaxy.

Therefore, in our model, the asymmetry in the Hα could easily be explained by dust
in the halo. If the spiral arm on the SW side would be further away from us than the
spiral arm on the NE, then the sight line through the dust toward the Hα on the South
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West of the galaxy would be much longer. From this idea we can easily calculate the
additional attenuation between the two arms. The lower panel in Figure 3.2 shows the
additional optical depth in the halo between the two spiral arms. τadd is calculated by
assuming that the Hα emission from the NE side of the galaxy is equal to the intrin-
sic emission on SW side and that all the differences are caused by dust attenuation.
This is shown in the lower left panel of Figure 3.2 where the solid black line is from
the image (Rand et al. 1990) and the solid gray line is from the integrated moment map
(Kamphuis et al. 2007a). The dust extends easily to 50′′ (2.3 kpc) above the plane. Even
if we take the small asymmetry of the 24 µm in the plane into account (Fig 3.2, lower
right panel) additional attenuation is present up to ∼ 40′′ (1.9 kpc).

Fitting a single exponential to the inner part (|z| < 20′′ ) of these optical depth
profiles, we obtain a scale height for the dust of 0.67±0.10 kpc if the galaxy is perfectly
symmetric and of 0.46 ± 0.10 kpc if the intrinsic asymmetry is ∼ 1.3. This is similar
to the scale height of the old stellar population (zs=0.56 kpc in 3.6 µm, Holwerda et al.
2008) in NGC 891. This is consistent with the results for low mass galaxies, where the
vertical dust distribution has a scale height somewhat larger than that of the main se-
quence stars (Seth et al. 2005). However, it does complicate the picture for high mass
galaxies, where previously it was thought that the ISM completely collapsed into the
typical dustlanes (Dalcanton et al. 2004).

The scale heights were calculated from profiles with a vertical resolution of 1′′ to en-
sure that we had enough points to fit. These scale heights can be considered a lower
limit to the real scale height of the dust since the scale height calculated in this way is
a combination of the dust scale height and the Hα distribution.

Higher up (|z| > 20′′ ) the profile hints at a second component on the East side (e.g.,
negative vertical offset) with an even larger scale height . This would imply that there
is a dust halo with a scale height ≥ 0.6 kpc. Thus, the extraplanar dust has a much
larger scale height than previously assumed (Xilouris et al. 1999; Dalcanton et al. 2004;
Seth et al. 2005; Bianchi 2007). The quality of the data, in our opinion, is not good
enough to fit a scale height to this second component.

Moreover, if we fit the 24 µm emission with a double exponential we find the "nor-
mal" small scale height for the region close to the plane (z24µm=0.22 ± 0.05 kpc) but a
much larger second component (z24µm=1.3 ± 0.1 kpc) above 30′′ (1.4 kpc). These values
are no more than indicative since we did not correct for the wings of the PSF in 24 µm
image.

The fact that the inferred values for τadd are very reasonable, implies that the ionized
gas in the halo is closely related to the star formation in the plane of the galaxy. More-
over, if our model is the correct view of NGC 891, the ionized gas and the attenuating
dust follow very different distributions in the halo: the dust is equally distributed around
the disk while the ionized gas remains above the position it was initially ejected for a
long time.

3.5 Conclusions

For the first time we quantitatively analyze the asymmetry between the North East
and the South West side of the NGC 891 at several wavelengths, thus tracing different
components from the galaxy. We determine the ratio of asymmetry by dividing large
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strips on the North East side by the same area on the South West side of the galaxy
(Fig. 3.2, upper panel). From this analysis it is immediately obvious that star formation
tracers affected by dust attenuation (e.g., Hα, UV) show a much larger asymmetry than
star formation tracers unaffected by dust attenuation (24 µm, radio continuum). We also
see that the other components in the galaxy, like the old stellar population (3.6 µm) and
the neutral gas (HI) have only a small asymmetry.

Assuming that 24 µm emission from star forming regions dominates in the plane, the
24 µm emission has a direct correlation with star formation (Calzetti et al. 2005). The
small asymmetry we find in the 24 µm emission is confirmed by the result found in the
radio continuum (Dahlem et al. 1994), which leads us to believe that 24 µm is indeed
a good tracer of star formation in NGC 891. Therefore, the asymmetry in Hα is most
likely caused by dust in and above the plane.

From this information we construct a simple symmetric model for NGC 891. This
model is mainly based on the trailing spiral arm idea where the HII regions are located
in front of the dust lanes (Fig 3.3). We assume that the emission from the ionized gas
is located in and above these HII regions but that the dust distribution in the halo is
much more isotropic over the disk. This would lead to a longer sight line through the
dust towards the Hα emission on the South West side of the galaxy.

From this model we can derive the additional attenuation (τadd) in the halo between
the spiral arms (Fig 3.2, lower panel). We see that at heights ∼ 40′′ (1.9 kpc) the addi-
tional attenuation of Hα becomes negligible. This is either caused by the absence of dust
at this height or by the distribution of the ionized gas becoming such that our lines-of-
sight toward the ionized gas become equal on both sides. This last scenario, implies that
the attenuation in the halo is even higher above the plane than derived from our simple
model.

The opacity values calculated in this letter only represent the additional opacity be-
tween the spiral arms (see fig. 3.3), straight arrow. Thus, these values can be considered
as a lower bound on the true opacity through the whole galaxy as a function of vertical
height.

Common wisdom still has it that extinction in the disk is predominantly in the plane
itself. Typical scale heights are much smaller than the stellar ones (Xilouris et al. 1999;
Bianchi 2007) or similar (Seth et al. 2005). This paper shows that there is a second
spatial component to the dusty ISM with a much more extended scale height.

If our view of NGC 891 is correct then the unattenuated Hα emission above the
plane is closely correlated with star forming regions in the plane. This implies that the
ionized halo gas is mostly brought up from the plane through processes related to star
formation. Furthermore the distribution of the attenuating dust above the plane is much
more isotropic, and therefore more stable, than that of the ionized gas. This is probably
caused by the ionized gas cooling down and recombining before it reaches this stable
configuration.
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Abstract

T
he properties of the gas in halos of galaxies constrain global models of the interstellar

medium. Kinematical information is of particular interest since it is a clue to the origin of

the gas. Up-to now mostly massive galaxies have been investigated for their halo properties.

Here we report on deep HI and Hα observations of the edge-on dwarf galaxy UGC 1281 in

order to determine the existence of extra planar gas and the kinematics of this galaxy. This is

the first time a dwarf galaxy is investigated for its halo characteristics. We have obtained Hα

integral field spectroscopy using PPAK at Calar Alto and deep HI observations with the WSRT

of the edge-on dwarf galaxy UGC 1281. We have made a model for the 3D distribution of the

HI in the galaxy.

We find that UGC 1281 has Hα emission up to 25′′ (655 pc) in projection above the plane

and in general a low Hα flux. Its HI extends 70′′ (1.8 kpc) from the plane. This extra-planar

gas can be explained either by a line of sight warp or in a lagging halo with a vertical rotational

gradient of 8.7±4.1 km s−1 kpc−1. Compared to other dwarf galaxies UGC 1281 seems to be a

normal dwarf galaxy with a slowly rising rotation curve which flattens off to 60 km s−1 and a

central depression in its HI distribution
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4.1 Introduction

The discovery a very extended HI halo in NGC 891 has started a new field of halo
kinematics. Since this discovery (Swaters et al. 1997) many investigations have followed
studying this (Heald et al. 2006; Oosterloo et al. 2007) and other galaxies. These inves-
tigations have shown that NGC 891 is not a special case in having a halo (Schaap et al.
2000; Lee et al. 2001; Rossa & Dettmar 2003; Barbieri et al. 2005; Westmeier et al. 2005;
Boomsma et al. 2005).

Theory has not yet converged on one explanation for the existence of these ha-
los. Ideas range from internal gas brought up from the plane by galactic fountains
(Shapiro & Field 1976; Bregman 1980) or chimneys (Norman & Ikeuchi 1989) to infalling
primordial inter galactic gas (van der Hulst & Sancisi 1988, 2005). The biggest challenge
for theory is to explain the ’lag’ observed in the halo of NGC 891 and other galaxies.

In the halo of NGC 891 the gas higher above the plane is rotating slower . This ’lag’ is
observed in HI (Fraternali et al. 2005) as well as in Hα (Heald et al. 2006; Kamphuis et al.
2007a) and determined to be linear with a magnitude of ∼ 16 km s−1 kpc−1.

Even though this lagging behavior is observed in other galaxies too, Heald et al. (2007)
studied three other large galaxies and found a lag in all of them, it is not known whether
it occurs in all halos. Until now, kinematical studies have focussed on massive galaxies
and Low Surface Brightness (LSB) galaxies (Matthews & Wood 2003) but dwarf galaxies
have not been observed yet in search of a halo or kinematic lag.

Besides the lag there are many other puzzles about dwarf galaxies and their gas con-
tent. One of the most interesting problems of dwarf galaxies is that they have slowly rising
rotation curves and hardly display any differential rotation. This has led people to believe
that these systems must be dark matter dominated in their center (Carignan & Freeman
1988; Swaters 1999). This would explain the shallow rise of the inner rotation curve and
the lack of differential rotation (Côté et al. 2000).

Here we present deep HI and Hα observations of the edge-on dwarf galaxy UGC 1281
and analyze the kinematics of the HI and Hα in and above the plane. The 21 cm line
emission was observed with the Westerbork Synthesis Radio Telescope (WSRT) and the
Hα with the Integral Field Unit (IFU) PPAK on the 3.5 m telescope at Calar Alto.

The edge-on orientation of UGC 1281 provides us with an excellent opportunity to
study the vertical structure of gas in a dwarf galaxy. Our HI observations of UGC 1281
are some of the deepest observations ever conducted on a dwarf galaxy, and never before
has an edge-on dwarf galaxy been observed to this depth.

UGC 1281 is a nearby edge-on dwarf galaxy (MB=-15.8, Swaters (1999)) with a
systemic velocity of 156 km s−1 at a distance of 5.4 Mpc (Karachentsev et al. 2004).
The galaxy has a angular diameter of 4.46 ′ (D25) (de Vaucouleurs et al. 1992) on the
sky which would translate to 7 kpc at this distance. van Zee (2000) measured the star
formation rate in UGC 1281 to be very low (0.0084 M⊙ yr.−1). These observations are
supported by the non-detections in radio continuum (Hummel et al. 1991a) and IRAS.
Indeed, Rossa & Dettmar (2003) observed UGC 1281 as a part of their extra-planar dif-
fuse ionized gas (DIG) survey. They could not detect any extra-planar Hα in this dwarf
galaxy, and concluded from this that UGC 1281 has a very low star formation rate.

Under the assumption that HI gas halos are created by processes related to star
formation, little to no halo is expected when the SFR is low (though,due to the weak po-
tential, gas might easily escape from the disk of the galaxy). However, in a dwarf galaxy,
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Parameter Value
Observation dates 2004 September
Total length of observation (hr) 4× 12
Velocity center of band (km s−1) 156
Total bandwidth (MHz) 10
Channels in obs. 1024
Channel sep. in obs. (kHz) 9.77
Channels in final cube 61
Vel. res. after Hanning smoothing (km s−1) 8.24

Table 4.1: Log of the HI observations

like UGC 1281, most of the baryonic material is thought to come from cold accretion
(Kereš et al. 2005). Therefore, if halos are formed through accretion one would expect
halos in dwarf galaxies.

This article is structured as followed. In § 4.2 and § 4.3 we will describe the observa-
tions and the data reduction, respectively. § 4.4 will contain the results of observations
followed by a presentation of our models in § 4.5. We will discuss our results in § 4.6 and
summarize in § 4.7

4.2 Observations

The 21 cm line emission, or HI observations, were obtained with the WRST during
four nights in september 2004. In total 4 complete 12 hr observations were performed
using the Maxi-Short configuration. This configuration gives the optimum performance
for imaging extended sources. This is because it provides a good sampling of the inner
u−v plane with a shortest base line of 36 m. The longest baseline is 2754 m. An overview
of the observational parameters is given in Table 4.1.

The Hα was observed with the PPAK integral field unit on the 3.5 m telescope at
Calar Alto (Kelz et al. 2006). Three positions were observed in one night (see Table 4.2
). At each position several exposures were taken. Two positions were observed for 3×
1200 s (North and Center) and one for 3× 600 s (South). The lower exposure time of
the Southern field was due to twilight. The pointings of the North and South fields were
shifted by ∼ ± 76′′ , compared to the Center, along an axis with a PA slightly offset
(∼ 10◦ offset) from the PA of the galaxy. This was done to ensure a good coverage of
extra-planar Hα. The spectra cover a wavelength range ∼ 5500-7000 Å with a resolution
of 4.1 Å(187 km s−1 at Hα). The conditions were partially photometric with a mean
seeing of 1.3′′ , which is much less than the fiber size, which is 2.7′′ .

4.3 Data Reduction

4.3.1 Radio data

The data reduction of the HI was done with the MIRIAD package (Sault et al. 1995).
Care was taken not to include data affected by solar or other interference. Before and
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Parameter Field 1&2 Field 3
Name North&Center South
Observation dates 2006 September same
Exposure time (s) 3600 1800
Central wavelength (Å) 6273 6273
Total bandwidth (Å) 1628 1628
Channels in obs. 1050 1050
Channel sep. in obs. (Å) 1.55 1.55
Channels in final cube 61 61
Channel separation (km s−1) at Hα 70.8 70.8

Table 4.2: Log of the Hα observations

Parameter Full Res. Circ. beam Low Res.
Spatial resolution (arcsec) 25.0 × 13.4 26.0 × 26.0 60.0 × 60.0
Beam size (kpc) 0.65 × 0.35 0.68 × 0.68 1.57 ×1.57
rms noise per channel (mJy beam−1) 0.44 0.50 0.72
Min. detectable col. dens. (3σ; cm−2) 7.1 × 1019 4.0 × 1019 1.1 × 1019

Table 4.3: Parameters of the HI Data Cubes

after each 12 hr observation a calibration source (3C147 and CTD93) was observed, thus
enabling us to determine the spectral response of the telescope. During each 12 hr ob-
servation no additional (phase) calibration sources were observed, as is standard practice
with the WRST. Due to the large bandwidth, the time variations can be determined from
self-calibration of a continuum image constructed from the channels free of line emission.

After the reduction and calibration additional analysis was performed with the GIPSY
package (van der Hulst et al. 1992). The final cube was reduced to 61 velocity channels
with a velocity spacing of 4.12 km s−1, which results in a velocity resolution after Han-
ning smoothing of 8.24 km s −1. The original cube has a spatial resolution of 25.0′′ ×
13.4′′ . This cube was smoothed to two cubes with circular beams of 26′′ (0.68 kpc) and
60′′ (1.57 kpc) to avoid beam orientation effects and to detect low level emission (See
Table 4.3). The position of the center of the galaxy, as determined by Swaters (1999)
from R-band photometry, was set to zero in the three cubes and they were rotated by
50 ◦ (PA = 40◦, Swaters (1999)) to orient the major axis of the galaxy parallel to the
x-axis of the image.

4.3.2 IFU data

For the reduction of the PPAK spectra the IRAF package was used. Basically the
steps in the dohydra Guide (Valdes 1995) were followed manually to ensure complete
control over the reduction. We traced the apertures on the science frames themselves.
This caused no problems since there was enough continuum emission in each spectrum.

For the initial wavelength calibration 7 lines of a HeNe+ThAr lamp were used. After
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this initial wavelength calibration the fine tuning calibration was done with 5 sky lines
in each science frame. For the sky line subtraction all sky fibers of each frame were
checked for inconsistencies. Except for sky fibers with the galaxy in their field of view,
no inconsistencies were found and the remainig 95 sky fibers were used for the subtraction
of the skylines.

After the reduction and calibration the different exposures of each field were combined
by calculating the median of the separate exposures. No clipping was applied. The three
fields were then positioned into one field by overlaying the continuum images of the fields
on top of a R-band DSS image. By taking special care that the five stars in the three
fields were aligned properly, this procedure resulted in a position error of 1′′ , which is
smaller than the 2.7′′ fiber size.

Our reduced and calibrated data were further analyzed with a combination of IDL
programs produced by the SAURON collaboration (e.g. de Zeeuw et al. (2002)) and
ourselves. The data were Voronoi binned with the voronoi_2d_binning IDL program
(Cappellari & Copin 2003) to obtain a higher S/N ratio (S/N > 20). Like the HI, the
central position of the galaxy was set to (0,0) and the galaxy was rotated by 50◦ to align
the major axis with the x-axis.

4.4 Results

For display purposes, all of the regions in the data without signal are masked in the
figures presented in this paper. For the HI this was done by smoothing the cube to a
circular beam of 60′′ and then using the values above 3 σ as a mask for the cube with
a circular beam of 26′′ . In case of the Hα the bins without emission are simply taken
away from the data and thus not displayed.

4.4.1 Gas distribution

Here, we first discuss the distribution of the ionized gas and then the HI gas distribu-
tion. In Section 4.6 we will compare the two distributions, highlight the differences and
similarities, and discuss possible interpretations of these distributions.

Hα Distribution

Figure 4.1 shows the Hα flux obtained with the PPAK IFU instrument. This map
was constructed by displaying the log of the peak obtained by fitting a Gaussian to the
binned spectra. All the fitted Gaussians were inspected by eye, and none of the fitted
lines showed significant deviations from Gaussian. Overlaid on the image are the contours
of an integrated HI moment map.

The first thing we see from Figure 4.1 is that the ionized hydrogen is mostly located in
5 or 6 distinct peaks but that there is low level emission almost everywhere in the central
field of view. The distinct peaks can most likely be associated with large HII regions in
the galaxy whereas the low level emission is indicating a diffuse ionized component. The
two innermost peaks at the NE and SW side of the center of the galaxy might be caused
by a ring structure in the distribution. This seems to be implied by their equal distance
from the center but they might also just be normal HII regions.

A warp is clearly seen in the HII regions as well as the diffuse emission. The peak of
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Figure 4.1: Integrated Hα flux map of UGC 1281. The map was constructed by taking
the log of the height of the fitted Gaussian in each spectrum and the position were rotated
by 50◦ . The red lines indicate the full field of view of the PPAK observations. Overlaid
in black are the contours of an integrated HI moment map. The contours are at 1.5, 3,
6, 12, 24, 48, 96, 192, 273 σ levels of the data where σ = 2.2 mJy/beam. Color version
on Page 132.

the emission starts to deviate from the major axis at a distance from the center of about
50′′ (1.3 kpc). In the South West (SW) of the galaxy we see an exception to this behavior
with a large ionized hydrogen peak below the major axis, where the diffuse emission still
seems to be mostly on the major axis. This seems to indicate an HII region that is either
somewhat offset from the plane or located in the outskirts of the galaxy. If the warp axis
is not exactly perpendicular to the line of sight the outer parts will not only experience
a change in position angle but also in inclination. Thus if this HII region is located in
the outskirts of the galaxy its position can still be in the warped plane of the galaxy.

In our data the maximum vertical extent of the diffuse gas, detected from the major
axis in UGC 1281, is ∼ 25′′ (0.65 kpc). This is similar to the the extent of the stars
(1
2d25,minor = 18′′ , van Zee (2000), 1

2d25,minor = 23′′ , de Vaucouleurs et al. (1992) ). If
we fit an exponential to the inner vertical intensity profile of the ionized gas we find a
scale height of 8.5′′ (0.22 ± 0.03 kpc) assuming that the galaxy is seen perfectly edge-on.
When we follow the same procedure for the continuum emission in our spectra and an
I-band image (obtained through the NASA extragalactic database) we find a scale height
of 7.6′′ (0.20 ± 0.01 kpc) and 8.0′′ (0.21 ± 0.01 kpc) respectively.

The Hα data is so irregular that making a model for comparison will not bring more
insight into the structure of the Hα distribution. Also, the distribution is peaked in many
places whereas our models would resemble a smooth exponential distribution. However,
there are several parameters that can be derived from the data or obtained from the
literature. They are presented in table 4.4 for comparison to the HI model.

HI Distribution

Figure 4.2 shows the DSS 2 blue image of UGC1281. Overlaid are the contours of our
integrated HI flux map of UGC 1281. This map was constructed by adding all channels
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Parameter Value Reference
Scale height 0.22 ± 0.03 kpc [1]
Scale length 1.09 kpc [2]
SFR 0.0084 M⊙ yr. −1 [2]
Hα luminosity 3.81±0.01 ×10−13 erg s−1 cm−2 [3]

Table 4.4: Hα parameters that could be measured from the observations or obtained
from the literature. [1] this chapter [2] van Zee (2001) [3] van Zee (2000)

Figure 4.2: Continuum image in the blue from the DSS 2 overlaid with contours of
our integrated HI flux map of UGC 1281. The map was constructed by first smoothing
the original cube to a circular beam of 60′′ . This smoothed cube was used to mask the
original cube. The mask was set to 3 σ of the 60′′ cube. Then all channels of the masked
unsmoothed cube were added and the image was rotated by 50 ◦. The black contours
are the same as in Fig. 4.1. The red contour indicates the 3σ contour of the WHISP
observations. Color version on Page 132.

from the masked 26′′ cube. From Figure 4.2 we can see that the HI of UGC 1281 is at first
glance quite symmetrically and evenly distributed. A closer look reveals asymmetries and
peculiarities in the HI distribution. It warps away from the major axis at about 90′′ (2.4
kpc) on the South West and at about 100′′ (2.6 kpc) on the North East. The warp is not
symmetric at all and seems to wiggle or form a w shape. Especially at the South West
side there seems to be a return towards the major axis. The highest projected deviation
from major axis is 6◦. This warp was already observed by García-Ruiz et al. (2002) in
the WHISP observations of this galaxy.

When we compare the lowest contour in the integrated moment map of the WHISP
observations with our own (See fig. 4.2, red contour), we see that in our observations
more emission is detected in the radial as well as in the vertical direction. The growth in
both directions is similar extent and this indicates that even with our deep observations
we might not be detecting the lowest levels of emission of this galaxy.

Furthermore, the HI distribution displays a central depression. This depression ap-



52 chapter 4: Warps and lags in the hydrogen gas of UGC 1281

Figure 4.3: Intensity profiles of the observed HI. Left figure: Vertical intensity profile,
averaged over the inner 100′′ in the radial direction. Right figure: Radial intensity profile,
averaged over the inner 40′′ of the galaxy in the vertical direction. Black line: Data, Red
diamonds: Halo model, Blue triangles: Maximum warp model, Blue dashed-dotted line:
beam. Color version on Page 133.

pears as a ring around the center of the galaxy. The depression ranges from 10′′ to 40′′

(0.26-1.05 kpc) radial offset from the center of the galaxy. It is symmetrical around the
center of the galaxy even though it is much deeper on the NE side of the galaxy.

The HI in UGC 1281 shows significant extensions away from the major axis. The
HI extends up to 70′′ (1.8 kpc) on both sides of the plane at column densities NHI =
4.0 × 1019cm−2(3σ). This extent is much more than the FWHM of the beam (26′′ )
which is clearly seen in Figure 4.3, in which the vertical distribution of the data and a
Gaussian with a FWHM of 26′′ is shown. We see that the wings of the data are much
more extended than the observational beam. This outer part of the HI distribution can
easily be fitted with one exponential with a scale height of 12.4′′ (0.32 kpc).

If the vertical extent of the HI is to be explained by an inclination of the outer
rings, this inclination would be ∼ 75◦, assuming an infinite thin disk, i.e. deviating from
the inclination of the inner disk by 15◦ . Although not impossible if the warp is almost
exactly along the line of sight, the w shape in the position angle makes it unlikely that
we actually see the warp exactly along the line of sight. This is because in a regular
warp, the PA and inclination of every ring would be related to each other. In a warp in
the plane of the sky such a warp would translate to a pure change in PA. In the opposite
case, of a warp purely along the line of sight, it would translate completely into a change
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Figure 4.4: Velocity field of the ionized gas. The field was constructed by taking the
central position of the fitted Gaussian in every spectra. The systemic velocity (vsys = 156.
km s−1) has been set to 0. The separate pixels show the fiber positions and the colors
run from -60 to 60 km s−1. Color version on Page 132.

of inclination. In between these two orientations the warp would be a combination of
changing inclination and PA, with the weights of the two depending on the orientation
of the actual warp axis. Therefore, in UGC 1281 the small wiggles (< 6◦) in PA would
translate into huge jumps in inclination (> 10◦) from beam to beam if the warp were
to be almost along the line of sight. This seems unphysical for a semi-stable system.
Therefore we assume that the warp axis is not tilted by more than 45◦ from the plane of
the sky. In this case the change in inclination in the outer parts cannot be large enough
to fully explain the wings in the vertical profile. Of course it is always possible that UGC
1281 is not a semi-stable system or that the warp is highly irregular. In these cases the
vertical extent of the HI might be explained by a warp, but then the apparent symmetry
and regularity of the rest of the system has to be explained.

4.4.2 Velocity Distribution

Hα Velocities

Figure 4.4 shows the velocity field of the PPAK observations. This velocity field was
obtained by fitting a gaussian to each emission line, with the IDL routine GAUSSFIT,
and taking its peak position as the velocity in that fiber. This is by no means equal to the
actual deprojected maximum rotational velocity in the galaxy but it is an apparent mean
velocity determined by a combination of the rotational velocity, the density distribution
of the ionized gas, and the opacity of the dust. From here on whenever we mention
velocity we are referring to this mean velocity unless otherwise noted. The gaussian
fitting procedure, and therefore the mean velocity, was chosen because with a channel
separation of 70 km s−1 it is impossible to confidently fit the intrinsic shape of the
emission line.

Figure 4.5 (left) shows a cut 10′′ wide of the velocity field along the major axis.
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Figure 4.5: Velocities along the major axis. The left panel shows the Hα velocities:
Black symbols are the PPAK data presented in this paper, Blue symbols are the data
obtained by Kuzio de Naray et al. (2006). Right figure shows HI velocities: Black sym-
bols are the HI, The blue line shows the velocities obtained from the model. The red
line is the input unprojected rotation curve of the intermediate warp model described in
§ 4.5. The arrows indicate the positions of the velocity cut parallel to the minor axis in
Figure 4.6. Color version on Page 133.

In this plot we see clearly that the part of the galaxy observed in our Hα field of view
is still resembling a slow rising rotation curve that indicates solid body rotation. This
behavior of the rotation curve is quite typical for dwarf galaxies, which all seem to have a
large inner region in which their rotation curve resembles solid body rotation (Côté et al.
2000).

Another thing that is quite clear is that the peaks in the Hα along the major axis
do stand out in the velocity curve as HII regions should. This indicates that most of
the peaks we see in the Hα distribution are indeed HII regions. Another explanation is
that the intensity peaks correspond to a higher density in the radial density profile of the
galaxy with thicker clumps offset from the line of nodes. This explanation is supported
by the fact that they appear symmetrically around the center of the galaxy (see Section
4.4.1) and that the star formation rate in UGC 1281 is so low (SFR = 0.0084 M⊙ yr.−1)
that giant HII regions would not be expected to reside in the galaxy .

Figure 4.5 also shows the velocities obtained by Kuzio de Naray et al. (2006) with the
DensePAK IFU for UGC 1281. They were not able to trace emission as far out in radius
with their observations. Since their exposure time and fiber size is equal to ours this is
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Figure 4.6: Four cuts parallel to the minor axis through the velocity field at -56, -16,

4, 14′′ radii offset from the center. The negative (positive) offsets are the South East
(North West) in the sky. Black points are the, unbinned PPAK data. Blue, voronoi
binned PPAK data. Red, HI data. Green, Kuzio de Naray et al. (2006) data. Color
version on Page 133.

most likely caused by the fact that they do not bin the data and the lower sensitivity
of the DensePak IFU. The velocities obtained by Kuzio de Naray et al. (2006) lie on the
top of our values within the errors, which ensures us that there are no systematic errors
in our reduction or the gaussian fitting procedure.

The velocities of the ionized gas above the plane are at first glance somewhat peculiar.
Instead of corotation or a lag, UGC 1281 actually shows higher rotation above the plane.
It seems unlikely that the gas above the plane is rotating faster than the gas in the plane.
Therefore, an orientational explanation, which lowers our velocities on the major axis, is
preferable to a physical explanation. This drop could be caused by giant HII regions in
the plane of the galaxy. Their position is offset from the line of nodes and therefore they
lower our velocity measures as can also be seen in Figure 4.5.

This ’dipping’ behavior is illustrated in Figure 4.6. These plots show the velocity as
function of vertical offset from the plane in bins 10′′ wide for the binned and unbinned
Hα (blue and black,respectively), the data from Kuzio de Naray et al. (2006) (green),
and the HI (red). We see that also above the major axis, the DensePak data and our
data agree within the errors. In Figure 4.6 the velocities move away from the systemic
velocity above the plane. When we look at the rotation curve (Figure 4.5) at the radial
offset of these plots we see that they are at a position where the rotation curve shows
a drop in the velocities. Thus confirming the idea that the velocities drop towards the
major axis. A more extended discussion will follow in Section 4.6.2 in combination with
the results of the HI.

HI Velocities

Figure 4.7 shows the velocity field of the HI observations. This velocity field was
constructed with the MOMENTS routine in GIPSY by selecting the first moment of the
masked data cube. The routine determines the intensity weighted mean velocity position
of the peak of the line profile in every pixel of the cube. For symmetric profiles, this
is analogous to fitting a gaussian profile to the emission line and taking its velocity at
the peak. Since our galaxy has only small rotational values the line profiles are almost
symmetric. We have checked this by comparing a map with the velocities where the line
profiles have their maximum with this GIPSY map and we find no differences greater than
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Figure 4.7: Velocity field of the neutral hydrogen. The field was constructed with the
task MOMENTS in GIPSY (see text). Contours are from -60 km s−1 to 60 km s−1 with
increasing steps of 10 km s−1 Black contours are the data. The white contours in the
upper panel show the maximum warp model without a lag. In the lower panel the white
contours show the best fit intermediate warp-halo model with a lag of 8.7 km s−1 kpc−1

(See § 4.5). Color version on Page 134.

6 km s−1, which is within our errors. Thus, these velocities are in principle comparable
one to one with the velocities of the Hα and differences should be due to the conditions
of the gas (distribution effects, dust, resolution, self absorption, or a real difference in
the rotational speed of the ionized and neutral gas).

Figure 4.5 (right) shows a cut 10′′ wide of the velocity field along the major axis.
Here we see the same slow rise in the rotation curves as seen in the Hα but we also see
that in the HI we do reach the flat part of the rotation curve at ∼ 120′′ offset, outside
the Hα field of view, from the center of the galaxy at a maximum velocity ∼ 60 km s−1 .

If we move away from the plane (Figure 4.7 and 4.8) we see that the velocities are
lower than on the major axis. This implies that either the outer parts of the galaxy are
heavily inclined, that the disk is flaring or that the gas above the plane is ’lagging’. We
can measure this apparent lag in normalized PV-diagrams (See (Kamphuis et al. 2007a),
§ 6.2) parallel to the minor axis such as Figure 4.8 by fitting a straight line to the maxima
between 20′′ and 50′′ offset from the plane. Of course this measurement is affected by
the warp and beam smearing and possibly other systematics. Therefore, this value has
to be compared to the same measurements of models that can explain this apparent lag.
These models will be presented in the next Section and discussed in Section 4.6.
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Figure 4.8: Normalized PV-diagram parallel to the minor axis averaged over 100′′ at a
radial offset of -175 to -75. The solid lines show the lag obtained from a halo model (See
§ 4.6.2). The dashed lines show the error on the lag. The zero point is set to the point
of maximum intensity in a non-normalized PV diagram. Color version on Page 135.

4.5 Models

4.5.1 Tilted ring model

The modeling of the HI was done using a version of the GIPSY GALMOD routine
modified by one of us (G. H.) and F. Fraternali which includes radial and vertical motion
and a lag of the halo. The modeling is not straightforward, since many different param-
eters may be independently fitted. All of the parameters are fitted from the outside in.
This is important, since small changes in density in the outer rings can seriously effect
the inner rings as a result of the edge-on orientation of our galaxy. Since it is clear that
the warp is not symmetric at all, we fit both sides of the galaxy independently.

An additional constraint is placed on the fitting procedure by the fact that we are
dealing with a semi-stable system and so large jumps in inclination and position angle
are not to be expected. We therefore do not allow the PA or inclination to change by
more than 10◦ from one ring (10′′ ) to the next .

The procedure followed for the fitting is iterative. We start by comparing radial and
vertical density profiles of the data with the models. This has to be done to get a initial
guess of the density profile. When these profiles have a reasonable fit we start fitting
the position angle on a integrated moment map. The peak value at any radius in the
integrated moment map should have the same offset from the plane in the models as in
the data.
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Figure 4.9: Upper panel: Integrated HI flux map of UGC 1281 (See Figure 4.2). The
black contours are the Data at levels as in Figure 4.1. The red contours are the same
levels for the best fit intermediate warp halo model. Lower panel: Residual map of the
data minus the best fit model (total intensity). Color version on Page 134.

The inclination of each ring is related to the position angle when we assume a simple
warp which is not completely in the line of sight. This fact is used to constrain the
inclination of the rings. At this stage we split our modeling into two parts. One model
has a warp which has a warping axis at an intermediate angle (45◦) to the line of sight.
The other model has a maximum line of sight warp. This maximum is set at the point
where either the difference in inclination between two rings becomes larger than 10◦ or
where the vertical profile starts to show a break, which is not observed in the data. Both
these criteria are no longer satisfied if the angle between the line of sight and the warp
axis becomes smaller than 35◦.

When the comparison between the integrated moment map of the models and the
data is to our satisfaction we proceed. Figure 4.3 shows how the density distribution of
the intermediate warp model (red diamonds) compares to the density distribution of the
data (black solid lines) on the major axis (right panel) and the minor axis (left panel).
The blue dot-dashed line indicates the spatial resolution (FWHM = 26′′ ). The left panel
in Figure 4.3 also shows the vertical profile of the maximum warp best fit model (blue
triangles).

As a last check on the density distribution we construct an integrated moment map of
the residual cube. Figure 4.9 shows the residual map of the best fit density distribution.
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Figure 4.10: Color plot of the HI PV diagram along the major axis. Overlaid with
contours of the data (white) and the best fit model (black). The contour levels are 1.5σ,
3σ and 6σ (1 σ = 0.5 mJy/beam) etc. Color version on Page 135.

This figure shows only the density distribution of the best fit intermediate warp model
because the differences in the density distribution between the two models is less than
5% everywhere in models that are masked in the same way as the data. Therefore the
difference between these two models would not be visible in these plots.

We also constructed a model with a warp purely in the in the plane of the sky. Such
a model with a constant inclination of 90◦ could not produce a satisfactory fit to the
density.

After we obtain a satisfactory density distribution we start fitting the rotation curve
and dispersion of the gas. As a first guess for the rotation curve we use the velocities
from the Hα and HI. For the inner ± 50′′ we use the Hα velocities as our initial rotation
curve. Beyond this point we use the velocities obtained from the HI first moment map
(See Fig. 4.5).

Starting from this initial rotation curve we compare the model to the data. Again
this is an iterative process that goes from the outside in. The fitting is done by first
comparing the major axis Position Velocity (PV) diagram of the data to the model. This
is shown in Figure 4.10, where the best fit intermediate warp model is plotted with the
data. The color scheme and the white contours are the data whereas the black contours
display our best fit intermediate warp model. Once more only the intermediate warp
model is shown because also in this PV-diagram the differences between the two models
are less than 5%.

When this PV-diagram is fitted correctly, the model cubes should now be compa-



60 chapter 4: Warps and lags in the hydrogen gas of UGC 1281

Model Flare Warp Lag Good Fit?
Model A Y N N N
Model B Y N Y N
Model C N Y N N
Model D1 N Y Y Y
Model E Y Y N N
Model D2 Y Y Y Y
Model F Y Y N Y

Table 4.5: Models for high latitude emission. The columns show from left to right: The
model name, Flared model, Warp included, Lagging model, fits the data.

rable to the data cube everywhere and any major deviations can only be caused by the
galaxy’s vertical velocity parameters deviating from the model. This could be caused by
e.g. a lag, flaring or radial inflows. For this reason, we construct several models with
different lags ranging from 0 to 16 km s−1 kpc−1.

To exclude flaring, we also construct several models with and without flaring. All
of these models are based on the best fit models and only differ in their flaring, lagging
and warping properties. The different models are listed in Table 4.5 and PV-diagrams
parallel to the minor axis are presented in Figure 4.11.

Figure 4.12 shows the parameters for the best fit models of UGC 1281 (Model D2
(black lines) & F (symbols)). The best fit for the intermediate warp model has a flare
which would have an average scale height of 11.15′′ (0.29 kpc) and a scale length of 46′′

(1.2 kpc). This scale length is the same for the maximum warp model, which is also
flaring with an average scale height of 9′′ (0.22 kpc).

4.5.2 Ballistic Models

To investigate what we would expect for UGC 1281 in the sense of extra planar gas
we have used the ballistic model of Collins et al. (2002). In this model gas is blown
out of the disk into the halo by supernovea, with an initial vertical velocity (called the
kick velocity). The model naturally predicts a vertical gradient in rotational velocity
which has a higher magnitude in model with a high kick velocity. To obtain the vertical
gradient of the model we follow the procedure outlined by Heald et al. (2007). The initial
disk for the model is infinitely thin, this is because the scale height of the Hα in UGC
1281 is already comparable to the scale height normally used for the initial disk (0.2
kpc). Therefore this model should be thought of as an absolute upper limit on the kick
velocity.

We find that the scale height of 0.2 kpc is reproduced when the initial kick velocity
is 10 km s−1. We run the simulation until the system reaches steady state (∼ 1 Gyr).
At this point there are no clouds in the halo at radii smaller than 4 kpc due to the radial
outward movement of the clouds. Therefore we cannot measure the vertical gradient in
the rotational speed at these radii. However, at radii between 5-10 kpc we find a small
gradient of 0.4 km s−1 kpc−1. This is a very low value as one would expect for a small
galaxy like UGC 1281 since kick velocities must be small in a low potential, because
otherwise the scale height becomes too large.
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Figure 4.11: PV diagrams for the data and various models along the minor axis (center
panel) and parallel to the minor axis 4’ (outer panels) and (-)2’ (2nd and 4th panel) away
from the center. Contours are 1.5σ, 3σ, 6σ, 12σ (σ = 0.5mJy/beam). After 12σ the
contours are from 10,40,80 mJy/beam. From top to bottom the rows are Model A, B ,C
,D1,E , D2, F and the bottom row shows the data. Below the model names we denote
a general indication of the model where F stands for a flare, L for a vertical rotational
gradient and W(∗) for an intermediate (maximum) line of sight warp. Color version on
Page 136.
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Figure 4.12: Model parameters as function of radius. For model D2 (Solid line: South
West side, Dashed line: North East side) and Model F (Blue plusses: South West side,
Red crosses: North East side). Color version on Page 139.

4.6 Discussion

4.6.1 Hydrogen in the plane

When we compare the parameters of the best fit HI models to the parameters ex-
tracted from the Hα data (Table 4.4) we see that compared to the ionized gas the neutral
gas is much more extended in the radial direction. Apart from this its scale length is
slightly larger. So, the ionized gas is more centrally concentrated than the HI.

Note that both the neutral gas and the ionized gas display a central depression in
their distribution. Also, the Hα distribution is more irregular than the neutral hydrogen.
This can easily be seen in Figures 4.1 and 4.2 by counting peaks in the distribution (see
Section 4.4.1). One of these ’peaks’ in Hα has a clear offset from the plane of the galaxy
and this region does not stand out in the HI observations.

Another effect is the start of the warp. If we look at the integrated moment maps the
neutral gas starts to deviate from the major axis at a radius almost two times larger than
the radius where the Hα bends away from the major axis (50′′ and 90′′ , respectively).
Most likely this is a resolution effect, because when we look at the best fit model for the
HI we see both the HI and the Hα start to warp around 50′′ (1.3 kpc).

When we compare the measured velocities of the neutral and ionized gas they look
very similar on the major axis (see Fig. 4.5). Ideally this should only occur if the sizes
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of both disks are similar and there is no absorption, self-shielding or clumpiness affecting
the emission. We know from the analysis of the Hα that the velocities in the plane are
lower than those above the plane in several places. Also, the HI velocities are lower, due
to beam smearing, when compared to the best fit model. Since, for the Hα emission we
can only look at the rising part of the rotation curve, where the rotational velocities are
low, deviations from the real rotational velocities are small. Therefore, it is not unrea-
sonable that both effects provide us with the same velocities since all absolute deviations
from the rotational velocities are small.

On the major axis the velocities in the Hα are higher than the HI velocities in the
outer parts (∼ 70′′ radial offset) of our PPAK observations. This fact seems to imply
that the velocities in Hα are lowered by an observational effect that is most severe in the
center of the galaxy. This is to be expected when there is dust, self shielding or when
there are HII regions present.

The latter option is very attractive since we had already seen that the intensity dis-
tribution of the Hα shows several peaks which could be caused by HII regions. Also, we
see clear variations in the velocity that indicate deviations from the rotational velocity
(see Fig 4.5), most likely caused by giant HII regions or clumpiness in ring like structures.
A less likely explanation is that there is either dust or Hα self-shielding in the plane of
the galaxy. This is unexpected since the amount of Hα emission coming from the galaxy
is low, and therefore high column densities are not to be expected. In the case of dust,
no clear dust lane is observed, but UGC 1281 is observed to have a redder color than
most dwarf galaxies (Makarova & Karachentsev 1998). This could, however, be solely
caused by its high inclination.

Figure 4.5 (Red line) shows us that the real rotation curve is indeed slowly rising
and reaches a flat part around 60 km s−1. UGC 1281 has the slow rising rotation curve
which is so common in dwarf galaxies, but it also shows clear differential rotation.

4.6.2 Hydrogen above the plane

We see (Figure 4.1) that the Hα extends less far in the vertical direction than the
HI. Despite the fact that a difference in sensitivity may cause us to miss Hα emission
at distances further from the plane than 20′′ , the scale height, measured by fitting a
single exponential to the vertical distribution, of the Hα is two thirds that of the HI scale
height (0.2 kpc and 0.3 kpc, respectively).

Due to the small extent of the Hα above the plane, we cannot learn about its kine-
matics there. However, Figure 4.6 shows clearly that above the plane the Hα velocities
are higher than in the plane of the galaxy. If these were real rotational velocities this
would mean than the Hα above the plane is rotating faster, but as explained in the pre-
vious section this effect is most likely caused by HII regions in the plane that artificially
decrease the measured velocities on the major axis.

We note that there is a discrepancy of ∼ 50 km s−1 between the velocity of the
Hα and the HI above the plane, at a radial distance of -56′′ from the center (left panel
Figure 4.6). Because the maximum velocity derived from the HI model is 60 km s−1, this
seems too much to be explained by dust absorption, self-shielding or inhomogenity. It is
more likely that these velocities are affected by foreground emission in the Milky Way.
A strong indication of this foreground emission is already given by the fact that in the
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Figure 4.13: Top (Bottom): Color plot of the HI PV-diagram at 26 (-26)′′ (±0.6 kpc)
offset from the major axis. Contours are at 1.5 σ, 3 σ, 6σ and so on. The white solid
contour is the data, red contour is the best fit model with no lag, black contour is the
best fit model with an assumed vertical gradient of 8.7 km s−1 kpc−1 in the rotation
curve. The colormap ranges are indicated above the panel in Jy/beam. Color version on
Page 137.
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Figure 4.14: Same as Figure 4.13 but now at ± 56′′ (±1.3 kpc) offset from the plane.
Color version on Page 138.
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North field one of our bins was excluded from the data because the emission had a nega-
tive heliocentric velocity of -46 km s−1. Since this is only one FWHM from the velocities
measured in the vertical velocity profile at an offset of -66′′ , it seems a likely contamina-
tor. Indeed when we look at the Leiden-Dwingeloo all sky survey (Hartmann & Burton
1997) we see that a small HI peak is present at heliocentric velocities of -50 km s−1 at
our field of view. Moreover the intensity seems to be varying over our field of view. The
fact that there is HI in the Milky Way at this position does not necessary mean there is
also Hα but our bin with negative velocity does seem to imply this is so.

Even though the Hα is not supplying much information above the plane we can learn
a lot about the kinematics above the plane from the HI. Figures 4.13 and 4.14 show
PV-diagrams parallel to the major axis at ± 26 and ± 56′′ offset from the plane. The
first thing we see from these figures is the clear asymmetry between cuts above and below
the plane. This asymmetry is caused by the warp of the galaxy.

Any further interpretations of these figures need a comparison with the models. From
our modeling we obtain two possible explanations for the extra planar HI. We find that
the model where we push the warp as much into the line of sight as the data allows
(Model F) fits the data equally well as a model with a small lagging halo and a warp
which is at an intermediate angle to the line of sight (Model D). We will discuss these
two options and their implications in two separate sections below.

A lagging halo

In the case of a warp which is only partly in the line of sight (Model D) it turns out
that the scale height of the HI is larger than that of the stars and the ionized hydrogen.
This would indicate that if a halo is formed by galactic fountains the ionized gas would
recombine before it reaches its maximum height above the plane. Another explanation
for the smaller extent of the Hα could be that a halo is formed from infalling neutral gas.

We can measure the vertical lag present in the galaxy by fitting straight lines to the
maxima in the normalized PV-diagrams parallel to the minor axis (See § 4.4.2) in the
data and the models. We find that the value measured from the data corresponds to a
lag of 8.7 ± 4.1 km s−1 kpc−1 (See Fig 4.15) in the intermediate warp model. With this
lag there is no need to incorporate other changes into the models to get a satisfactory fit
at all heights for this model. This way we obtain a lag of 8.7 ± 4.1 km s−1 kpc−1.

Figures 4.13 and 4.14 show the contours for the best fit model without lag (red) and
with a lag of 8.7 km s−1 kpc−1 (black). Already Figure 4.13 is indicative that a model
with a lag gives a better fit, though we cannot exclude the non-lagging model at this
height. At a height ∼ 60′′ above the plane (Fig. 4.14) it is clearly seen that the velocities
around the 3σ contours are too high in the non-lagging model. Figure 4.11 also shows
that the observed shapes in PV diagrams parallel to the minor axis indicate a thickening
on the side of the systemic velocity (set to 0 km/s in Figure 4.11). If we compare this
to the different models it is easily seen that only a lagging halo or a lagging flare (D1
and D2, respectively) can properly reconstruct the observed PV-diagrams parallel to the
minor axis if the warp is not at its maximum line of sight alignment.

In this case there would be extra-planar gas that is lagging in velocity with respect to
the disk with a vertical gradient of 8.7 ± 4.1 km s−1 kpc−1. Even though a model with
a warp with constant inclination of 90◦ can not produce a satisfactory fit to the data’s
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Figure 4.15: Input lag vs. Measured lag in the models. The solid line shows the
fit to the measured values (displayed by crosses) of the models. The horizontal solid
line displays the value obtained from the data. The vertical solid line shows where the
measured value intersects the model fit. The grey shaded area indicates the error in the
measurement and the dashed vertical lines where the error intersects the fit. This range
determines the error bar on the value of the lag.

intensity distribution, it produces a velocity field similar to that of the intermediate warp
model with a vertical velocity gradient of 0 km s−1 kpc−1. We therefore ran this model
also with a vertical velocity gradient of 8.7 ± 4.1 km s−1 kpc−1, which again produced a
velocity field similar to the one obtained from the best fit model. Thus, we believe that
if this galaxy has a lagging halo the vertical gradient can at maximum be 8.7 ± 4.1 km
s−1 kpc−1.

As in the case of the super-thin galaxy UGC 7321 (Matthews & Wood 2003) the
origin of the lagging HI extra-planar gas in a Low Surface Brightness (LSB) dwarf galaxy,
with low star formation rates, would be puzzling.

Heald et al. (2007) have compared the lag, or the vertical gradient in the rotation
curve in three massive galaxies. They find tentative evidence that when they scale the
lag with the observed Hα scale height ∗ this new parameter (dV/dhz) is roughly con-
stant at about 20 km s−1 scale height−1. However, the galaxies compared are of similar
mass. The results presented in this paper give us now the opportunity to look at a class
of galaxies with much lower mass. The dynamical mass of UGC 1281 is 5.9×109M⊙,
measured at our last point of the rotation curve, as opposed to ∼ 1 × 1011M⊙ for the
other galaxies (See Fig 4.16).

When we multiply the lag in UGC 1281 with its electron scale height we find dV/dhz

= 3.4 ± 0.9 km s−1 per scale height . This value is inconsistent with a constant dV/dhz

∼ 20 km s−1 which was found for the 3 massive galaxies (see Fig 4.17). This is most

∗ Note that Heald et al. (2007) use electron scale heights instead of the emission measure scale heights.
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Figure 4.16: Vertical Lag vs. the log of the dynamical mass for the galaxies from
Heald et al. (2007) (filled ellipses) and UGC 1281 (open ellipse). The horizontal axis of
an ellipse indicates the error in lag for a specific galaxy

Figure 4.17: Vertical Lag vs. Hα scale height for the galaxies from Heald et al. (2007)
(filled ellipses) and UGC 1281 (open ellipse). The horizontal (vertical) axis of an ellipse
indicates the error in lag (scale height) for a specific galaxy
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Figure 4.18: Star formation rate vs. the Hα scale height for the galaxies from
Heald et al. (2007) (filled ellipses) and UGC 1281 (open ellipse). The vertical axis of
an ellipse indicates the error in scale height for a specific galaxy

Figure 4.19: Lag/vmax vs. the Hα scale height for the galaxies from Heald et al. (2007)
(filled ellipses) and UGC 1281 (open ellipse). The horizontal (vertical) axis of an ellipse
indicates the error in lag/vmax (scale height) for a specific galaxy
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likely caused by the fact that UGC 1281 is a dwarf galaxy whereas the galaxies compared
by Heald et al. (2007) are massive. This seems to indicate that the lag does not always
scale solely with the scale height of the ionized gas. If the lag is mostly caused by star
formation one would expect this relation to hold everywhere since the scale height of the
ionized gas is correlated to the SFR of a galaxy (See Fig. 4.18).

Not only is the vertical gradient expected to correlate with the SFR, but also with
the overall size of the galaxy.

If we look at the ballistic model for UGC 1281 we already find a much lower predicted
vertical gradient of 0.4 km s−1 kpc−1 than in the ballistic models for the bigger galaxies
(1-4 km s−1 kpc−1, Heald et al. (2007), see § 4.5.2). However, the ballistic model is not
equally applicable to UGC 1281 because of its small scale height, and therefore only an
absolute upper limit on the lag can be achieved with ballistic models.

A different way to investigate whether the overall size influences the amount of ver-
tical gradient observed, is to scale the lag by a parameter which is known to be tied to
the overall size of a galaxy. Figure 4.19 shows the lag in each galaxy divided by the
maximum rotational velocity vmax plotted against the Hα scale height. It is clearly seen
that now there is a correlation between NGC 891, NGC 5775 and UGC 1281. However,
NGC 4302 is now the outlier instead of UGC 1281.

The previous discussion clearly shows the need for investigation of the lag in a much
larger sample than the one that has been available up to now.

A warp

The other possibility is that UGC 1281 does not have any halo at all or a non-lagging
halo and that it is just the warp that is causing the apparent lag. Warps are quite
common in disk galaxies and often they are asymmetric (García-Ruiz et al. 2002) as is
observed for UGC 1281. If the extra-planar HI and its kinematics in UGC 1281 is to be
fully explained by a warp, the warping axis has to have an angle of 35◦ with respect to
the line of sight.

We would like to point out the very small differences between the lagging halo model
(Model D) and the maximum line of sight warp model (Model F). The maximum dif-
ference in inclination between the two models is 3◦ which results in a difference in scale
height of ∼ 1′′ (See Figure 4.12). Also this small difference takes away the need for a
lag. This once more shows that it is very hard to separate between line of sight warps
and lagging halos and that great care must be taken to exclude one of the two options.

When we measure once more the maxima in normalized PV diagrams parallel to the
minor axis we find an apparent lag of 5.5±1.2 km s−1 kpc−1, for a model with the max-
imum line of sight warp (Model F), which is consistent with the measurement from the
data (6.3±2.1 km s−1 kpc−1). Therefore there is no need to introduce a lag or radial
inflows in this model.

The best fit model (Model F) for this case has central scale heights which are similar
to those measured from the stars and the Hα. This would mean that the stars and the
ionized gas hardly extend into the warped regions of the disk and that all the extra planar
HI is in the warp and flare.

This is consistent with the findings of van der Kruit (2007) that warps start just be-
yond the truncation radius of the stellar disk. van der Kruit (2007) discuss as possible
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warp origin a two-stage evolution for disk galaxies. In the first stage the flat inner stellar
disk is formed with a gas disk of similar size. The extended and warped parts of the
gas disk are then formed in a later stage by the accretion of gas from the inter galactic
medium (IGM) with higher angular momentum than the initial disk.

However, from the modeling and the observed structure we know that there is some
warped gas within the truncation radius of UGC 1281. Even more so, we know from the
observed Hα emission that also the ionized gas is slightly warped (See 4.4.1). This would
imply that if the warp in UGC 1281 is formed by the accretion of gas from the IGM its
initial disk was not rigid enough to stabilize the infalling gas. If so, one would expect
a clear difference between the onset of the warp, with respect to its truncation radius,
between dwarf galaxies and massive galaxies.

4.7 Summary

We presented emission in 21 cm and Hα emission of the edge-on dwarf galaxy UGC
1281. This is the first time such sensitive HI data have been presented for a dwarf edge-
on.

The integrated Hα velocity map shows a non-smooth distribution on the major axis
with several peaks. One of these peaks is actually located beneath the major axis. It
is unclear whether this HII region is actually located in the halo of the galaxy or in the
warped outer parts.

The integrated HI velocity map shows a quite regular distribution with its most
remarkable feature a central depression. This central depression appears symmetrically
in position around the center but is much deeper on the NE side of the galaxy. This is
typical for dwarf galaxies.

Furthermore this map shows that UGC 1281 is warped in its outer parts and this warp
resembles a w shape. The warp deviates at maximum 6◦ in PA from the major axis and
this maximum deviation occurs at about half of the total radius of the HI distribution
and not in the outer parts.

For the interpretation of the kinematics of the extra-planar HI gas we constructed
velocity maps from the Hα and HI data. Also 3-D models with a modified version of
GALMOD are constructed in GIPSY. This modified version enables us to construct
kinematic models. As a starting point for the HI model we used the observed radial and
vertical distribution and a rotation curve obtained from the 1st moment map. Then the
model is iterated (by hand) until a best fit is obtained.

The rotation curve obtained from the best fit models shows a slow rise in its inner
part. This is also seen in the velocities obtained directly from the data and therefore
unlikely to be an effect of the HI distribution or resolution. At about 120′′ the rotation
curve flattens off to a maximum rotational velocity ∼ 60 km s−1. This slow rise is seen
in many dwarf galaxies and thought to be caused by a dark matter dominated mass
distribution.

From our modeling we find that our data is not sensitive enough to distinguish be-
tween a lagging halo or a line of sight warp. Both models fit the data equally well and
there is only a small difference between the input parameters of the models.

In the case of a lagging halo the low vertical extent and the low flux level of the Hα
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emission would indicate that this extra-planar HI does not originate from galactic foun-
tains but is either infalling primordial HI or brought up from the plane in an interaction
with another galaxy.

To obtain the lag in this case we measure the apparent lag in the data by fitting
the position of the maxima in normalized PV-diagrams parallel to the minor axis in the
data with a straight line. Such a measurement will be affected by beam smearing and
the warp and therefore we repeat this measurement for our best fit halo model covering
a range in lag. This way we find that the vertical velocity gradient in UGC 1281 in the
case of a lagging halo is 8.7±4.1 km s−1 kpc−1.

Great care must be taken to distinguish between lagging halos and line of sight warps
since small changes in the modeling can have a great effect on the velocity field.

In the case of a line of sight warp the ionized hydrogen and the distribution of the
stars would not extend into the warped region of the disk. However, the scale height in
the central parts would be the same for the stars, Hα and HI.

Summarising our main conclusions:

• The rotation curve of UGC 1281 is slowly rising in its inner parts and flattens off
to a maximum rotational velocity ∼ 60 km s−1 at 120′′ (3.14 kpc).

• The neutral hydrogen in UGC 1281 is more extended than the stars and the ionized
emission in its radial distribution.

• Our observations can be fitted by both a lagging halo and a line of sight warp. The
observations are not sensitive enough to separate between these two options.
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Abstract

T
he properties of the gas in halos of galaxies constrain global models of the interstellar

medium. Kinematical information is of particular interest since it is a clue to the origin

of the gas. Up-to now mostly massive galaxies have been investigated for their halo properties.

Here we compare the halo properties of 6 edge-on galaxies with their various other parameters.

This is the first time that a sample of galaxies is compared specifically for their halo lagging

properties in a consistent way. We have obtained deep HI observations for 6 galaxies and mea-

sure their lag in a consistent way and compare this to several literature studies. We find that

the vertical gradient in a galaxy does not correlate with mass, Hubble type, HI scale height or

24 µm luminosity in our sample. This implies that the lags, and thus the gaseous halos, are

not dominated by gas brought up from the plane through supernovea and that other origins

significantly contribute.
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5.1 Introduction

The discovery of a massive HI halo around NGC 891 (Swaters et al. 1997) has cre-
ated a large interest in the gaseous halos of galaxies. This halo makes up ∼ 30% of
the total HI mass in NGC 891 and is recognized in the vertical distribution of the
HI as a upward break in the vertical line profile (Oosterloo et al. 2007). It can there-
fore be considered an important separate component of the galaxy. Nowadays many
halos have been observed and investigated in neutral and ionized gas (Schaap et al.
2000; Lee et al. 2001; Rossa & Dettmar 2003; Barbieri et al. 2005; Westmeier et al. 2005;
Boomsma et al. 2005). These galaxies have mostly been investigated as individual galax-
ies but as yet only little attempts have been made at investigating statistical properties.

One of the most interesting things, besides its sheer size, of the halo of NGC 891 is
that the gas is rotating slower above the disk (Heald et al. 2006; Oosterloo et al. 2007).
This so-called ’lag’ is seen a vertical gradient in the rotation curve of ∼ 15 km s−1 kpc
−1 in the neutral gas (Fraternali et al. 2005) as well as the ionized gas (Heald et al. 2006;
Kamphuis et al. 2007a)

The origin of this lag has eluded theoretical explanation up to now. It is thought
that most of the gas is brought up from the plane of the galaxy by galactic fountains
(Shapiro & Field 1976; Bregman 1980) or chimneys (Norman & Ikeuchi 1989). There-
fore, attemps have been made to explain the lag with ballistic models (Collins et al.
2002; Fraternali & Binney 2006). Even though such models can produce a lagging
halo with a reasonable energy input they underestimate the observed vertical gradi-
ent (Fraternali & Binney 2006; Heald et al. 2007).

A different origin of the extra-planar gas might be from outside the galaxy. In this
case the halo would be formed through the means of accretion (van der Hulst & Sancisi
1988, 2005). Since the orientation of the infalling gas is expected to be random its av-
erage angular momentum should be small. Therefore the angular momentum of the gas
already in the galaxy would be lowered which could result in the vertical lag that is
observed. However, to estimate the amount of infalling gas that is required to obtain
the observed effect, detailed hydrodynamical modelling is necessary. Such modelling is
lacking up to now.

To understand the lag observed in the halo of NGC 891 and other galaxies it is
crucial to know the origin of the extra-planar gas. Even though the studies of individual
galaxies has brought us a great deal of knowledge about the rotation of the extra planar
gas, the origin of this gas is still a puzzle. To get a better handle on this one could,
besides studying the distribution and kinematics of gaseous halos in individual galaxies
in great detail, obtain a sample of galaxies with a lagging halo. With such a sample cor-
relations between the lag and other properties of a galaxy, such as mass, star formation
rate (SFR), gas mass and the vertical distribution could be studied.

If the gaseous halos are created by galactic fountains or chimneys then the size of a
halo and the vertical gradient should be correlated with the overall star formation rate
in a galaxy. This because the star formation rate determines the supernovae rate in a
galaxy since supernovea are created by young, short lived stars. However, if some other
process lies at the base of these gaseous halos a correlation between other properties,
such as mass, can provide us with clues to which process this could be.

An initial attempt is made by Rossa & Dettmar (2003). They have observed 74
galaxies in Hα to determine the frequency of extra planar diffuse ionized gas (eDIG)
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emission. They found that ∼ 40% of edge-on galaxies reveal an extra planar component
of ionized gas. In their sample the eDIG is correlated with the SFR of the galaxies which
indicates an internal origin for this gas. However, since they only have imaging observa-
tions and no kinematics this gas might also be partially in line-of sight warps or flares.
Also, it is unclear whether this gas is lagging or co-rotating.

Heald et al. (2007) have investigated three galaxies (NGC 4203, NGC 891, NGC 5775)
where a lag has been found in the ionized gas. They investigated the correlation of the
lag with the scale height and found that this is approximately constant ∼ 15-25 km s−1

kpc −1 per electron scale height. However, these galaxies are all very similar except in
their SFR and therefore a correlation with other parameters could not be investigated.

Since the halo has a low surface brightness it is necessary to obtain extremely sensitive
observations to analyze its kinematics. Not many edge-on galaxies have been observed
to the required depth in HI nor Hα. Even though nowadays there are several galaxies
with indications of a lagging halo, with the exception of NGC 891, NGC 4302 and NGC
5775 no vertical gradient has been quantified. Even more, this lag has been quantified
in HI only for NGC 891.

In this Chapter we will select a sample of edge-on galaxies that are nearby, isolated
and edge-on. Of primary importance is that the sample has a range in star formation
properties and mass. These galaxies will be modelled in a systematic way. Modelling
the galaxies for different lags enables us to obtain the lag in a galaxy by measuring the
gradient in normalized PV- diagrams in the data as well as the models. This comparison
between the models and the data is necessary to obtain a lag because beam smearing
and partial line-of-sight warps can introduce apparent lags.

With the obtained lags, or lack of halo, we will then look for correlations between
the lag and other properties of the galaxies such as mass, HI mass, scale height and SFR.

This Chapter is structured as follows. In § 5.2 we will present the data and the
criteria used for the selection of a sample. In § 5.3 the modelling and the method of
analysis will be discussed. The results will be presented and discussed in § 5.4 and in §
5.5 we will summarize and discuss Future Work.

5.2 Data and Sample selection

As mentioned in the introduction we have selected a set of nearby, isolated edge-on
galaxies. Because we will study the galaxies in HI, where the resolution is often > 10′′

the galaxies have to be nearby. To detect the faint outer parts of the vertical distribution,
an edge-on orientation is preferred. Also, we are not interested in gas brought up from
the plane through the interaction with other galaxies and therefore the galaxies in the
sample should be isolated.

Since we are interested in very faint 21 cm emission we also would like the galaxies
to be observable with the Very Large Array (VLA) and the Westerbork Radio Synthesis
Telescope (WRST). Therefore the galaxies should be in the Northern Hemisphere and
above 20◦ declination. To ensure these criteria we have taken the following steps.

From the UGC (Uppsala Galaxy Catalogue) we have selected the galaxies that are
classified as highly inclined (UGC class 7) and have a declination above 20◦. Through
a visual inspection of the optical photographs and previous work we ensure that all the
galaxies indeed have an inclination ≥ 85◦. To this sample of 14 nearby edge-on spiral
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UGC No. Alt. name RA (J2000) DEC (J2000) Reference
UGC 0008 NGC 7814 00h03m15s 16◦08′ 43.5′′ Kamphuis et al. (2007b)
UGC 1281 01h49m32s 32◦35′ 24′′ This thesis, Chapter 4
UGC 1831 NGC 891 02h22m33s 42◦20′ 52′′ Oosterloo et al. (2007)
UGC 4704 08h59m00s 39◦12′ 36′′ Swaters (1999)
UGC 7321 12h17m34s 22◦32′ 25′′ Matthews & Wood (2003)
UGC 7774 12h36m23s 40◦00′ 18′′ Swaters (1999)

Table 5.1: The sample, their positions and original publications

UGC No. Type PA Distance vhel vmax D25
◦ Mpc km s−1 km s−1 ′

UGC 0008 Sab 135 16.4 1044 220 5.5
UGC 1281 Sdm 38 5.4 156 60 4.4
UGC 1831 Sb 22 9.5 528 220 13.5
UGC 4704 Sdm 115 8.0 596 50 4.1
UGC 7321 Sd 82 5.24 408 110 5.5
UGC 7774 Sc 102 7.8 526 100 3.6

Table 5.2: Global parameters of the sample. PA, type and D25 from RC3
(de Vaucouleurs et al. 1992). Distance from the NASA extra galactic database. vhel

and vmax from this work (See § 5.3)

galaxies two additional galaxies are added, NGC 7814 (which has low declination but
is large enough to be observed) and UGC 7774 (which has UGC class 6 but has 85◦

inclination). The diameters of these galaxies range from 3’.6 to 16’.6 in D25 (Table 5.2).
We obtained deep HI observations (σ < 1 mJy) for 6 of these 16 galaxies. Of

these observations 2 are new observations with the WRST (NGC 7814 and UGC 128;
Kamphuis et al. (2007b)) and 4 are archival data (NGC 891; Oosterloo et al. (2007),
UGC 4704 and UGC 7774; Swaters (1999), UGC 7321; Matthews & Wood (2003)). These
galaxies are presented in Table 5.1.

Of the six galaxies in the sample only NGC 891 and NGC 7814 have NGC numbers;
therefore we will refer to these galaxies by their UGC number as well. These numbers
are UGC 1831 and UGC 0008 respectively.

Even though this sample is small it covers a wide range of morphologies, masses and
SFRs (See Table 5.2 and 5.3).

5.3 Modelling

We modelled the galaxies with the Tilted Ring Fitting Code (Józsa et al. 2007)
TiRiFiC. TiRiFiC fits a tilted ring model to the HI data cubes through the means of χ2

minimization. Most studies in the literature determine the best fit by eye. Using the
new TiRiFiC models is a great step forward from comparing the models by eye, but it
is by no means the holy grail of finding the correct model. Since there are parameters
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UGC No. L 24 µm F Hα L Hα SFR Hα
×1020 erg s−1 Hz−1 ×10−13 erg s−1 cm−2 ×1039 erg s−1 M⊙ yr−1

UGC 0008+ 2.7 6 15 0.11
UGC 1281* 0.4 3.8 1.148 0.009
UGC 1831 6.9 44.6 38.9 0.3
UGC 4704 - 1.3 0.95 0.0075
UGC 7321 0.07 - - -
UGC 7774 0.22 1.3 8.5 0.067

Table 5.3: Global SFR parameters of the sample. 24 µm luminosity derived from spitzer
archival images Hα fluxes and luminosities from Kennicutt et al. (2008).+ Hα flux from
Hameed & Devereux (2005). *25 µm luminosity from the IRAS catalogues.

that are degenerate, such as inclination and scale height, some restrictions are required
to obtain a good fit.

TiRiFiC fits a disk made of several rings. Even though such a tilted ring model has
great freedom in the radial direction it is somewhat limited in the vertical direction. The
rings in the model are described by a single exponential in the vertical direction whereas
there are several examples where the observations are better described by a double expo-
nential (See the vertical distribution of NGC 891 (Oosterloo et al. 2007)). Also, TiRiFiC
does not fit a lag to the galaxy. If there is a galaxy with a lag it tries to fit this with
either a flare or a line of sight warp. One can however distinguish between a lag, a flare
and a warp. A flare will clearly show in the channel maps as a butterfly effect and a line
of sight warp will produce outer channel maps where the intensity distribution is to wide
in the vertical direction. These limitations have to be taken into account.

To avoid concluding on the wrong parameters we construct three different models for
each galaxy. In first model we restrict the model in such a way that it can have only one
value for the scale height and inclination for all the rings in the model. This means that
the model cannot flare nor warp into the line of sight (Model A). Then we construct two
models in which either the inclination can vary per ring (Model B) or where the scale
height can vary per ring (Model C). This corresponds to modelling either a line of sight
warp or a flaring disk.

Even though a real galaxy might be flaring as well as warping into the line of sight
we do not model this option. This is because in such a model it would become very hard
to determine the actual quality of the fit and thus the analysis would not give a clear
answer. We do however fit the two sides of the galaxy separately to account for any
asymmetries.

After obtaining a satisfying fit for the three different models we reproduce the models
with a range of lags. We then measured the apparent lag of the data and the different
lagging models as described in Chapter 4. This way of measuring the vertical gradient
does not distingiush between a vertical gradient from a halo, a warp, or a flare. Therefore
it is necessary to determine this lag in the models as well as the data if there is a warp
or flare. However, in the absence of a flare or warp (Model A) and in an highly inclined
disk, like in UGC 1831, this measurement gives the vertical gradient of the rotation curve
directly and is actually more reliable then a comparison to the model since the model
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UGC No. Best Fit Model vertical gradient in max rot velocity (km s−1 kpc−1)
UGC 0008 Model A 0±0
UGC 1281 Model B 0±8.4
UGC 1831 Model A 13.9±3.0
UGC 4704 Model A 5.3±0.8
UGC 7321 Model A 15.8±4.4
UGC 7774 Model B 0±0

Table 5.4: Best fit models and their lag. Model A is a model without flaring and
without a line of sight warp, Model B contains a line of sight warp, Model C is a flaring
model.

will always contain small deviations from the actual distribution of HI.
After having measured the lag for all the models we compare the best fit models with

a lag and without a lag to the data cube to see which provides the better fit. Also, at this
stage we will determine whether Model A, B, or C is the better model for each galaxy.
Table 5.4 shows the lag measurement plus the best fit model for each of our six galaxies.

5.3.1 Notes on individual models

Here, we give a description of the models per galaxy individually and document why
we prefer one model over the other. The channel maps of each galaxy overlaid with
contours of the best fit model can be found in the color appendix in the back of this
thesis.

UGC 0008

Figure 5.1 shows the parameters of the best fit models for UGC 0008. For this galaxy
all three models fit the data evenly well. The vertical extent of the data is too small to
be measured due to beam smearing. Therefore, it is also impossible to measure any lag.
If any lag or even extra-planar gas is present in this galaxy it is completely obscured by
beam smearing. A visual inspection of the models shows that also by eye it is impossible
to distingiush between the different models. Therefore we assume the simplest model,
with no lag, no flare and a constant inclination (Model A).

UGC 1281

From the detailed analysis in Chapter 4 we have already seen that this galaxy is fitted
equally well by a line of sight warp and a vertical lag of 8.7±4.1 km s−1 kpc−1. However,
in that chapter the fit was done by eye. Here we include the same analysis for UGC 1281
as the rest of the sample.

For UGC 1281 all the models are inconsistent with a non-lagging halo (See bottom
right Panels in Fig 5.2). However, for Model B, a line of sight warp, this inconsistency
is only 0.3 km s−1 kpc−1 at the lower limit. The fact that for our fitting in this chapter
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Figure 5.1: Top left panel: the parameters for the best fit non-flaring model without
a line of sight warp (Model A) for UGC 0008. From top to bottom these parameters
are: the rotational velocity (vrot), the scale height (z0), the surface brightness (SBR),
the inclination (INCL), and the position angle (PA) for each ring. The parameters are
plotted against radius in arcsec. The top right panel and the bottom left panel show the
parameters for the best fit line of sight model (Model B) and the best fit flaring model
(Model C) for this galaxy.

a line of sight warp is excluded is caused by the fact that we do not combine the warp
with a flare.

From a visual comparison between the data and the models we find that indeed non-
lagging models are inconsistent with the data. We also find that a flaring model with a
lag (Model C, lag=8.3 km s−1 kpc−1) produces too much flux above the plane at large
radii. We are not able to separate between a lagging halo (Model A, lag=6.4 km s−1

kpc−1) or a line of sight warp (Model B, lag=0,7.7 km s−1 kpc−1), whether it is lagging
or not.

As we have already seen in the detailed analysis of UGC 1281 (Chapter 4 ) such
an analysis leads to the same conclusion. Therefore, we revert to the conclusion of our
previous Chapter and assume for the lag of UGC 1281 a range of 0-8.7 km s−1 kpc−1.
Figure 5.2 shows the parameters for each model.
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Figure 5.2: As Figure 5.1 but for UGC 1281. The additional three little panels in the
bottom right show the fits to normalized PV-diagrams of the data and the best fit models
with a range of lags (See Chapter 4, §4.4.2) in the same arrangement as the parameter
panels (e.g. Top left Model A, Top right Model B, Bottom left Model C).

UGC 1831

UGC 1831 is known to have a halo that is lagging (Swaters et al. 1997; Oosterloo et al.
2007). This galaxy can therefore be used as a reference frame for the analysis in this
Chapter. This galaxy is best fit in the vertical direction by two exponentials (See figure
5.15, middle left panel). Here there is a problem as TiRiFiC tries to fit the brighter inner
disk whereas we are interested in the outer vertical component.

When we compare our three best fit models with the data we see that all of them
indeed severely underestimate the scale height of UGC 1831. An investigation of the
channel maps shows us that the basic shapes of Model B and C are completely off (See
Figure 5.3). Model B (Green Contours) which resembles the line of sight warp produces
channel maps that blow up in the vertical direction at radii the furthest removed from
the center of the galaxy. This is indicated by the green arrows in Figure 5.3. Model C
(yellow contours) shows channel maps with a clear V shape (yellow arrows). Both these
shapes cannot be recognized in the data and we therefore conclude that Model A is the
best fit to the data.

When we look at the top panels of Figure 5.4 we see only small differences between
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Figure 5.3: Four channel maps of UGC 1831. The velocities relative to the systemic
velocity are shown in the top left corner of each panel. The color map and the white
contours are the data. The red contours show the best fit model (Model A) with a lag
of 13.9 km s−1 kpc−1. Green contours are show the line of sight model (Model B) with
a lag of 20 km s−1 kpc−1. Yellow contours are the flaring model with a lag of 16 km
s−1 kpc−1. Contour levels are 1 σ, 3 σ, 7.5 σ 18.75 σ etc. (σ = 0.2 mJy). The green
and yellow arrows indicate where the shape of the models deviates from the shape of the
data (See text). Color version on Page 139.

parameters of model A (left panel) and model B (right panel). This again indicates
that great care must be taken in the modeling since Figure 5.3 clearly shows that these
parameters result in very different models.

If the only difference between the second vertical component and the bright inner disk
is the scale height the lag should still be measured correctly in our models. When we
look at the bottom right panels of Figure 5.4 we see this is not the case. Only for the line
of sight warp (Model B, top right panel of the little panels in Fig. 5.4) is the obtained in-
put value consistent with the lag obtained for this halo in the literature (Fraternali et al.
2005; Heald et al. 2006). The fact that our comparison between measured lag and input
lag in Model A and Model C (Top left little panel, bottom little panel respectively in Fig.
5.4) is inconsistent with the literature is caused by the fact that TiRiFiC tries to fit the
double exponential vertical profile with a single exponential. However, in the absence of
a warp and no significant flaring (Model A) the lag can be measured directly from the
data. This gives us a lag for UGC 1831 of 13.9 ± 3.0 km s−1 kpc−1 which is consistent
with the literature.
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Oosterloo et al. (2007) have modeled this galaxy with a two disk model, thus prop-
erly resembling the the double exponential in the vertical distribution. They find that
the lag in the halo of this galaxy is best fitted by a vertical gradient of 15 km s−1 kpc−1

which is consistent with our results.

Figure 5.4: Same as Fig. 5.2 but for UGC 1831

UGC 4704

For UGC 4704 there is not much difference between the three models. Figure 5.5
shows for channel maps of the data overlaid with the contours of the three models. From
these channel maps we see that it is impossible to distinguish between model A and B
(red and green contours respectively). There is a hint on the approaching side of the
galaxy that Model C (yellow contours) produces to much intensity above the plane at
large radii at the receding side of the galaxy, but this is only seen in the 1 σ contour and
cannot be called significant. This devation from the data is indicated in Figure 5.5 by
the black arrows in the left panels.

All the vertical gradient measurements for UGC 4704 are inconsistent with a non-
lagging distribution (See Figure 5.7, the little panels in the bottom right corner). When
we look at the Position Velocity (PV) diagrams parallel to the major axis above and
below the plane we can confirm that a lagging model provides the better fit. Figure 5.6
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Figure 5.5: Four channel maps of UGC 4704. The velocities relative to the systemic
velocity are shown in the top left corner of each panel. The color map and the white
contours are the data. The red contours show the best fit model Model A with a lag=
5.3 ± 0.8 km s−1 kpc−1. Green contours show the line of sight warp (Model B) with a
lag of 8 km s−1 kpc−1. Yellow contours are the flaring model (Model C) with a lag of
4 km s−1 kpc−1. With contour levels 1 σ, 3 σ, 7.5 σ 18.75 σ etc. (σ = 0.78 mJy). The
black arrows indicate where the flaring model deviates from the data. Color version on
Page 140.

shows two of such PV diagrams averaged over the range from 30 to 40 ′′ above and below
the plane. Here the contours of Model A are overlaid on the data with the white contours
showing a model with a vertical gradient of 5.3 km s−1 kpc−1 and the red contours a
model without a vertical gradient. If we compare the non lagging best fit line of sight
warp model (Model B) and the best fit non lagging flaring model (Model C) to their
models with a lag we see that the lagging model is also a better fit in these cases. This
is not surprising since the parameters of the different model do not differ much. This is
easily seen in Figure 5.7 which shows the parameters in the top panels and the bottom
right panel.

We therefore conclude that this galaxy is best fit with a disk that has no line of sight
warp and no flare (Model A). As we have seen in UGC 1831 TiRiFiC tries to compensate
for a lag by adjusting the parameters in the best fit model. We therefore assume a lag
of 5.3 ±0.8 km s−1 kpc−1 which is directly measured from the data.
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Figure 5.6: Two xv diagrams at ± 20-40 ′′ vertical offset (Right positive, Left negative)
of the major axis. The color map and the black contours are the data. The white contours
show the best fit model Model A with a lag= 5.3 ± 0.8 km s−1 kpc−1. Red contours
show the same model without a lag. With contour levels 1 σ, 3 σ, 7.5 σ (σ = 0. mJy).
Color version on Page 140.

Figure 5.7: Same as Fig. 5.2 for UGC 4704
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UGC 7321

Figure 5.8: Four channel maps of UGC 7321. The velocities relative to the systemic
velocity are shown in the top left corner of each panel. The color map and the white
contours are the data. The red contours show the best fit model Model A. Green contours
are a line of sight warp. Black contours are a flaring model. With contour levels 1 σ, 3
σ, 7.5 σ 18.75 σ etc. (σ = 0.5 mJy). Color version on Page 141.

This galaxy shows the same behavior in its vertical distribution as UGC 1831. It is
thought to have a lagging halo (Matthews & Wood 2003) but no vertical gradient could
be quantified.

When we compare the fitted models to channel maps of the data (Figure 5.8) we see
that indeed a flare (Model C, yellow contours) or a line of sight warp (Model B, green
contours) does not match the data as well as a model without a flare or a line of sight
warp. Both models show model channel maps that blow up in the vertical direction at
large radii. For the warp this happens at velocities ∼ ± 55 km s−1. This is indicated
by the green arrows in Figure 5.8, bottom panels. In the top panels of Figure 5.8 we
see the same behavior for the flaring model (black and yellow arrows). In this case this
widening at large radii appears at higher velocities (∼ 100 km s−1). This behavior can
not be recognized anywhere in the data channel maps. In general this galaxy is very
similar to UGC 1831 but on smaller scales. Its vertical distribution would also be best
fit by a double exponential as clearly can be seen in the top left panel of Figure 5.15.

When we measure the vertical gradient in the data we find that the extra-planar gas is
lagging with 15.8 ± 4.2 km s−1 kpc−1. This measurement is confirmed when we compare
PV diagrams parallel to the major axis of the data to the model (Figure 5.9). Here it
is clearly seen that the model with a lag fits the data much better than a non-lagging
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Figure 5.9: Two xv diagrams at ± 20-40 ′′ vertical offset (Right positive, Left negative)
of the major axis. The color map and the black contours are the data. The red contours
show the best fit model Model A lag= 15.8 ± 4.2 km s−1 kpc−1. White contours the
same model without a lag. With contour levels 1 σ, 3 σ, 7.5 σ 18.75 σ etc. (σ = 0.5
mJy). Color version on Page 141.

model.

UGC 7774

UGC 7774 is a special case in this sample as it is the only galaxy with an obvious
warp. When we compare the channel maps of the HI data cube to the models it is seen
that model B fits the data the best (Figure 5.11). This becomes even more clear when
examining the two PV diagrams parallel to the minor axis shown in Figure 5.12. In this
figure it can clearly be seen that the extra planar extensions do not occur at the right
velocities in the case of Models A and C. This is pointed out by the black arrows in the
plot.

When we measure the apparent lag of this galaxy (See Figure 5.7, little panels on the
bottom right) we see that none of the models, be it lagging or not, fit the measurement
from the data. This clearly indicates that our simplified best fit models are not an exact
match to the data. This could be caused by the fact that we only consider a line of sight
warp and a flaring model but not a combination of the two. However, the tremendous
warp in UGC 7774 makes the measurements highly unstable. Therefore small differences
between the model and the data will translate into huge differences in this measurement.
Figure 5.13 shows the parameters for our best fitting models (Top panels, Bottom right
panel). Here we can see how big the warp in this galaxy actually is. When we look
at the values for the position angle we see that from the central parts to the last fitted
ring there is a change in position angle of ± 30◦. To investigate that this galaxy is not
somehow lagging in addition to its gigantic warp we investigate the lagging models by
eye. We find that including a lag to the model results in a less good representation of the
data. We therefore conclude that this galaxy is not lagging and that the best fit model
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Figure 5.10: Same as Fig. 5.2 for UGC 7321

is Model B.

From the models we also obtain the rotation curve for each galaxy. These are shown
in Figure 5.14 where the radius is in kpc to make a comparison between the different
galaxies easier. The dashed rotation curves are at the approaching side whereas the solid
lines are the rotation curves for the receding side of the galaxies. We use the average of
these curves to determine the dynamical mass of each galaxy within the radius of their
25th magnitude contour in the B-band (1

2D25. Also we determine the dynamical mass at
the last point of the rotation curve. These masses and the radius of the last trustworthy
point are listed in Table 5.5. This table also shows the total mass of the HI in each
galaxy.

5.4 The structure of the halo

Besides obtaining a vertical velocity gradient for a galaxy one can also learn more
about the halo by looking at the vertical distribution of the gas. Figure 5.15 shows the
vertical HI profile for each galaxy. In this figure we also see the fits made to this profile to
determine the scale height (dashed lines) from the data. UGC 0008 is an exception where
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Figure 5.11: Four channel maps of UGC 7774.The velocities relative to the systemic
velocity are shown in the top left corner of each panel. The color map and the white
contours are the data. The red contours show the best fit model Model B. Green contours
are a purely plane of the sky warp . Yellow contours are a flaring model. With contour
levels 1 σ, 3 σ, 7.5 σ 18.75 σ etc. (σ = 0.94 mJy). Color version on Page 142.

UGC No. Dyn. mass Radius Dyn. mass at D25 HI mass
M⊙ arcsec M⊙ M⊙

UGC 0008 1.9 × 1011 240 1.5 × 1011 1.3×109

UGC 1281 4.7 × 109 240 2.5 × 109 0.6×109

UGC 1831 1.3 × 1011 400 1.3 × 1011 4.2×109

UGC 4704 5.1 × 109 150 3.7 × 109 0.35×109

UGC 7321 1.7 × 1010 220 1.1 × 1010 0.28×109

UGC 7774 2.0 × 1010 270 7.8 × 109 0.36×109

Table 5.5: Dynamical masses for the last measured point, the radius of the last measured
point, Dynamical masses at 1

2D25 and the total HI mass.
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Figure 5.12: Two yv diagrams at ± 80 ′′ radial offset (Right positive, Left negative) of
the minor axis. The color map and the white contours are the data. The red contours
show the best fit model (Model B). Green contours are Model A. Yellow contours are a
flare (Model C) . With contour levels 1 σ, 3 σ, 7.5 σ 18.75 σ etc. (σ = 0.94 mJy). The
black arrows indicate where Model A and C deviate from the data. Color version on
Page 141.

Figure 5.13: Same as Fig. 5.2 for UGC 7774.
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Figure 5.14: Rotation curves obtained from the fitting. Dashed line approaching side.
Solid lines receding side. Color version on Page 142.

UGC No. zdata (kpc) zModel (kpc)
UGC 0008 - 0.35
UGC 1281 - 0.2
UGC 1831 1.51 0.45
UGC 4704 0.28 0.3
UGC 7321 0.31 0.14
UGC 7774 1.15 0.21

Table 5.6: Scale heights for the six galaxies in our sample. zdata scale height measured
from the data (See text). zModel input scale height of the best fit model of each galaxy
(See Table 5.4 and text)

there is no fit to the data because there is no indication for any gas outside the beam.
UGC 1281 is also not fitted because even though there is clearly additional gas above
and below the plane, the scale height is smaller than the beam and therefore difficult to
measure. The average scale height above and below the plane for the other galaxies is
shown in Table 5.6 together with the average scale heights of the best fit model.

In figure 5.15 it can be seen that all galaxies except UGC 1281 and UGC 0008 have
a break in their vertical profiles. In UGC 7774 this break is caused by the warp but in
the other galaxies it is most likely caused by a second component in the vertical distri-
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Figure 5.15: Vertical line profiles for the six galaxies. With on the left from top to
bottom: UGC 7321, UGC 4704, UGC 0008. And on the right from top to bottom: UGC
7774, UGC 1831, UGC 1281. These are average line profiles of the inner part of the
galaxies. The dashed lines indicate the beam size for each observation.
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bution. We also see that the scale heights that TiRiFiC derives are much lower then the
ones measured from the data by fitting an exponential to the slope. This is caused by
the fact that TiRiFiC fits only a single exponential in the vertical direction and fits this
exponential to the bright inner disk.

Now that we have obtained the vertical distribution and the lag of the galaxies in our
sample we can correlate these with other properties of the galaxies in the sample.

The first thing we find from this small sample is that about 50% of our galaxies show
a lag (See Table 5.4). This is by no means a complete or unbiased sample and so we
will not obtain any general conclusion from this. However, it is interesting to see that
the sample is split up in 3 distinct pairs of galaxies. These pairs are formed based on
their mass and have one galaxy with a lagging halo and one with no lagging halo. The
exception is the lowest mass pair with UGC 1281 since we cannot exclude a lagging halo
in that galaxy.

When we compare the lags of the galaxies with their other properties such as mass,
24µm luminosity, and scale height, we find no obvious correlations. This is shown in
Figure 5.16, where we plot the vertical gradient against other properties of the galaxies
in our sample. The width of the ellipses in these plots indicate the error on the derived
lag. The height is arbitrary except for the 24 µm luminosties and the maximal rotational
velocity where they indicate scaled versions of the errors. The panels in Figure 5.16 con-
tain in addition to the galaxies from our sample also NGC 5775 and NGC 4302 (Open
symbols in the plots). These two galaxies, in combination with UGC 1831, were studied
by Heald et al. (2007), who found a weak correlation between the electron scale height
and the vertical gradient of these galaxies. The electron scale height can be measured
from the Hα emission in a galaxy and is two times the scale height of the ionized gas.
We were unable to obtain deep HI observations of these galaxies. Therefore these galax-
ies are not included in the correlation between the lag and HI mass or HI scale height.
Their values for the dynamical mass and maximal rotational velocities are taken from
Heald et al. (2007) and their 24 µm luminosities are obtained in the same way as the rest
of the sample. The upper left plot shows the obtained lag against the log of the total
luminosity of a galaxy in 24 µm from the Spitzer Space Telescope (See Table 5.3). For
high 24 µm fluxes the emission is a good tracer of the star formation rate of star forming
regions in M 51 (Calzetti et al. 2005).

The upper right plot shows the obtained lag against the numerical Hubble type from
the RC3 catalogue (de Vaucouleurs et al. 1992). The middle plots show the vertical gra-
dient against the maximal rotational velocity (Right) and against the neutral gas scale
heights (Left). The neutral gas scale height is an indicator of the extent of the gas halo,
whereas the maximal rotational velocity is an indicator of the total mass of a galaxy.

The bottom plots show on the right the vertical gradient against dynamical mass
determined at 1

2D25 and on the left the lag against the HI mass of each galaxy in our
sample (See Table 5.5).

When we calculate the correlation coefficients for these distributions we find that all
of the distributions have a correlation coefficient lower than 0.2. This is interesting in
its own right because if the vertical gradient were determined by gas brought up from
the plane of the galaxy, in processes related to star formation, a clear and obvious trend
should be observed between the vertical gradient and the 24 µm luminosity of a galaxy.

To complicate matters even more, a correlation between the electron scale height and
the observed vertical gradient in a small sample of 3 galaxies (NGC 891, NGC 4302,
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Figure 5.16: The obtained lags plotted against various masses, 24 µm luminosity and
numerical Hubble type. With on the left the vertical gradient against from top to bottom
24µm luminosity, maximal rotation velocity and the dynamical mass at 1

2D425. On the
right the vertical gradient against, from top to bottom, numerical Hubble type, HI scale
height and HI mass. The width of the ellipses indicates the error in the lag and for the
24 µm and maximal rotational velocity the height indicates scaled version of the error
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NGC 5775) was found by Heald et al. (2007). The electron scale height is correlated
with the the star formation rate of a galaxy, and therefore their result implied that star
formation is the most important factor in determining the vertical velocity gradient of
disk galaxies. However, their sample only contained galaxies which are all of about equal
mass. If we look at the lag vs 24 µm luminosity in Figure 5.16 (Top left panel) we see
that this correlation would be reproduced if we only considered these three galaxies, but
that it is destroyed by the extra galaxies in our sample.

The lack of any correlation in our sample implies that lagging halos are not dominated
by one type of process. The lack of correlation with the SFR of a galaxy agrees with the
underestimation of the vertical gradient by ballistic models. Of course there is always
the possibility that the vertical gradient in the halos of galaxies is determined by a single
process that is not considered here. However, it is unclear what such a process could be
and it is much more likely that the gaseous halos, and therefore the vertical gradient,
are created by a mixture of different possibilities such as the SFR and accretion combined

5.5 Summary and Future Work

We presented the analysis of the HI in a sample of 6 galaxies. These galaxies were
modelled by fitting a tilted ring model to their data cubes with the program TiRiFiC.
This was done in order to investigate the existence of lagging halos.

For these galaxies we find that 50% of them does have such a lagging halo. For two of
them (UGC 1831 and UGC 7321) (Matthews & Wood 2003; Oosterloo et al. 2007) this
was already known. For another dwarf galaxy (UGC 4704) this is a new measurement
also we were able to quantify the vertical gradient in UGC 7321. We also find that of the
six galaxies in our sample all of them contain some form of extra-planar gas (for UGC
0008 see Chapter 6). However, our sample is most likely biased towards galaxies with
extra-planar gas due to the massive amount of observing time required.

We searched for possible correlations between the vertical gradient in a galaxy and
other properties such as mass, SFR, vertical extent of the gas but found no significant
ones. This implies that the creation of gaseous halos is not dominated by one of the pro-
cesses investigated here. Therefore, they are created by either a mixture of SFR related
processes and accretion or by a proces not considered in this Chapter.

To investigate these possibilities the sample should be extended. Also, for a more
certain determination of the vertical gradient in edge-on galaxies TiRiFiC should fit lags
and double exponentials to ensure all possible models for the galaxies. Especially because
TiRiFiC now tries to compensate for the vertical gradient or second component in the
vertical distribution by including either a line of sight warp or a flare when all parameters
are left free to be fitted.



Chapter 6
Extra-planar gas at peculiar velocities in

NGC 7814

Adapted from Kamphuis et al. (2007b)∗

Abstract

T
he origin of H I at anomalous velocities and at large distances above the disk, detected in

a few spiral galaxies, is still a puzzle. Here we will present deep HI observations of the
edge-on Sa galaxy NGC 7814. Even though NGC 7814 shows no evidence for a halo, we have
detected extra-planar gas, at velocities higher than the maximal rotational velocity, above and
below the plane. This gas is located near the center of the galaxies and is symmetric around it
in its spatial distribution as well as its velocity distribution. The origin of this gas is unclear
but might be related to the edges of the suspected bar in NGC 7814.

∗ A Study of Extra-Planar HI Gas
P. Kamphuis 1, R.F. Peletier 1, and P.C. van der Kruit 1,T.A. Oosterloo 2, and R. Sancisi 1,3

1 Kapteyn Astronomical Institute,University of Groningen, Postbus 800, 9700 AV Groningen, the

Netherlands.
2ASTRON, Dwingeloo.
3INAF - Osservatorio Astronomico di Bologna.
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6.1 Introduction

The picture of the vertical HI gas distribution in spiral galaxies emerging from re-
cent deep HI observations of a number of galaxies (Schaap et al. 2000; Lee et al. 2001;
Barbieri et al. 2005; Westmeier et al. 2005; Boomsma et al. 2005; Rand & Benjamin 2008)
is that of a cold thin disk surrounded by a thick layer of more slowly rotating gas (halo
gas). In NGC 891 this halo extends up to 15 kpc (∼ 40× optical scale height) from the
plane of the disk. 3D-modeling shows that this gas rotates more slowly than the gas
in the disk (see Fig. 4 in Swaters et al. (1997)). In a different galaxy, UGC 7321, gas
has been found in the halo up to 2.4 kpc (hz,H ∼ 140 pc) and this gas also is rotating
slower than the gas in the disk. This high latitude HI material might be analogous to
the Galactic High Velocity Clouds (HVCs) (Fraternali et al. 2002), and might provide an
answer to the question of the origin of the HVCs.

Gas in halos is not the only extra-planar gas found in galaxies. Many galaxies show
a warped distribution in their outer edges (Sancisi 1976; García-Ruiz et al. 2002). In
merging galaxies gas can be found almost anywhere around the merging pair and in the
most fantastic distributions. Also in cluster disk galaxies the gas is often disturbed and
seemingly stripped.

Here we present deep HI observations of the edge-on Sa galaxy NGC 7814 (UGC
0008). The analysis of the ’normal’ disk is presented in Chapter 5 and we will focus
solely on the extra-planar gas at peculiar velocities. The observations presented here
were done with the Westerbork Synthesis Radio Telescope (WSRT) in september 2004.

NGC 7814 is a relatively nearby edge-on Sa galaxy (D=16.4 Mpc∗) with a systemic
velocity of 1050 km s−1. The galaxy has an angular diameter on the sky of 5.5′ (D25)
(de Vaucouleurs et al. 1992) which translates to 26 kpc at said distance. It contains a
large bulge, a small disk (van der Kruit & Searle 1982) and a clear dust lane (See Fig-
ure1.2). It is one of the more massive spirals (max. rot. vel. 240 km/s) and quiescent
with respect to its star forming activity.

This Chapter is structured as follows. In § 6.2 we will describe the observations and
the data reduction, respectively. § 6.3 will contain the presentation of gas at peculiar
velocities in this galaxy which we will discuss in § 6.4.

6.2 Observation and Data Reduction

The 21 cm line emission, or HI observations, were obtained with the WRST during
four nights in september 2004. In total 4 complete 12 hr observations were performed
using the Maxi-Short configuration. The observations and data reduction were in gen-
eral done in exactly the same way as the HI observations for UGC 1281 and for a more
extended discussion we refer to Chapter 4. Here we shall only discuss an additional step
of the data reduction which was not done for UGC 1281.

For NGC 7814 we reduced the data in two ways. One with a uniform weighting
function as is common and another with a natural weighting function. This was done
because in the original data cube, which was reduced with a uniform weighting function,
no extra planar gas could be found. When the data is reduced with a natural weighting
function instead of a uniform weighting function large faint structures are brought to the

∗ Taken from the NASA Extragalactic Database
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Parameter Full Resolution Natural weight. Circular beam
Spatial resolution (arcsec) 54.46 × 12.8 68.29 × 24.27 70.0 × 70.0
Beam size (kpc) 4.33 × 1.02 5.43 × 1.93 5.56 ×5.56
rms noise (mJy beam−1) 0.5 0.37 1.6
Min. det. col. density (3σ; cm−2) 3.9 × 1019 1.2× 1019 1.7× 1019

Table 6.1: Parameters of the HI Data Cubes

foreground and more easily detected ().
After the reduction and calibration additional analysis was performed with the GIPSY

package (van der Hulst et al. 1992). The final cubes had 160 velocity channels with a
velocity spacing of 4.12 km s−1, which results in a velocity resolution after Hanning
smoothing of 8.24 km s −1. The original uniform (natural) weighted cube cube has a
spatial resolution of 54.46′′ × 12.8′′ ( 68.29′′ × 24.27′′ ) (See Table 6.1). The observations
of the natural weighted cube were smoothed to a circular beam (70′′ × 70′′ ) to avoid
orientation effects of the beam. The position of the center of the galaxy, as determined
by Cotton et al. (1999), was set to zero in the three cubes and they were rotated by
-45 ◦ (PA = 135◦, de Vaucouleurs et al. (1992)) to orient the major axis of the galaxy
parallel to the x-axis of the image. This last step was done to easily visualize the Position
Velocity diagrams along the minor and major axis.

6.3 Results

As already mentioned in the previous section we could find no extra-planar gas in the
uniform weighted cube (See also Figs. 7.35 and 7.36). However, a close inspection of the
Position-Velocity diagram (PV-diagram) along the major axis showed a hint of gas at
extreme velocities in the center of the galaxy. Therefore we decided to reduce the data
with a natural weighting function as well.

Already during a first inspection of this natural weighted data cube, two features
extending out from the plane (see Fig 6.1) were clearly visible at rotational values higher
than the maximum rotational velocities at the edge of the disk. These structures have
a small velocity dispersion (± 15 km/s) and both are detectable in 3-4 channel maps of
the data. They appear to be symmetrically situated around the center of the galaxy.

Figure 6.2 shows a PV-diagram along the major axis (Left panel) and the minor axis
(Right panel) of the natural weighted data cube. In this figure the emission associated
with the features is circled. In the PV-diagram along the major axis of NGC 7814 it is
easily seen that the rotational velocities of the features are much higher than those in the
rest of the galaxies’ disk. When we look at the PV diagram along the minor axis (Fig.
6.2, Left panel) it becomes clear that this high velocity gas extends much further from
the plane of the galaxy than the rest of the disk. This can also be seen in Figure 6.1 if
one positions the beam on the center of the optical image. Since there is no extra-planar
gas in the disk, except for the features presented here, this beam gives the maximum
vertical extent of the rest of HI disk.
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Figure 6.1: Contour plots showing the extra-planar H I features (3 channels stacked)
(Top panels) and the total integrated velocity map (Bottom panel)overlaid on an optical
image. For the Top panels the contours are from -3σ (grey) to +6σ (black) in steps
of 1.5σ (σ = 1.6 mJy/beam) , the 0 contour is omitted. After +6σ the contours run
from 12.5 mJy/beam increasing with steps of 5 mJy/beam. The left (right) panel shows
the feature at 1285±8 km/s (804±8 km/s). These are the highest (lowest) velocity
channels. The systemic velocity is 1050 ± 8 km/s. For the bottom panel the contours
are 1.5σ,3σ,6σ,12σ etc. with σ=8.25 mJy/beam
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Figure 6.2: Position - Velocity diagrams of the HI along the major axis (left panel) and
along the minor axis (right panel) in NGC 7814. The circles and ellipses indicate the
anomalous gas. Contours are from -3σ (grey) to +6σ (black) in steps of 1.5σ (σ = 0.5
mJy/beam); the 0 contour is omitted. After +6σ the contours are from 4.2 mJy/beam,
increasing with steps of 2.5 mJy/beam.

6.4 Discussion

The origin and dynamics of this gas is a puzzle. The fact that the features appear
symmetrically around the center of the galaxy gives the impression that they are part
of the same rotating structure. This in turn indicates that they are related to some
structure in the galaxy. One would simply not expect this symmetry in the spatial as
well as the velocity distribution when the features were created by some process related
to infalling material. If the structures are related to a process in the plane of the galaxy
it is natural to think that the gas is blown out of the plane of NGC 7814. One of the
most obvious explanations for gas to be blown out of the plane is the galactic fountain
(Shapiro & Field 1976) or chimney model (Norman & Ikeuchi 1989). For these processes
to work in such a way would mean that the star formation in NGC 7814 has to be located
in two massive star forming clumps around the center of the galaxy that rotate at speeds
higher than the rotational velocities in the disk.

The outer edges of a bar could give a natural explanation for two star forming regions
distributed symmetrically around the center. It can even potentially explain the high
velocities of the gas observed here. However, as yet there is no evidence that NGC
7814 contains a bar and this has to be investigated. Even if there was a bar a careful
comparison between the location of the bar and the extra-planar gas presented here is
necessary.

To summarize, we presented here deep HI observations in NGC 7814. If we reduce
the data with a natural weighting function we can clearly detect two features which
show an extended vertical distribution which appear to rotate at velocities higher than
the maximal rotation velocity in the disk. These features are distributed symmetrically
around the center in the spatial direction as well as their rotational velocities. This gives
the impression that they are part of or caused by a rotating structure in the plane of
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the galaxy. These features adds to the wide variety of of extra-planar gas distributions
detected in spiral galaxies. As for so many of these extra-planar structures the origin
and dynamics of these features remain a puzzle.



Chapter 7
Summary and Future work

T
his thesis has investigated the distribution and kinematics of gas that is offset from
the plane of its host galaxy. This research was brought forth by the discovery of a

large amount of neutral hydrogen surrounding the disk of the edge-on galaxy NGC 891
(Swaters et al. 1997; Oosterloo et al. 2007). Because it is the best known galaxy with a
halo surrounding its disk, a large part of this thesis deals with NGC 891. The kinematics
of the neutral hydrogen gas in NGC 891’s halo shows a very interesting feature. It rotates
slower the further we look away from the central disk (Fraternali et al. 2005). This is
called lagging.

Before we started the research for thesis NGC 891, NGC 2403 and NGC 5775 were
the only galaxies where this lagging was proven unambiguously (Swaters et al. 1997;
Schaap et al. 2000; Lee et al. 2001) but during the course of this research several others
were found to be lagging (Barbieri et al. 2005; Westmeier et al. 2005; Boomsma et al.
2005).

The exact origin of this gas remains a mystery up to today. It was suggested
that the gas was brought up from the plane by energetic events such as supernovea
(Shapiro & Field 1976; Bregman 1980; Norman & Ikeuchi 1989) and therefore ballistic
models were investigated to reproduce the lag observed in these halos (Collins et al. 2002;
Fraternali & Binney 2006). Even though the models can produce a lag in the halo of
a disk galaxy with a reasonable energy input, they consequently underestimate the ob-
served vertical gradient in several galaxies (Fraternali & Binney 2006; Heald et al. 2007).

To get a better understanding of the origin of the gas in the halo we investigated sev-
eral galaxies using deep HI observations. Here we will summarize the conclusions of this
thesis. We start with NGC 891 (§ 7.1) and two other galaxies that were investigated (§
7.2 and § 7.3). We will end our summary of this thesis with the vertical distribution of a
sample of galaxies in § 7.4. In the last section we will present some suggestions for future
work which can lead to a better understanding of the extra-planar gas in disk galaxies.
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7.1 NGC 891

7.1.1 Ionized gas

In Chapter 2 we present Fabry-Pérot Hα measurements of NGC 891. Even though
the lag has been observed in the neutral gas (Fraternali et al. 2005) as well as in parts of
the ionized halo (Heald et al. 2006) this is the first time kinematical data of the ionized
gas (Hα) are presented covering the whole NGC 891’s halo.

In these observations an extra-planar component of ionized gas can clearly be de-
tected. This vertical extent of the Hα emission is already visible in the separate channel
maps of our Fabry-Pérot measurements and becomes even more obvious when we add
all the channels into a so-called velocity integrated map.

This integrated velocity map shows a clear contrast between the distribution of the
Hα on the North-East and the South-West side of the galaxy. This dichotomy is not
restricted to the plane of the galaxy but is also clearly visible above the plane. The
relation between this dichotomy, the star formation rate (SFR) in the plane, and dust
absorption will be presented in § 7.1.2

For the interpretation of the kinematics of the extra-planar gas we constructed several
3-D models of an exponential disk rotating with a rotation curve derived from the HI
data (Fraternali et al. 2005). In these models a uniform dust layer is included. This
’dust’ disk is defined by the the density of the dust or optical depth which is a user
supplied parameter. The disks are distributed exponentially in radius and height and
truncated at a specific radius.

When we model NGC 891 with the same scale length for the dust disk as the Hα
disk (hg = hd = 5 kpc) we obtain a set of models that generate too much intensity at
large radii and high velocities when compared to the data. To overcome this problem
we modeled the galaxy with a dust scale length of 8.1 kpc, as derived by Xilouris et al.
(1998) from observations in the V-band. The longer scale length of the dust reduces the
intensity of the gas at large radii and high velocities. This also provides us with a upper
limit scale length of the ionized gas of 6.5 kpc since models with a longer scale lengths
would reintroduce the high intensities found in the models with equal scale lengths. A
lower limit is found for a model with a scale length of 2.5 kpc. This lower limit is set by
the fact that models with even shorter scale lengths underestimate the intensity at large
radii. Better constrains on the scale length of the ionized disk could be obtained if the
truncation radius of the dust disk is known.

When we fit models in this range of scale lengths to the Position Velocity-diagram
(PV-diagram) of the major axis we find that the best fit is a model with a central at-
tenuation of τHα = 6, a cut off radius Rmax = 14 kpc and a scale length and height of
5.0 kpc and 0.8 kpc respectively. With this model we can obtain a first estimate of the
lag in the ionized gas by comparing PV-diagrams above the plane to this model. We
then construct models with a vertical gradient close to the initial estimate. In this way
we confirm the lagging of the halo, as found by Fraternali et al. (2005) and Heald et al.
(2006), and determine that this lagging occurs with gradient of ∼ 18.8 ± 6.3 km s−1

kpc−1.
In the PV-diagrams we also see that compared to the models the distribution of

the Hα is displaced to larger radii or lower rotational velocities. This effect increases as
we look higher above the plane. This behavior implies that the rotation curve rises less
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steeply the higher we look above the plane. This effect can be confirmed by compar-
ing three PV-diagrams along and parallel to the minor axis. When we normalize these
PV-diagrams we can clearly see that the Hα at a distance of 75 ′′ from the center has a
larger gradient than the Hα at 150 ′′ from the center.

7.1.2 Dust

The previously mentioned dichotomy between the South West side and the North
East side of NGC 891 manifests itself much stronger in the Hα emission than in emission
from other wavelengths. We quantitatively analyze this asymmetry at several wave-
lengths, thus tracing different components from the galaxy. We determine the ratio of
asymmetry at different wave lengths by dividing large strips on the North East side by
the same area on the South West side of the galaxy. From this analysis it is immediately
obvious that star formation tracers affected by dust attenuation (e.g., Hα, UV) show a
much larger asymmetry than star formation tracers unaffected by dust attenuation (24
µm, radio continuum). We also see that the other components in the galaxy, like the old
stellar population (3.6 µm) and the neutral gas (HI) are only slightly asymmetric.

Assuming that 24 µm emission from star forming regions dominates in the plane, the
24 µm emission has a direct correlation with star formation (Calzetti et al. 2005). The
small asymmetry we find in the 24 µm emission is confirmed by the result found in the
radio continuum (Dahlem et al. 1994), which leads us to believe that 24 µm is indeed
a good tracer of star formation in NGC 891. Therefore, the asymmetry in Hα is most
likely caused by dust in and above the plane.

To provide a possible explanation for the additional asymmetry in wavelengths af-
fected by dust absorption we construct a simple symmetric model for NGC 891. This
model is based on the trailing spiral arm idea. In the picture of trailing spiral arms the
HII regions are located in front of the dust lanes in the spiral arm. We assume that
the emission from the ionized gas is located in and above these HII regions but that the
dust distribution in the halo is much more isotropic over the disk. This would lead to
a longer sight line through the dust towards the Hα emission on the South West side of
the galaxy.

From this model we can derive the additional attenuation (τadd) in the halo caused
by the dust between the location of the spiral arms. We see that only at heights ∼ 40′′

(1.9 kpc) the additional attenuation of Hα emission becomes negligible. This is either
caused by the absence of dust at this height or by the distribution of the ionized gas
becoming such that our lines-of-sight toward the ionized gas become equal on both sides.
In this last hypothesis the attenuation by dust, and thus the amount of dust, in the halo
is even higher above the plane than derived from our simple model.

Common wisdom still has it that extinction in galaxy disks is predominantly in the
plane of the galaxy. Typical scale heights for the dust distribution are much smaller or
similar to those for the stellar distribution (Xilouris et al. 1999; Bianchi 2007; Seth et al.
2005). This thesis shows that there is a second spatial component to the dusty ISM with
a much more extended scale height which can still cause non-negligible attenuation.

If our view of NGC 891 is correct then the unattenuated Hα emission above the
plane is closely correlated with star forming regions in the plane. This implies that the
ionized halo gas is mostly brought up from the plane through processes related to star
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formation. Furthermore the distribution of the attenuating dust above the plane is much
more isotropic, and therefore more stable, than that of the ionized gas. This is probably
caused by the ionized gas cooling down and recombining before it reaches this stable
configuration.

7.2 UGC 1281

In Chapter 4 we presented 21 cm and Hα emission of the edge-on dwarf galaxy UGC
1281. This is the first time such deep HI and Hα observations have been presented for a
dwarf edge-on.

The Hα was observed with the Integral Field Spectrograph (IFU) PPAK. IFU’s en-
able us to take optical spectra at multiple positions in a galaxy in one exposure. This
way it becomes possible to construct data cubes in the optical in the same way as in
the radio. This brings along the big advantage of much higher spatial resolutions in the
optical. With this specific set of spectra we are able to reconstruct the kinematics of the
Hα emission in UGC 1281.

The integrated Hα velocity map of UGC 1281 shows a non-smooth distribution on
the major axis. We can localize several peaks of Hα throughout the disk of the galaxy.
One of these peaks is slightly offset from the major axis in the vertical direction. How-
ever, It is unclear whether this HII region is actually located in the halo of the galaxy or
in the warped outer parts.

The integrated HI velocity map shows a quite regular distribution, with its most
remarkable feature: a central depression. This central depression appears symmetrically
in position around the center but is much deeper on the North East side of the galaxy.
Such a central asymmetric depression is typical for dwarf galaxies.

Furthermore, this map shows that UGC 1281 is warped in its outer parts and this
warp resembles a w shape. The maximum deviation from the major axis of this warp
is at most 6◦ in PA. This maximum deviation occurs at about half of the total radius
of the HI distribution, the edges of the observed disk deviate less. To put it in different
wording, the warp actually bends back towards the main plane of the galaxy in the outer
parts.

For the interpretation of the kinematics of the extra-planar HI gas we constructed
velocity maps from the Hα and HI data. Also, 3-D models with a modified version
of GALMOD are constructed in GIPSY. This modified version enables us to construct
kinematic models with a vertical gradient. As a starting point for the HI model we used
the observed radial and vertical distribution and a rotation curve obtained from the 1st
moment map. Then the model is iterated (by hand) until a best fit is obtained.

After obtaining a model that fits the data in a good manner we see that the rotation
curve obtained from these models shows a slow rise in its inner part. This was already
seen in velocities obtained directly from the data but there it could still be an effect
of the HI distribution or resolution. At about 120′′ the rotation curve flattens off to a
maximum rotational velocity ∼ 60 km s−1. This slow rise is seen in many dwarf galaxies
and thought to be caused by a dark matter dominated mass distribution.

From our modeling we find that our data is not sensitive enough to distinguish be-
tween a lagging halo or a line of sight warp. Both models fit the data equally well and
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there is only a small difference between the input parameters of the models.
In the case of a lagging halo the low vertical extent and the low flux level of the Hα

emission would indicate that this extra-planar HI does not originate from galactic foun-
tains but is either infalling primordial HI or brought up from the plane in an interaction
with another galaxy.

To obtain the lag in this case we measure the apparent lag in the data by fitting
the position of the maxima in normalized PV-diagrams parallel to the minor axis in the
data with a straight line. Such a measurement will be affected by beam smearing and
the warp and therefore we repeat this measurement for our best fit halo model covering
a range in lag. This way we find that the vertical velocity gradient in UGC 1281 in the
case of a lagging halo is 8.7±4.1 km s−1 kpc−1.

In the case of a line of sight warp the ionized hydrogen and the distribution of the
stars would not extend into the warped region of the disk. However, the scale height in
the central parts would be the same for the stars, Hα and HI.

One thing that this analysis makes clear is that great care must be taken to distinguish
between lagging halos and line of sight warps. We see that in our models we can go from
a lagging halo to a line of sight warp by only adjusting the inclination of the warp by < 3◦.

7.3 NGC 7814

In deep HI observations of the edge-on Sa galaxy NGC 7814 (Chapter 6) we found two
extra-planar features at peculiar velocities. To detect these features we had to reduce
the data with a natural weighting function. With a natural weighting function all base
lines are considered of equal weight which minimizes the negative inner side lobes of the
beam. This improves the visibility of smooth extended structures.∗ The data reduced
in this way clearly shows two features which show an extended vertical distribution and
that rotate at velocities higher than the maximal rotation velocity in the disk. These
features are distributed symmetrically around the center in the spatial direction as well as
their rotational velocities. This gives the impression that they are part of or caused by a
rotating structure in the plane of the galaxy. These features add to the wide variety of of
extra-planar gas distributions detected in spiral galaxies. As for so many of these extra-
planar structures the origin and dynamics of these features remain a puzzle. However,
the possible presence of a bar in the center of NGC 7814 might provide some clues to
the origin of this gas.

7.4 A small sample of deep HI observations

By combining the previously discussed galaxies with another three galaxies we con-
structed a sample of 6 edge-on galaxies with deep HI observations. To unambiguously
determine the existence of a lagging halo we fitted these galaxies with the tilted ring
fitting code TiRiFiC. This way we get the best fit models which we then reproduce with
a range of vertical gradients.

For these galaxies we find that 50% of them does have such a lagging halo. For two

∗ The other common weighting function is Uniform weighting which reconstructs the full resolution
of the array
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of them (UGC 1831 and UGC 7321) (Matthews & Wood 2003; Oosterloo et al. 2007)
this was already known. In the case of UGC 7321 we are able to quantify the vertical
gradient to be 15.8± 4.4 km s−1 kpc−1. In our sample there is another galaxy (UGC
4704) which appears to be have a lagging halo. This is quite remarkable since this is a
dwarf galaxy with hardly any star formation. The vertical gradient here is determined
to be 5.3± 0.8 km s−1 kpc−1. The other galaxies in our sample show no indication of
having a lagging halo.

We searched for possible correlations between the vertical gradient in a galaxy and
other properties such as mass, SFR, vertical extent of the gas and Hubble type, but could
find no correlation. This is interesting in its own right because if the vertical gradient
was solely related to the star forming properties of a galaxy, a clear and obvious trend
should be observed between the vertical gradient and the star forming rate of a galaxy.
The lack of any other correlation with mass, vertical extent or Hubble type seems to
imply that there is not one process that dominates the formation of gaseous halos.

7.5 Discussion and future work

In this thesis we explored the extra-planar gas in a range of spiral galaxies. We inves-
tigate three galaxies as individual object and find extra planar gas all three of them. In
the dwarf galaxy UGC 1281 we find that this extra-planar gas is either in a lagging halo
or in a line of sight warp. In NGC 891 we show that there is not only neutral hydrogen
gas that above the plane but also ionized gas and dust. NGC 7814 contains two low level
emission features that extend from the plane. These features appear to rotate around
the center at velocities higher than the maximal rotational velocities in the galaxy.

We also combined these three galaxies with three others to look at at correlations
between the lag in a halo and other properties of the galaxies such as SFR, mass, scale
height and Hubble type. No clear correlation could be found not even after the addition
of two galaxies known to be lagging.

This work has several implications. First, extra-planar gas can be found in almost any
galaxy. Of our small sample of six galaxies with deep HI observations without exception
all show some kind of extra-planar gas even though it is not always a lagging halo such
as found in NGC 891. However, the sample selection based was to some extend biased
by the availability of deep HI observations. All the HI observations used throughout this
thesis are equivalent to at least 4×12 hours observations with the WRST. This is a large
amount of time to be observe a galaxy and therefore such observations are only done
on systems that already show a hint of interesting HI distributions in their outer parts.
This of course biases our sample towards galaxies with extra-planar gas.

The fact that we can find no correlation between the galaxies in our galaxy that do
show a lagging halo implies that the lagging halo is not predominantly correlated with
one parameter. This means that there are more parameters that influence the vertical
gradient in a galaxy than just the star formation rate or mass. The fact that the star
formation rate is not correlated with the observed vertical gradient means that the lag-
ging gas is not the sole result of galactic fountains or chimneys. Of course, there might
be some other parameter that was not investigated by us, such as the halos dust content,
that governs the steepness of the vertical gradient.
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This shows the need for a larger sample to study lags. One might construct such a
sample by obtaining deep HI and Hα observations of galaxies where lags have already
been observed. In this sample it would be crucial to cover a range of mass, star formation
rates and morphologies. Such a sample should contain significantly more galaxies than
the current one.

With the coming of SKA and MUSE it might actually become possible to observe
such a large sample to the depths of the observations presented in this thesis in a rea-
sonable time. SKA is the planned Square Kilometer Array which can obtain deep HI
observations in manner of hours instead of days. The Multi Unit Spectroscopic Explorer
(MUSE) is a second generation VLT instrument. Besides its much higher sensititvity
than current day IFU’s, It is a wide field integral field spectrograph (Field of View = 1′

× 1′ ) which will make it possible to observe nearby galaxies with one pointing. This is
a significant time reduction for as we have seen in this thesis a small galaxy like UGC
1281 is not even fully covered with three pointings of current day IFU’s.

The fact that the dust in NGC 891 extends to large distances above the plane im-
plies that dust absorption cannot always be considered negligible in the outer parts of
galaxies. This has to be considered when studying the outer parts in optical emission.
Also this has serious implications for the formation of the halo in NGC 891. This dust
almost certainly comes from the plane of the galaxy which would mean that certainly
a fraction of the gas in the halo comes from the plane. However we have also seen in
Chapter 5 that the vertical gradient in the gas does not correlate with the star formation
rate. This would mean that either the dust is brought up from the plane by a different
mechanism than supernovea or that the gas is a mixture of gas brought up from the
plane by supernovae and gas with a different origin. This different origin could easily be
infalling primordial gas.

It is unknown how far the dust extends above the plane in NGC 891. Also we do not
know whether this is common in halos or that NGC 891 is an exception. To answer these
two questions one would need to observe the dust in the lagging halos directly. If one
could add dust observations to the previously mentioned sample of galaxies with lagging
halos one might be able to answer several questions. First of all it would establish directly
how many of the lagging halos also contain dust. Secondly, since the dust comes from
the plane of the galaxy it might be used as a tool to determine the amount of hydrogen
gas coming from the plane of the galaxy and the amount of gas with a different origin.

This plan has one big caveat, it is extremely hard to detect dust emission directly.
Therefore one would have to invent methods that detect dust indirectly in a trustworthy
way or find a more efficient way of collecting dust emission. When the Atacama Large
Millimeter Array comes online it might actually become possible to study dust in the
halos of galaxies directly.

As individual galaxies we can still learn much more from the galaxies NGC 891, NGC
7814 and UGC 1281. NGC 891 is observed to great extent in many wavelengths and
since it is relatively close by this galaxy can serve very well as a prototype galaxy with
a lagging halo. Therefore it can be used to explore new multi-wavelength techniques
for exploring galaxy halos through the means of archival data research with no cost of
additional telescope time.

The features in NGC 7814 are puzzling and need to be modeled in detail to determine
their spatial distribution and kinematics. The possible existence of a bar in this galaxy
also needs to be investigated and if such a bar exists its correlation with the gas features
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needs further research. More sensitive observations with a higher resolution will be useful
for determining the origin of these features. Such observations might be obtained with
the Very Large Array since it will not be hampered by its low declination.

The existence of a lagging halo in a dwarf galaxy could be unambiguously shown by
deeper observations of UGC 1281 or more detailed modeling of UGC 4704. In this sense
the latter seems a more desirable option since our simple analysis already showed that
this extra planar gas is most likely in a lagging halo. The existence of such a lagging
halo in a dwarf galaxy might have great impact on the theories for galaxy formation and
evolution.

To summarize our conclusion in to one overall conclusion: We have deepened the
understanding of lagging gas at large vertical distances from the disk of spiral galaxies.
This new field of extra-planar lagging gas holds great promise to deepen our understand-
ing of the structure, kinematics and evolution of spiral galaxies.
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B
ĳna iedereen heeft s’nachts wel eens omhoog gekeken en de met sterren bezaaide
hemel bekeken. Op zo’n moment rĳzen er vaak vele vragen zoals: Hoe groot is het?

Wat zĳn die sterren nou precies? Is er ander leven daarbuiten? De sterrenkunde is een
tak van de wetenschap die zich bezig houdt met deze vragen en eigenlĳk alle andere vra-
gen die zich opwerpen wanneer de mens de hemel bestudeerd. Echter, sterrenkundigen
kĳken niet met het blote oog naar de hemel maar gebruiken gigantische telescopen en
digitale camera’s.

Met de ontdekking van de telescoop werd in de sterrenkunde een grote stap voor-
waarts gemaakt. Nu konden we veel meer zien dan alleen de kleine witte licht puntjes aan
de hemel waar wĳ allen zo vertrouwd mee zĳn. Deze kleine witte licht puntjes, oftewel
sterren, zĳn namelĳk maar een heel klein deel van het gehele universum. De sterren die
wĳ s’nachts met het blote oog kunnen zien zĳn de buren van de enige ster die we overdag
zien, de zon. De zon is een ster zoals alle andere sterren. De enige reden waarom de zon
zo speciaal is voor ons is dat hĳ zoveel dichter bĳ staat. Daarom verbleekt overdag het
licht van alle andere sterren bĳ het licht van de zon.

Zo’n 100 miljard sterren,waarvan de zon er één is, vormen samen onze Melkweg. De
sterren in onze Melkweg zĳn zo georganiseerd dat als je van buitenaf zou kĳken alle
sterren samen een ronddraaiende schĳf vormen. Je zou het kunnen vergelĳken met een
langspeelplaat∗ die wordt afgespeeld. In deze plaat zou dan elk atoom een ster zĳn.

Onze Melkweg is slecht één van de vele melkwegstelsels in het heelal. Om dit in te zien
was de ontdekking van de telescoop zo cruciaal. De andere melkwegstelsels zĳn namelĳk
bĳna niet met het blote oog te zien. Deze melkwegstelsels komen voornamelĳk voor in
twee smaken; Elliptische stelsels en spiraalstelsels. In elliptische stelsels zĳn de sterren zo
georganiseerd dat ze eéń grote sterrenbol vormen. Spiraalstelsels bestaan uit de eerder
beschreven schĳf en een sterrenbol in het centrum, een beetje zoals een gebakken ei eruit
ziet. Deze sterrenbol in het centrum word de ’bulge’ † genoemd en is afhankelĳk van het
spiraalstelsel in meer of mindere mate aanwezig. Het meest bekende voorbeeld van een
spiraalstelsel is onze Melkweg. Spiraalstelsels heten spiraalstelsels omdat, als hun schĳf
van bovenaf wordt bekeken deze bĳna altĳd een spiraal (draaikolk)-structuur vertoont.

De basisonderdelen van een spiraalstelsel zĳn dus zĳn schĳf en de ’bulge’ . Echter,
naarmate sterrenkundigen betere instrumenten ter beschikking kregen werd het duidelĳk

∗ een hele grote oude cd
† In de Oxford Dictionary wordt bulge beschreven als een ronde zwelling die een plat vlak verstoordt
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dat spiraalstelsels nog vele andere componenten bevatten. In de jaren ’40 werd hier in
Nederland een belangrĳke stap voorwaarts gemaakt in de observationele sterrenkunde.
Men realiseerde zich dat het meest voorkomende element in het heelal, neutraal water-
stof, radiogolven uitzend. Dit waterstof, waarvan we de radiogolven kunnen opvangen
met grote antennes zoals die in Westerbork, bleek een integraal onderdeel van spiraal-
stelsels. Het meeste van dit waterstof bevindt zich tussen de sterren in de schĳf van
spiraalstelsels. Echter, er is ook een een redelĳke hoeveelheid gas dat zich niet in deze
gas schĳven bevindt maar erboven of eronder. Dit gas wordt ook wel ’extra-planar’∗ gas
genoemd. Dit proefschrift gaat over dit extra-planar gas.

Om dit gas boven en onder de schĳf van spiraalstelsels te kunnen bestuderen concen-
teert dit proefschrift zich op stelsels met een speciale oriëntatie. In de sterrenkunde wordt
de oriëntatie van de schĳf beschreven door de hoek die de schĳf van een stelsel maakt
met het vlak van de hemel. Deze hoek wordt de inclinatie genoemd en is 0◦ wanneer
we de schĳf van boven af bekĳken en 90◦ als we de schĳf perfect op zĳn kant zien. In
stelsels met een hoge inclinatie wordt al het licht dat in de schĳf op verschillende stralen
wordt geproduceerd bĳ elkaar opgeteld. Hierdoor worden de zwakke buitendelen van
spiraalstelsels veel makkelĳker waarneembaar. Daarom zĳn dit soort stelsels uitermate
geschikt voor het bestuderen van de buitendelen van spiraalstelsels. Een ander groot
voordeel van spiraalstelsels die we van de zĳkant waarnemen is dat de verticale structuur
van zo’n stelsel makkelĳk te bestuderen is. Omdat wĳ geïntereseerd zĳn in de moeilĳk
waarneembare buitendelen en verticale structuur van spiraalstelsels hebben alle stelsels
die in dit proefschrift worden bestudeerd een inclinatie van 85◦ of meer. De zogenaamde
’edge-on’ stelsels.

Uiteraard heeft elk voordeel zĳn nadeel, zo ook stelsels met een hoge inclinatie. Dit
komt omdat naast sterren en gas spiraalstelsels ook grote hoeveelheden stof bevatten.
Dit stof is vergelĳkbaar met de rook dat van een vuur of een sigaret komt. Eén van de
meest bekende eigenschappen van dit stof is dat het licht absorbeert. In stelsels met een
hoge inclinatie is de absorptie door stof groter omdat het stof over minder gezichtslĳnen
verdeeld is. Dit veroorzaakt de zwarte banden in het midden van spiraalstelsels die vanaf
de zĳkant gezien worden. Het is niet zo dat in dit soort stelsels er geen sterren in het
vlak zĳn maar al het ster licht wordt simpelweg geabsorbeerd door het stof. Gelukkig
bevind het meeste stof zich erg dicht bĳ het vlak van spiraalstelsels waardoor de delen
ver weg van het vlak gewoon zichtbaar blĳven.

Laten we nu eens wat dieper in gaan op de materie van dit proefschrift en de in-
dividuele spiraalstelsels die zĳn onderzocht. Dit proefschift gaat over 8 melkwegstelsels
waarvan er 3 in meer detail worden bestudeerd dan de rest. Deze 3 stelsels zĳn NGC
891, UGC 1281 en NGC 7814†. We zullen deze stelsels en onze bevindingen nu één voor
één beschrĳven. Te beginnen met NGC 891.

∗ Buiten het vlak
† In de sterrenkunde worden sterren stelsels over het algemeen aangeduidt met een nummer en een

afkorting van de naam van de catalogus waarin ze genummerd zĳn. Als een stelsel dus voorkomt
in meerdere catalogussen zal het dus ook meerdere namen dragen. NGC 891 en NGC 7814 zĳn bĳ-
voorbeeld dezelfde stelsels als UGC 1831 en UGC 0008. NGC staat voor de New General Catalogue
en UGC voor Uppsala General Catalogue
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NGC 891

NGC 891 is een groot spiraalstelsel dat we bĳna perfect op zĳn kant zien (Zie Figuur
1.2). Eén van de meest interessante aspecten aan NGC 891 is dat het enorme hoeveel-
heden extra-planar gas bevat. Zoveel zelfs dat bĳna 30% van het neutrale waterstof in
dit stelsel zich niet in de schĳf bevindt maar er buiten. Als we nagaan dat tot de jaren
’70 sterrenkundigen nog dachten dat al het neutrale waterstof gas zich voornamelĳk in
de schĳf bevond krĳgen we enigzins een idee van hoeveel gas dit is. En hier houdt het
niet op: dit gas dat zich boven en onder de schĳf bevindt, draait langzamer rond dan
het gas in de schĳf.

Dit effect is moeilĳk te verklaren in de huidige theoriéen over de structuur van spi-
raalstelsels. Daarom probeert dit proefschrift meer informatie te verzamelen over waar
dit gas vandaan komt. Tot nu toe zĳn er twee gangbare verklaring voor de oorsprong
van dit gas. Van de ene kant kunnen de spectaculaire ontploffingen die gepaard gaan
met de dood van een ster (supernova’s) het gas vanuit het vlak omhoogblazen. Aan de
andere kant kan het ook zo zĳn dat er grote hoeveelheden gas tussen de sterrenstelsels
zĳn. Dit gas zou dan door de zwaartekracht van de spiraalstelsels naar het stelsel toe
worden getrokken en op die manier het extra-planar gas vormen.

In dit proefschrift hebben we het geïoniseerde gas in NGC 891 onderzocht. Dit gas
gedraagt zich op dezelfde manier als het neutrale waterstof gas en roteert ook langzamer
naarmate de afstand tot de schĳf groter wordt. Dit effect lĳkt sterker te zĳn in het
centrum dan in de buitendelen van NGC 891. Met andere woorden: de rotatie kromme
stĳgt minder snel naarmate de afstand tot het vlak groter wordt.

Als we de verdeling van het geïoniseerde gas bekĳken blĳkt dat aan de noordwest-
kant er veel meer geïoniseerd gas is dan aan de zuidoostzĳde van NGC 891, oftewel de
verdeling van het geïoniseerde gas is asymmetrisch. Deze asymmetrie kunnen we zowel in
de schĳf als er boven vinden. Omdat waterstofgas wordt geïoniseerd door jonge sterren
wordt het vaak gezien als een indicator van ster formatie. Daarom werdt er gedacht dat
de hoeveelheid stervorming in het Zuidoostelĳke gedeelte van NGC 891 veel minder is
dan in het Noord Westen.

Deze asymmetrie is niet even duidelĳk aanwezig op alle golflengten. Als we NGC 891
waarnemen op de golflengten waar voornamelĳk de oude sterren hun licht uitstralen is er
nauwelĳks een asymmetrie te vinden. Op golflengten waarin we de stervorming kunnen
zien is de asymmetrie wel duidelĳk zichtbaar. Echter, bĳ waarnemingen bĳ golflengten
die worden geabsorbeerd door stof is de asymmetrie veel groter dan bĳ golflengten die
niet worden geabsorbeerd door stof.

Door de asymmetrie in de verschillende golflengten te meten als functie van hoogte
boven het vlak kunnen we de hoeveelheid absorptie boven het vlak bepalen. Op deze
manier bepalen we de dus ook de hoeveelheid stof boven het vlak. Hierbĳ vinden we dat
tot op ongeveer 2 kiloparsec∗ boven het vlak er genoeg stof aanwezig is om voor absorptie
te zorgen. Dit is in tegenspraak met het gangbare idee dat stof zich voornamelĳk in de
schĳf van spiraalstelsels bevindt.

Dit stof komt hoogstwaarschĳnlĳk uit de schĳf van NGC 891. Omdat dit door su-
pernova’s moet zĳn gebeurd is het zeer aannemelĳk dat ook het neutrale waterstof in de
halo deels door supernova’s omhoog is geblazen.

∗ 1 parsec is ongeveer 3 keer de afstand die licht in een jaar aflegt
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UGC 1281

UGC 1281 is een spiraalstelsel dat vele malen kleiner is dan NGC 891. Spiraal stel-
sels die afmetingen hebben die vergelĳkbaar zĳn met UGC 1281 worden ook wel dwerg
sterrenstelsels genoemd. Dit zĳn dus de kleinste stelsels die we nog rekenen tot de groep
van melkwegstelsels.

In dit proefschrift hebben we diepe waarnemingen van het neutrale en geïoniseerde
waterstof in dit stelsel geanalyseerd. De waarnemingen van het geïoniseerde waterstof
zĳn gedaan met een optische spectrograaf zodat we ook hier de snelheid van het gas
kunnen bepalen aan de hand van de Doppler verschuiving.

Door alle verschillende snelheden waarop we gas in het stelsel zien bĳ elkaar op te
tellen krĳgen we kaart van de gehele verdeling van het gas in dit stelsel. Op deze kaart
kunnen we zien dat het geïoniseerde waterstof zich bevindt in een aantal duidelĳke pieken
in het vlak. Eén van deze pieken ligt niet in het vlak van UGC 1281. Echter, door de
’edge-on’ oriëntatie van UGC 1281 kunnen we niet zien of deze piek onder het vlak ligt
in de binnen delen van UGC 1281 of in een verbuiging van het vlak in de buitendelen.

Op de kaart van het neutrale waterstof kunnen we duidelĳk zien dat de schĳf van
UGC 1281 in zĳn buitendelen verbogen is, de zogenaamde warp∗. Ook kunnen we bĳ
deze waarnemingen duidelĳk zien dat in UGC 1281 er zich gas boven en onder het vlak
bevindt. Om te bepalen of dit gas uitsluitend behoort tot de warp of dat in UGC 1281
het gas boven en onder het vlak ook langzamer roteert, zoals in NGC 891, maken we
’tilted ring’ modellen van dit stelsel. Een tilted ring model is een model van een aantal
ringen die het waterstof gas in het stelsel representeren. Deze ringen kunnen geïnclineerd
zĳn ten op zichte van elkaar en op deze manier dus een warp simuleren. Als we deze
modellen vergelĳken met de waarnemingen komen we tot de conclusie dat een model met
gas boven het schĳf dat langzamer roteert de data net zo goed beschrĳft als een model
met een warp die deels in onze gezichtslĳn ligt.

De verschillen tussen het model met de warp en de langzamer roterende halo zĳn erg
klein. Het is dus ook van het grootste belang om zeer voorzichtig te zĳn met het bepalen
van het juiste model.

NGC 7814

In NGC 7814 is een spiraalstelsel met een zeer prominente bulge en een kleine schĳf.
Dit stelsel is van dezelfde orde van grootte als NGC 891. NGC 7814 is door ons uitsluitend
in het neutrale waterstof geobserveerd en hier kunnen we door gebrek aan resolutie
geen extra-planar gas waarnemen. Echter, als we de verschillende onderdelen van de
waarneming zo bĳ elkaar optellen dat we uitgestrekte zwakke gas structuren kunnen
waarnemen, zien we in het centrum twee vreemde structuren. Deze structuren lĳken te
roteren met snelheden hoger dan het gas in de schĳf en strekken zich boven en onder
het vlak. Hun positie in het stelsel is symmetrisch rond het centrum. Een mogelĳke
verklaring voor deze ’features’ zou kunnen zĳn dat NGC 7814 in zĳn binnendelen een
zo geheten ’bar’† bevat. Bĳ de uiteinden van deze bar zouden er grote hoeveelheden
∗ In de Oxford Dictionary wordt warp beschreven als een verbuiging of een verdraaiing van een vorm
† In ongeveer de helft van de spiraalstelsels eindigen de spiraal armen in een rechthoekige structuur

in het centrum van het stelsel. Deze rechthoekige structuur wordt een bar genoemd
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sterren kunnen worden gevormd die, als ze sterven, het gas uit het vlak blazen. Echter,
het bestaan van zo’n bar in NGC 7814 is niet aangetoond en zeer onzeker.

Correlaties in spiraalstelsels met een halo

We hebben de drie voorgaande stelsels gecombineerd met nog drie stelsels waarvan
diepe neutrale waterstof waarnemingen beschikbaar zĳn. Deze 6 stelsels variëren in massa
en in de hoeveelheid sterren die zich per jaar vormt in het stelsel. We hebben deze stelsels
gemodelleerd met ’tilted ring’ modellen en op deze manier bepaald of zĳ een een verticale
gradient bevatten in hun rotatie kromme boven het vlak. Op deze manier vinden we dat
drie van de zes stelsel een verticale gradient bevatten in hun rotatie kromme, de zogeheten
’lag’. Voor twee van deze stelsels (NGC 891 en UGC 7321) was dit al bekend. Echter
voor het dwerg stelsel UGC 4704 is dit nieuw. Als we de lag van deze stelsels uitzetten
tegen hun massa of hun hoeveelheid ster formatie dan kunne we geen correlatie tussen
deze parameters vinden. Dit is op zichzelf al een zeer interresant feit omdat als halos
worden gecreërd door processen die gerelateerd zĳn aan stervorming zo’n correlatie er
zeker zou moeten zĳn met de de hoeveelheid stervorming in het stelsel. Dit betekend dat
de oorsprong van het gas in de halo niet uitsluitend in de schĳf van de stelsels ligt of dat
een process ongerelateerd aan stervorming de halos vormt.

Conclusies en vooruitblik

In dit proefschrift concluderen we dat het gas in de halos van spiraalstelsels niet
uitsluitend door processen die bĳ stervorming horen omhoog worden gebracht. Echter,
aan de hand van een analyse van het stof in NGC 891 hebben we kunnen zien dat een
deel van dit gas wel degelĳk uit de schĳf komt. In de toekomst zullen we meer stelsels
met een verticale gradient moeten bestuderen om zo beter de mogelĳke correlaties te
kunnen uitsluiten of aantonen.

Een mogelĳkheid om de hoeveelheid gas uit het vlak te scheiden van de hoeveelheid gas
dat van buitenaf komt in de halos van zulke stelsels zou het waarnemen van stof boven
en onder het vlak kunnen zĳn. Omdat we weten dat stof waarschĳnlĳk uit het vlak
komt zou de hoeveelheid stof een aanwĳzing kunnen zĳn van de hoeveelheid waterstof
gas die uit het vlak komt. Echter, om dit te doen zou het stof direct moeten worden
waargenomen door middel van stof emissie. Zulke waarnemingen zĳn extreem tĳdrovend
en ingewikkeld op dit moment. De bouw van een nieuwe submillimetertelescoop zoals de
Atacama Large Millimeter Array zou hier uitkomst kunnen bieden.

De individuele stelsel in dit proefschrift tonen aan dat gas boven en onder het vlak
erg normaal is in spiraalstelsels. Al onze stelsels kennen een vorm van extra-planar gas.
Echter, dit kan komen door het feit dat we diepe HI waarnemingen hebben gebruikt. Dit
soort waarnemingen kosten veel tĳd (Gemiddeld zo’n twee dagen per stelsel) en worden
dus voornamelĳk gedaan op stelsels waarin er al aanwĳzingen zĳn voor een interresante
gasverdeling.

Om alles in een paragraaf samen te vatten. Dit proefschrift verdiept de kennis die we
hebben over spiraalstelsels met gas ver boven en onder hun schĳf en een verticale gradiënt
in hun rotatie kromme. Dit nieuwe onderzoeksgebied van ’extra-planar’ gas biedt grote
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mogelĳkheden om ons begrip over de evolutie, vorming en structuur van spiraalstelsel te
verbreden.
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Color Appendix

T
his Appendix contains the color versions of the various color figures in the thesis.
All of these are also presented in the main body of the thesis in a black and white

version. The figures are not always displayed in order of appearance in the thesis to
minimize the color space used. For the same reason the captions only refer to the Figure
in the main body where a full description can be found.
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Figure 7.1: Fig. 2.3
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Figure 7.2: Fig. 2.4
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Figure 7.3: Fig. 2.5

Figure 7.4: Fig. 2.6

Figure 7.5: Fig. 2.7
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Figure 7.6: Fig. 2.8
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Figure 7.7: Fig. 2.9

Figure 7.8: Fig. 2.12
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Figure 7.9: Fig. 2.11
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Figure 7.10: Fig. 2.13
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Figure 7.11: Fig. 3.1

Figure 7.12: Fig. 3.2
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Figure 7.13: Fig. 4.1

Figure 7.14: Fig. 4.2

Figure 7.15: Fig. 4.4
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Figure 7.16: Fig. 4.3

Figure 7.17: Fig. 4.5

Figure 7.18: Fig. 4.6
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Figure 7.19: Fig. 4.7

Figure 7.20: Fig. 4.9
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Figure 7.21: Fig. 4.8

Figure 7.22: Fig. 4.10
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Figure 7.23: Fig. 4.11
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Figure 7.24: Fig. 4.13
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Figure 7.25: Fig. 4.14
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Figure 7.26: Fig. 4.12

Figure 7.27: Fig. 5.3
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Figure 7.28: Fig. 5.5

Figure 7.29: Fig. 5.6
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Figure 7.30: Fig. 5.8

Figure 7.31: Fig. 5.9

Figure 7.32: Fig. 5.12
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Figure 7.33: Fig. 5.11

Figure 7.34: Fig. 5.14
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Channel Maps

Figure 7.35: Channel maps of UGC 0008 overlaid with red contours of the best fit
model (Model A, lag=0 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75 σ etc.
(σ = 0.5 mJy)
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Figure 7.36: Channel maps of UGC 0008 overlaid with red contours of the best fit
model (Model A, lag=0 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75 σ etc.
(σ = 0.5 mJy)
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Figure 7.37: Channel maps of UGC 1281 overlaid with red contours of the best fit
model (Model B, lag=7.7± 7.4 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75
σ etc. (σ = 0.5 mJy)
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Figure 7.38: Channel maps of UGC 1281 overlaid with red contours of the best fit
model (Model B, lag=7.7± 7.4 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75
σ etc. (σ = 0.5 mJy)



Color Appendix 147

Figure 7.39: Channel maps of UGC 1831 overlaid with red contours of the best fit
model (Model A, lag=13.9± 3.0 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75
σ etc. (σ = 0.2 mJy)
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Figure 7.40: Channel maps of UGC 1831 overlaid with red contours of the best fit
model (Model A, lag=13.9± 3.0 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75
σ etc. (σ = 0.2 mJy)
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Figure 7.41: Channel maps of UGC 4704 overlaid with red contours of the best fit
model (Model B, lag=5.3± 0.8 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75
σ etc. (σ = 0.78 mJy)
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Figure 7.42: Channel maps of UGC 4704 overlaid with red contours of the best fit
model (Model B, lag=5.3± 0.8 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75
σ etc. (σ = 0.78 mJy)
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Figure 7.43: Channel maps of UGC 7321 overlaid with red contours of the best fit
model (Model A, lag=15.8± 4.4 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75
σ etc. (σ = 0.5 mJy)
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Figure 7.44: Channel maps of UGC 7321 overlaid with red contours of the best fit
model (Model A, lag=15.8± 4.4 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75
σ etc. (σ = 0.5 mJy)
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Figure 7.45: Channel maps of UGC 7774 overlaid with red contours of the best fit
model (Model B, lag=0 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75 σ etc.
(σ = 0.94 mJy)
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Figure 7.46: Channel maps of UGC 7774 overlaid with red contours of the best fit
model (Model B, lag=0 km s−1 kpc−1). Contour levels are 1 σ, 3 σ, 7.5 σ 18.75 σ etc.
(σ = 0.94 mJy)


