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CHAPTER 13

Summary

In this thesis, stellar populations, star formation, and structural properties were investigated for gal-

axies ranging from Blue Compact Dwarfs (BCDs) to galaxies with Active Galactic Nuclei (AGNs).

Part 1, regarding BCDs, is based on case studies of the two most metal-poor BCDs in the local

universe, SBS 0335−052 and I Zw 18, with abundances of 2.5% and 2% Z�, respectively. Part

2 comprises data from more than 1000 galaxies, emphasizing a statistical approach rather than

individual objects.

Part 1: Blue Compact Dwarfs

In spite of their similar metallicity, star formation in the two BCDs studied here occurs in very

different ways, although the stellar populations are relatively similar. In particular:

• Through analysis of deep near-infrared (NIR) images and HST/WFPC2 optical images of

I Zw 18, and comparison with model predictions, we found that the stellar populations in

this metal-poor BCD are rather young. The composite best fit is obtained for an age for

evolved stellar populations of <∼ 200 Myr; fits with an older age of <∼ 500 Myr are less likely

but possible. Our data show no evidence for stellar populations in I Zw 18 older than this,

although as much as 22% of the stellar mass in older stars (4% in J light) could remain

undetected. The colors of the young and intermediate age stellar populations are significantly

affected by widespread and inhomogeneously distributed ionized gas and dust. Ionized gas

emission is important in every region examined except the NW star cluster. This conclusion

is in agreement with new data obtained with HST/ACS by Thuan & Izotov, and supports

the idea that stars in BCDs with metallicity lower than ∼ Z/Z�
<∼ 5% are generally young.

The implication is that such galaxies are indeed templates for primordial star formation in

the chemically unenriched environments which must be present when the Universe was very

young.

• Analysis of NIR images and spectra of another metal-poor BCD, SBS 0335−052, gave similar

results, at least for the stellar populations. The NIR spectral characteristics and broadband

colors of this galaxy are those of an extremely young starburst; the major part of the star

formation occurs in dense compact clusters younger than ∼5 Myr. We also were able to place

constraints on the possible contribution from an evolved stellar population in SBS 0335-052
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which cannot exceed 15%.

• However, unlike I Zw 18, SBS 0335−052 shows evidence for a substantial amount of warm

dust. This is an important result because of the common misconception that dust cannot

be present in metal-poor environments. The 2–4µm emission turns out to be extremely

red, consistent with the extrapolation of the mid-infrared spectrum obtained with the ISO

satellite. Moreover, from hydrogen recombination lines and a fit to the near-/mid-infrared

SED, we confirm a visual extinction of >∼ 15 mag. Our data suggest that the sites of the

optical and infrared emission are distinct: the optical spectral lines come from an almost

dustless region with a high star formation rate and a few thousand OB stars. This region

lies along the line-of-sight to a very dusty central star cluster in which there are more than

three times as many massive stars, completely hidden in the optical. From the extinction,

we derive an upper limit for the dust mass of 105 M� which could be produced by recent

supernovae. These conclusions are reinforced by data from the Infrared Spectrograph (IRS)

on the Spitzer Space Telescope (Houck et al. 2004) in which silicate absorption features are

consistent with a very significant dust extinction. However, the dust mass estimated before

the new Spitzer observations may be too high; the IRS spectrum peaks at ∼28µm, which

substantially reduces the amount of cooler dust that can be present in SBS 0335−052.

• The radio spectrum of SBS 0335−052 is also very unusual. The radio data show considerable

absorption at 1.49 GHz, and a composite thermal+non-thermal slope. We find the best-fitting

geometry to be one with free-free absorption homogeneously intermixed with the emission of

both thermal and non-thermal components. By comparing the inferred thermal emission

with observed Brα flux, we find that there must be a substantial contribution from stellar

winds. The radio emission also appears compact, rather than diffuse, associated with the

two brightest star clusters. Because the starburst is so young and compact, it is difficult

to interpret the non-thermal radio emission as resulting from diffusion of supernova (SN)

accelerated electrons over 107 − 108 yr timescales, which is the common mechanism in older

more massive starbursts. Rather, we attribute the non-thermal radio emission to an ensemble

of compact SN remnants expanding in a dense interstellar medium, similar to those observed

in another starburst, M 82.

• Our studies of I Zw 18 and SBS 0335−052, together with an investigation of a larger sample

of low-metallicity BCDs (Hunt et al. 2003), led us to conclude that in low-metallicity en-

vironments there are two very different modes of star formation, which we dubbed “active”

and “passive”. The “active” BCDs host super star clusters (SSCs), and are characterised by

compact size, rich H2 content, large dust optical depth, and high dust temperature; the “pas-

sive” BCDs are more diffuse with cooler dust, and lack SSCs and large amounts of H2. The

models presented in Chapter 6 suggest that the difference between the two regimes can be

understood through the variation of the “compactness” of the star-forming region: an “active”

mode emerges if the region is compact and dense, and a “passive” one if the region is diffuse.

In an active star-forming complex, the dust, supplied from Type II supernovae in a compact

configuration, effectively reprocesses the heating photons into the infrared and induces a rapid

H2 formation over a period of several Myr. We hypothesize that the active regime should

dominate at high redshift; the new Spitzer surveys (e.g., SWIRE) will help confirm or refute

this conjecture.

While only two low-metallicity BCDs were studied here, their properties are not unique. Among

the known metal-poor BCD population, we find several examples of galaxies with either active

(NGC 2366, NGC 5253, II Zw 40) or passive (VII Zw 403, Mrk 59, UM 311) characteristics. Further-

more, the“dichotomy”between active and passive modes is not confined to metal-poor environments
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(Hunt, Giovanardi, & Helou 2002). Passive star formation is taking place in most galactic disks,

at low rates, in diffuse low density regions; active star formation occurs in dense star clusters, with

clear signs of dust emission and extinction.

Part 2: Bulges, Disks, and Nuclei of Spiral Galaxies

Spiral galaxies lie at the other extreme of the galaxy population from BCDs in terms of their

mass, luminosity, age, and chemical enrichment. Like BCDs, later-type spirals are forming stars, but

in very different environments. Unlike BCDs, spiral galaxies generally have well-defined structural

components with well-ordered velocity fields, indicative of dynamical support by rotation. The

axisymmetric and non-axisymmetric structural components in luminous spirals were studied in

Part 2 of this thesis. First, bulges and disks, and their relation to different types of nuclei were

emphasized, together with their stellar populations. Then, non-axisymmetric galaxy structure on

both small (circumnuclear) and large (several kpc) scales was examined. Thanks to the large

number of galaxies studied, several important trends emerged. These include:

• The scaling relations of bulges and disks for more than 100 disk galaxies were shown to

depend on Hubble type T and bulge shape, as defined by the Sérsic index n. As Hubble

type T increases, bulges become less luminous and their mean effective surface brightness

< µB
e > gets fainter; disk < µD

e > shows a similar, but much weaker, trend. When bulge

parameters (effective surface brightness < µB
e >, effective radius rB

e , absolute magnitude

MB) are compared with disk ones (< µD
e >, rD

e , MD), they are tightly correlated for n = 1

(exponential) bulges. The correlations gradually worsen with increasing n such that n = 4

bulges appear virtually independent of their disks. The Kormendy relation, < µB
e > vs. rB

e , is

shown to depend on bulge shape n; the two parameters are tightly correlated in n = 4 bulges

(parametric correlation coefficient r = 0.8), and increasingly less so as n decreases; disk

< µD
e > and rD

e are well correlated (r = 0.7). Exponential bulges appear to be closely related

to their underlying disks, while bulges with higher n values are less so; n = 4 bulges and their

disks apparently have no relation. We interpreted our results as being most consistent with

a secular evolutionary scenario, in which dissipative processes in the disk are responsible for

building up the bulges in most spirals.

• We also found that bulge velocity dispersion σe is not enough to determine accurate the

mass of the central black hole (BH); how the bulge mass is distributed (e.g., Re) is also

important. In light of the tight correlations among bulge properties and BH mass, we derived

new accurate NIR bulge parameters for galaxies with secure BH mass measurements. By

combining the bulge effective radii Re measured in our analysis with σe, we find a tight linear

correlation (rms ' 0.25 dex) between BH mass and the virial bulge mass (∝ Reσ
2
e). A partial

correlation analysis shows that BH mass depends on both σe and Re, and that both variables

are necessary to drive the correlations between BH mass and other bulge properties.

• Through NIR imaging of 30 Seyfert and starburst galaxies, we were able to constrain the

relative ages of their stellar populations. Azimuthally averaged elliptical profiles show that the

inner and outer disks of Seyferts and starbursts are consistent with a normal late-type stellar

population, and do not differ significantly with activity class; however, color-color diagrams

of individual pixels show that the stellar mix in most of the type 2 Seyferts comprises a

conspicuous contribution from an intermediate-age (3 − 5 × 108 yrs) population. Moreover,

while most of the starburst galaxies show irregular inner structure in the colors, most of the

Seyferts do not. We concluded that ongoing star formation in the inner disks of starbursts

is signalled by the presence of dust (and gas); the absence of such features in both Seyfert

types implies that star formation episodes are either absent or very old. However, while the
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blue colors of Seyfert 2s suggest that a burst of star formation did, in fact, occur not more

than 109 yrs ago, the normal colors of Seyfert 1s imply that any starforming episodes must

be significantly older.

• A bulge/disk decomposition of the galaxies shows that Seyfert 1 and starburst bulges resemble

normal early-type bulges in structure and color, with (J − K)b about 0.1 mag redder than

disk (J −K)d. Seyfert 2 bulges, instead, are bluer than normal with (J −K)b ∼ (J −K)d.

Seyfert disks (especially Type 1), but not those of starbursts, are abnormally bright (in

surface brightness), significantly more so than even the brightest normal disks. In Seyferts

and starbursts, HI mass fractions and mass-to-light (M/L) ratios are anticorrelated, and we

attribute the high gas mass fractions and low M/Ls in starbursts and several Seyferts to

ongoing star formation. Such abundant gas in Seyferts may inhibit bar formation, which

could explain why active galaxies are not always barred. While intriguing, these results need

to be confirmed on a larger sample, and work is in progress (Stevenson et al. 2002).

• To better assess the star-formation properties of the 891 galaxies in the Extended 12µm

Sample (E12GS), we compared the large-scale non-axisymmetric morphological characteristics

as defined in RC3 for different activity classes. Surprisingly, galaxies with AGNs (Seyferts

and LINERs) have the same incidence of bars as normal (non-active) spirals, but show rings

significantly more often than normal galaxies or starbursts. The LINERs have elevated rates

of inner rings, while the Seyferts have outer ring fractions several times those in normal

galaxies. The different formation times of bars and rings suggest an interpretation of these

differences. Bars form relatively quickly, and transport material (by redistribution of angular

momentum) to the center of the galaxy, where it is likely to trigger a short (e.g., . 108 yrs)

burst of star formation. Outer rings require much more time to form, as they must form

after the bar. They would then be associated with more intense nuclear activity if it takes

109 years or more for the mass transfer to reach the center and raise the black hole accretion

rate, by which time the bar may have begun to dissolve. Inner rings form before outer ones,

with a formation time more comparable to bars. Thus it may be that after an interaction or

instability triggers an infall of gas, the galaxy in the earliest stage is likely to show enhanced

star formation in its center, while later it is more likely to show LINER activity, and still

later likely to be a Seyfert. This evolutionary scenario is consistent with the results from NIR

imaging on much smaller samples, but numerical simulations are needed to better define the

relationship among the non-axisymmetric features singled out by our study.

• Small-scale morphology of AGNs and starbursts was analyzed from NICMOS/HST images of

250 spiral galaxies. We found several differences among galaxies with different activity types

which may be connected with nuclear fueling: the H ii/starburst galaxies show the strongest

deviations from smooth elliptical isophotes, while the normal galaxies and LINERS have the

least disturbed morphology. The Seyfert 2 galaxies have significantly more twisted isophotes

than any other category, and the Seyfert 1 galaxies the fewest nuclear bars. The morphological

differences between Seyfert 1s and 2s suggest that more is at work than simply the viewing

angle of the central engine. They may correspond to different evolutionary stages.

Many of the results presented in Part 2 of this thesis were interpreted in an evolutionary

framework. However, direct evidence for secular evolution is difficult to obtain. Because we, as

observers, are unable to watch galaxies over sufficiently long timescales, we must make deductions

based on circumstantial evidence. Morphology studies such as those in this thesis can be interpreted

in many ways, and the simplest interpretation may not always be unanimously defined. More and

better simulations will help to more accurately date morphological features, and provide a more

precise understanding of the causal relationships among bars, rings, and spiral structure, and the

effect they have on the distribution of gas and stars in galaxies.
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Fig. 1.— Left (right) panel: VLA image of I Zw 18 at 4.86 GHz/C configuration (1.43 GHz/B

configuration) overlayed on the HST/WFPC2 F555W image. In both panels the radio emission is

resolved.

3. Future directions

Because dust effectively obscures star formation, and because we are interested in the dustiest

regions in BCDs, a multiwavelength approach is necessary. But first, we need some statistics. We

have already acquired NIR spectra and images for ∼15 BCDs at UKIRT, which will enable us to

better understand the active/passive dichotomy. The HST archive has also been“mined”for images,

and we now have a sample of ∼20 metal-poor BCDs with either WFPC2 or NICMOS images; the

high spatial resolution allows us to measure directly the size of the star-forming complex, and

compare it with electron densities measured from spectra. We can then classify BCDs in terms of

active and passive modes, and better assess the validity of this dichotomy and our models.

We also have an approved program to observe BCDs with the mid-infrared camera Michelle on

Gemini North; this should help characterize the warm dust which we expect to be present in active

star-forming regions. Our planned observations with Spitzer Space Telescope will help constrain

the cooler dust component (MIPS) in active and passive BCDs, as well as the warm/hot dust

component (IRAC). Even cooler dust can be detected with SCUBA at JCMT, and we will be able

to compare the spectral energy distributions of active and passive BCDs, and model them.

The radio emission of SBS 0335−052 is so unusual that it is of interest to compare it with that

of I Zw 18. Figure 1 shows radio images from the VLA archive overlayed on WFPC2/HST images.

Our analysis of the images shows that the the radio emission in I Zw 18 is resolved and diffuse,

centered on, but more extensive than, the star clusters. In SBS 0335−052, the radio emission is

close to being unresolved, and appears to originate in the brightest star clusters. While the radio

morphology differs between the two lowest-metallicity BCDs, the spectral index α is -0.4, similar

to that found in Chapter 5 for SBS 0335−052. The distinct radio morphology but similar spectral

index in both BCDs is puzzling, and we need additional VLA multifrequency observations to better

decompose into thermal and non-thermal components in I Zw 18. Active star formation may also

be characterized by compact mixed thermal/non-thermal radio sources, distinct from diffuse (radio

emitting) regions in the passive mode.

3.1 Luminous spiral galaxies and bars

One aspect of non-axisymmetric structure that was relatively neglected in this thesis was bars.

To remedy this, we have undertaken a quantitative characterization of the bars in the Pisces-
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Fig. 2.— Maximum relative torque Qmax plotted agains axial ratio (b/a)bar. In the left panel,

galaxies are coded by bar type (flat shown as filled circles, exponential by ×); in the right by torque

morphology.

Perseus sample discussed in Chapter 7. The gravitational potential is first calculated assuming

an exponential vertical disk structure, then the relative torque is derived (e.g., Buta, Laurikainen,

& Salo 2004); this should give us one measure of the strength of the bar. Another measure of

bar strength is obtained by fitting ellipses to the images and applying a “profile analyzer” to the

radial profiles. We distinguish two bar types (flat and exponential) as in Elmegreen & Elmegreen

(1985), by examining the surface brightness profile along the bar. A Fourier decomposition of the

image is also performed in order to establish which components dominate in the different bar types.

Preliminary results are interesting, and suggest a difference in bar strength between the two main

types of bars, flat and exponential. There also appear to be differences in torque morphology as a

function of bar strength. These differences can be seen in Fig. 2 for a subset of the Pisces-Perseus

sample with Hubble type T ≈ 3 (Sb). Exponential bars tend to be “fatter” (larger axial ratio

(b/a)bar) than flat bars, and strong bars tend to show a particular kind of torque structure. It

will be interesting to investigate whether different bar types and strengths can be interpreted in an

evolutionary framework, in which as the bar evolves, it promotes the evolution of the galaxy.
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