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ABSTRACT 

14 

To examine the stellar populations of interacting or merging galaxies, a 

sample of 2S objects with disturbed morphology was selected. Integrated spectra 

of these galaxies were obtained, to study their global star formation histories and 

provide a database for comparison with morphologically disturbed galaxies at high 

redshift. Quantitative star formation histories were determined using evolutionary 

population synthesis models. Special emphasis was placed on observational and 

systematic uncertainties, e.g. IMF. metallicity, and reddening. The merger sample 

was divided into two subsamples for comparison with morphologically normal 

galaxies. The red subsample consists of galaxies whose spectra resemble those of 

early-type galaxies, while the blue subsample has moderate to strong Ha emission. 

The model fits to the spectra of the red merger sample are indistinguishable 

from those in a control sample of SO galaxies. Differences in the upper limits on 

recent star formation between these mergers and a sample of elliptical galaxies 

may be due to metallicity effects. The minimum amount of star formation reciuired 

in the last Gyr is consistent with zero for the red merger and the E/SO samples. 

The maximum amount of new star formation ranges from 0.2-3.2% by mass in the 

merger sample and 0.0-2.7% in the E/SO control sample. 

Reddening contributes the largest source of uncertainty in determining the 

mass of a starburst in the blue merger subsample, while burst ages are relatively 

unaffected. We put limits on the quantitative star formations histories in these 

galaxies, although the uncertainties tend to be large. We find starbursts ranging in 
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age from 10' to 10® years, and burst masses from 0 to more than 20% of the total 

stellar mass. We find higher recent rates of star formation in the merger sample 

based on far-infrared luminosities and Balmer absorption strengths, respectively. 

We cannot distinguish between truncated star formation followed by a starburst. 

and alternate star formation histories, such as those appropriate to spiral-type 

star formation, based on our model fits alone. A Salpeter IMF appears to be an 

adequate one to describe star formation in these galaxies. 
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CHAPTER 1 

INTRODUCTION 

A merger or gravitational interaction between galaxies, in addition to radically 

changing the morphology and kinematics of a galaxy, can make a significant change 

in these galaxies' stellar populations (e.g. Kennicutt L998). The merger hypothesis 

for the formation of elliptical galaxies states that when two disk galaxies merge, 

they form an elliptical galaxy (Toomre 1977). The stellar populations that make up 

present day elliptical and spiral galaxies are quite different: a spiral galaxy contains 

a mi.xed population of young and old stars and a significant mass fraction in cold 

gas, while an elliptical gala.xy has stellar populations that appear to be uniformly 

old and relatively free of cold gas. If the merger hypothesis is correct, the resulting 

change that occurs in a galaxy's stellar populations as a result of a merger may be 

quite dramatic, especially in the case of a merger of a gas-rich spiral. 

In fact, mergers are observed to cause spectacular bursts of star formation. 

Ultraluminous infrared galaxies (ULlRGs), have morphologies indicative of an 

ongoing merger event, almost without exception (Sanders k. Mirabel 1996). HST 

has provided astronomers a view of very young star clusters, possibly young 
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globular clusters, in the mergers NGC 7252 (VVhitmore et al. 1993), NGC 4038/9 

(VVhitmore & Schweizer 1995) and NGC 3921 (Schweizer et al. 1996), which are 

likely to be the result of intense, merger-induced star formation. However, in 

spite of spectacular star bursts like these, in nearly every morphologically selected 

sample of interacting galaxies and mergers, a considerable fraction of the galaxies 

show little or no star formation. Some of the interacting galaxies in the Larson 

Tinsley (1978) sample show colors like those of normal galaxies. Bernlohr (1993a) 

classifies a large fraction of his sample of interacting galaxies as having spectra like 

those of early-type galaxies, and mergers with such spectra are also clearly present 

in the Liu Kennicutt (1995b, hereafter LK95) sample. 

Quantitative analyses of the stellar populations in merging and interacting 

galaxies have been made primarily by two methods, the application of evolutionary 

population synthesis (EPS) codes to e.xamine the star formation histories of 

interacting galaxies, and measurement of ongoing star formation through gala.xy 

emission line studies. In addition, multicolor imaging has been useful in mapping 

out the locations of the stellar populations within galaxies. 

EPS codes have been instrumental in interpreting observations of mergers since 

the pioneering work of Larson & Tinsley (1978), who compared the star formation 

histories of mergers and interacting galaxies to those of morphologically normal 

galaxies. They found that while the normal galaxies' UBV colors were consistent 

with a monotonically decreasing star formation rate (SFR), the morphologically 

peculiar interacting galaxies often needed a recent burst of star formation to 

explain their colors. More recently, EPS models have been used to fit the optical 

spectra of interacting, merging, and early-type galaxies to learn more about the 

detailed star formation histories of individual galaxies (Bernlohr 1993a, Fritze-von 
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Alvensleben Gerhard 1994, and Schweizerfc Seitzer 1992, respectively). Bernlohr 

found some evidence for an initial mass function (IMF) weighted toward high ma^s 

stars in his sample of interacting galaxies and a time delay in star formation in the 

larger galaxy of an interacting pair, relative to the smaller. Fritze-von .\lvensleben 

Sz Gerhard were able to examine the star formation history of the prototypical 

merger, NGC 7252 (Schweizer 1982), in great detail, finding a 1.3 Gyr old star burst 

which could account for 20-50% of the gala.xy's stellar mass. Schweizer & Seitzer 

determined heuristic merger ages for samples of E and SO galaxies and found a 

correlation between those ages and (presumably) merger induced morphological 

fine structure. EPS models have also been applied to merging and interacting 

galaxies along with morphologically normal galaxies in studies of star burst galaxies 

(e.g. Englebracht 1997, Shier et al. 1996). 

Emission line studies have also been valuable in understanding the stellar 

populations in interacting galaxies. Bushouse (1987) and Kennicutt et al. (19S7) 

showed that even relatively weak gravitational interactions between galaxies could 

enhance star formation, since pairs of disk gala.xies. even without morphological 

signs of interaction, had systematically higher SFRs than isolated disk gala.xies. 

Star formation at the present epoch has also been examined in more detail for a 

sample of more strongly interacting galaxies and merger candidates b\' Sekiguchi 

Wolstencroft (1993). They found that these galaxies had enhanced star formation 

compared to isolated disk galaxies. They also suggested that the mixture of Ha 

emission with Balmer absorption seen in many merging galaxies might indicate 

recurrent star bursts or propagating star formation. Liu Kennicutt (1995a) 

examined the emission line properties of a sample of mergers and interacting 

galaxies with similar results. They also found the spectra of their sample appeared 

much like many samples of galaxies observed at higher redshift. Donzelli 
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Pastoria (1997) studied pairs of galaxies, each pair consisting of galaxies of different 

sizes. They found HQ emission was enhanced in the both galaxies in the interacting 

pairs, more strongly so in the smaller galaxy of such pairs. Hibbard and van 

Gorkom (1996) used Ha imaging of a sequence of mergers to show that star 

formation begins in the disks of the interacting galaxies, and moves to the nucleus 

as the merger proceeds. 

Multicolor imaging has also added to our knowledge of the stellar populations 

in mergers. Schombert el al. (1990) made a four color study of interacting galaxies 

and found large color variations within each system. They concluded that very 

blue colors of the tidal features in many of these galaxies were indicative of recent 

star formation while those in other galaxies were similar in color to the outer 

parts of spiral galaxies, and therefore likely to be tidally stripped. McGaugh & 

Bothun (1990) performed surface photometry of three shell galaxies. One galax\', 

IC 51, was found to have shells made of young material, another, NGC 7oSo. had 

shells likely to be stripped material from a spiral gala.Ky. and a third. NGC 7010. 

was puzzling with shells even redder than the underlying elliptical gala.x:y. Smith 

Hintzen (1991) performed multicolor photometry of a sample of mergers and 

found a wide range of colors, from those redder than a typical elliptical galaxy 

to extremely blue. They also saw contrasting colors in interacting pairs perhaps 

indicating differing star formation in the two galaxies. 

Theoretical modeling of the interaction-induced star formation in interacting 

galaxies has become feasible in recent years with the coupling of N-body and 

hydrodynamic codes. Flernquist (19S9) and Barnes Hernquist (1991) showed 

that gas was driven to the center of the remnant as two gas-rich galaxies merged. 

Mihos et al. (1992,1993) using a modified Schmidt (1959) star formation law and 
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a discrete cloud model rather than a full hydrodynamics code, showed that star 

formation rates in mergers could increase by an order of magnitude for timescales of 

a few X 10® yr, and that these models could reproduce the star formation intensity 

and spatial distribution in five merger remnants. Again using a full N-body. 

hydrodynamic code. Mihos & Hernquist (L994a) showed that the presence of a 

bulge suppresses radial inflow of gas in a minor merger, delaying a star burst until 

the merger is nearly complete. This also holds true for major mergers (.Vlihos 

& Hernquist 1994b), where the resulting star burst can easily reach the ULIRG 

range. For either type of merger where bulgeless gala.xies are involved, starbursts 

occur much earlier in the interaction, and gas is exhausted before the galaxy nuclei 

merge. Mihos Hernquist (1996) also showed that progenitor galaxy structure 

plays the dominant role in regulating star formation, with an increase in the star 

formation rate of up to two orders of magnitude over the pre-merger rate. Up to 

75% of the gas in the progenitors may flow in to the nucleus of the merger remnant 

for such a scenario. 

In spite of the extensive progress made in this previous work, many 

unanswered questions remain. From the literature review above, it is clear that 

the star formation histories of mergers have been studied in detail in only a few 

isolated galaxies, like the well-studied NGC 7252. while surveys of large groups of 

galaxies have focused on the current rates of star formation, primarily through Ha 

emission. .A. quantitative estimate of the star formation history for each gala.Ky of a 

large sample of mergers is needed. How much of their optical light is contributed 

by an interaction-induced star burst, and how much stellar mass is involved? How 

old are the star bursts we do see? What limits can we put on these quantities? 

With these results in hand we can address still more unanswered questions. Do star 

bursts occur in all interacting galaxies? How much variation in stellar populations 
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is there between mergers? Does the star formation history correlate with galaxy 

morphology, gas or dust content? How do the stellar populations in mergers 

compare with morphologically normal galaxies? Do mergers leave a spectral 

signature which could be found in a "normal" galaxy that might grow out of the 

merger remnant? 

The answers to these questions are more important than ever. Galaxy 

interactions are now thought to play a crucial role in galaxy evolution. Mergers 

have been called on to explain such phenomena as the disappearance of the "faint 

blue galaxies" seen at high redshift (e.g. Colless et al. 1993) and the increase 

in "blue" or "active" galaxies in moderate redshift clusters (the Butcher-Oemler 

effect; e.g. Lavery et al. 1992. Dressier et al. 1994. Kauffmann 1995). Hubble Space 

Telescope imaging of high redshift clusters, the Hubble Deep Field, and Medium 

Deep Survey has shown that disturbed morphology is much more common at high 

redshift (e.g. Oemler et al. 1997. van den Bergh et al. 1996. and Neuschaefer et 

al. 1997, respectivel\'). Interpreting the observations of high-redshift objects can 

be aided by clearly understanding what is happening with mergers and interacting 

galaxies in the local universe. 

The goal of this thesis is to answer the questions outlined above, and to create 

a base of information, both for understanding local mergers in their own right, and 

for use in interpreting the observations of high-redshift interacting galaxies. We 

have undertaken a program to study in detail the stellar populations of a large, 

morphologically-selected sample of 28 systems, comprising all types of interacting 

galaxies and mergers, with current star formation rates from almost zero to the 

ULIRG range. We measure the masses and ages of the star bursts in our sample 

by comparing their spectra to synthetic stellar population synthesis spectra. We 



subdivide the complete merger sample into blue and red subsamples for purposes 

of comparison with morphologically normal E/SO and spiral control galaxies, to 

distinguish between normal and interaction-induced star formation modes. 

In this thesis, we concentrate on measuring the global star formation in a 

galaxy, without regard to its spatial distribution. The reason for this is two-fold; 

first, to measure the total amount of star formation, which may not be limited 

to the galaxy nucleus or any other specific region, and second, for purposes of 

comparison to the high-redshift objects where mergers are thought to play a 

role and for which spatially-resolved spectra are not generally available. One 

limitation of e.xisting merger spectra is restricted spatial coverage, usually biased 

to the nuclear region of the galaxy. For these reasons, we perform our analysis 

on integrated spectra of the galaxies in our sample, so the global properties can 

be measured. The spatial distribution of the stellar populations in mergers is an 

interesting question in its own right, but beyond the scope of this thesis. 

This thesis is structured as follows. In Chapter 2. we describe the sample 

selection and observing and data reduction procedures. Chapter 3 contains a 

description of the models and fitting procedure we use to analyze the stellar 

populations in our sample, as well as tests made of these models and procedures. 

We present and interpret our results for the red subsample in Chapter 4 and the 

blue subsample in Chapter 5. In Chapter 6. we conclude with a summary of our 

main results and suggestions for future work. 



CHAPTER 2 

THE DATA 

Integrated spectra were acquired for a morphologically-selected sample of 

interacting galaxies. These were supplemented with previously published spectra 

of morphologically normal galaxies for use as a control sample. 

2.1. Sample Selection 

We constructed a morphologically-selected sample of strongly interacting and 

merging gala.\ies. drawn from the Arp atlas (1966). and similar to the sample in 

Liu Kennicutt (1995b. hereafter LK95). Where possible, we consulted LK9o 

to be sure our sample was spectroscopically representative as well. Galaxies that 

showed evidence for strong interaction or recent merging in the form of tidal tails 

bridges, or strong shells were selected. Shell galaxies were included since shell 

formation may result from a major merger (Hernquist k: Spergel 1992) and are 

not strictly the result of a minor merger (Hernquist k: Quinn I9SS). We have 

divided this into two subsamples for purposes of comparing with relevant control 

samples of morphologically normal galaxies. The galaxies in the red subsample 
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have spectra that show no or very weak line emission and have continua strongly 

resembling those of elliptical galaxies. The galaxy spectra of blue subsample 

have prominent HQ emission and typically bluer stellar continua. This division is 

somewhat artificial as there is a smooth progression from blue to red in the entire 

sample, and some galaxies, such as NGC 3.303, might have equally well been placed 

in either subsample. 

The red subsample consists of three pairs of interacting galaxies (NGC 750/1. 

NGC 942/3, NGC 7284/5), three shell galaxies (IC 162, NGC 474, NGC 7585), and 

one galaxy with tidal tails and extremely disturbed morphology (NGC 7727). We 

refer to this subsample as the red merger sample throughout this thesis. Figures 2.1 

and 2.2 show V'-band images of these galaxies, taken at the Steward 2.3m telescope 

on Kitt Peak. 

To compare with the red mergers, we also make use of a control sample of 

elliptical and SO gala.xy integrated spectra from the Kennicutt (1992b, hereafter 

K92) spectral atlas. This sample was chosen since it is one of the few sources of 

integrated spectra of galaxies with a wide range of morphological types in the 

literature, including four elliptical and four SO galaxies. The purpose of using this 

control sample is to perform a differential analysis, rather than setting absolute 

limits on the star formation of both samples. The possible presence of young 

stars in ellipticals has been the subject of much investigation in its own right 

(e.g. Chariot et al. 1996), and our analysis adds only a limited amount of new 

information to that discussion. The galaxies in the red merger and E/SO control 

samples are listed in Table 2.1 along with their heliocentric recessional velocity, 

absolute magnitude, Mg2 index, neutral hydrogen mass, and distance. Only two 

of the red galaxies are listed as IRAS sources in Cataloged Galaxies & Quasars 



(1989). These are the SO galaxies NGC 3245 and NGC 5866 with log Lf i r  equal to 

9.11 and 9.28 IogL0, respectively, when corrected to their tabulated distances. 

The blue subsample consists of 18 galaxies for which we have acquired spectra, 

plus integrated spectra of NGC 1222, .A.rp 220, and NGC 7252 from LK95 for a 

total of 21 galaxies. Five of these, NGC 4038/9, NGC 4676, NGC 5278/9, -\rp 

241, and NGC 6621/2 are strongly interacting pairs (not evolved mergers), while 

one other, Arp 195, is a strongly interacting triplet. For convenience, we refer 

to this subsample as the blue merger sample throughout this thesis. Several of 

these galaxies have been identified as having AGN: NGC 3921 (Dahari 1985). 

NGC 5278/9 and NGC 4676 (Keel et al. 1985), Arp 220 and NGC 2623 (Shier 

1995), and Arp 195, NGC 3303, and possibly NGC 3656 (Liu Kennicutt 1995a). 

Figures 2.3 through 2.5 show V'-band images of these galaxies, taken at the Steward 

2.3m telescope on Kitt Peak. For IC 51, NGC 520. NGC 4038/9. Arp 241, and 

NGC 7252, see Arp (1966) objects 230. 157. 244. 241. and 226. respectively. 

To compare with the blue mergers, we make use of the spiral galaxies from 

the K92 spectral atlas. .Again, these control galaxies were selected on the basis of 

their morphology and not their star formation rates or history, i.e. some starburst 

galaxies are included in the control sample. The galaxies in the blue merger and 

spiral control samples are listed in Tables 2.2 and 2.3. along with their heliocentric 

recessional velocity, absolute magnitude, neutral hydrogen mass, and distance. 

2.2. Observations and Data Reduction 

Observations of the red merger sample were made with the Boiler and Chivens 

(B&C) Spectrograph on the Steward Observatory 2.3m telescope at Kitt Peak. .A. 

log of observations is presented in Table 2.4. The detector was a thinned 1200 x 800 
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Loral CCD, with a spatial scale of (y.'S/pixel. A 400 1/mm grating, blazed at 4889 

A was used with a UV-36 blocking filter to obtain a spectra over the wavelength 

r a n g e ,  3 6 0 0  -  6 9 0 0  A. A  2 ' . ' 5  s l i t  y i e l d e d  a  r e s o l u t i o n  o f  a p p r o x i m a t e l y  7 . 5  A. 

Integrated spectra were obtained using the drift-scanning technique, detailed in 

K92. Briefly, each galaxy was allowed to drift across the slit several times during 

an exposure, thus creating an effective total aperture with length equal to the 

length of the scan. The apertures are listed in column 6 of Table 2.4 as arcseconds 

in right ascension by arcseconds in declination, except as noted. Drift rates were 

adjusted so each galaxy was scanned across the slit at least 6 times during a 30 

minute exposure. Scans were generally performed in the shorter aperture direction 

to increase signal-to-noise, since slower drift rates effectively spend more time on 

the galaxy. Two to four separate exposures were acquired for each galaxy, to keep 

the number of cosmic ray hits to acceptable levels. All drift-scan observations were 

made under photometric conditions. 

The spectral images were reduced with IRAF using standard techniques. 

Each image was cleaned of bad pi.xels and columns, overscan corrected and bias 

subtracted. Dark frame corrections were applied when the number of dark counts 

was found to be non-negligible compared to the CCD read noise. Special care was 

taken in flat-fielding the data. First, a response function was created by removing 

a high order polynomial from the dome flats. This response function was then 

divided into a twilight flat. An illumination correction was made by fitting a high 

order function along the spatial direction of this twilight flat in each of several 

(typically 20) bins. A composite flat field was created by multiplying the response 

function by the illumination correction, and was then used to flatten the spectral 

images. 
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Galaxy spectra were extracted interactively, using the observed intensity 

profile along the slit to determine apertures and background regions, and then 

fitting a trace to the observed spectrum. Wavelength calibrations were determined 

using He.A.r and FeNe lamps. Standard stars from Massey et al. (1988) were 

observed with a 4'.'5 slit aligned to the parallactic angle, and were used to calibrate 

the spectrophotometry. The wide slit was used to minimize calibration errors 

introduced by the wavelength-dependent seeing. Spectra from separate exposures 

of the same galaxy were then averaged to produce the final integrated spectrum. 

These integrated spectra typically have S/N ~ 50. The resulting integrated spectra 

for the merger sample are shown in Figures 2.6-2.9. 

The integrated spectra were compared to nuclear spectra from the LK95 atlas. 

By e.xamining the qualitative differences, and using the images as a rough guide, 

we determined that in only three cases were the integrated spectra dominated by 

the light from the nucleus of the system. These three cases were NGC 1222. .Arp 

241, and NGC 4194. 

Errors in the spectrophotometry are dominated by calibration uncertainties 

and sky subtraction errors. Residuals from the mean calibration of the standard 

stars were 2.5% or less, but the spectrophotometry of the galaxies, taken in 

a much larger effective aperture, may be less precise, largely due to increased 

sky subtraction uncertainties. We were able to test the spectrophotometry by 

comparing spectra of the same galaxy taken on different nights, and those galaxies 

common to our merger sample those of K92 or LK95. Comparison of spectra 

between these data sets is shown in Figure 2.10. Spectrophotometry taken on 

different nights shows a maximum peak-to-peak variation of ±7.5%, with a typical 

value of ±5%. This variation is linear from the blue to the red ends of the 
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spectrum, i.e. a difference of +5% at the red end, —5% at the blue, and a smooth 

gradient in between. Comparison of galaxy spectrophotometry from the K9'2 and 

LK95 shows typical peak-to-peak variations of ±6%, with a maximum variation of 

±10%. However, in these comparisons, the pattern of variation often changes near 

5150 A, where the blue and red ends of the K9'2 and LK95 spectra were spliced 

together. This indicates that some of the variation may be due to calibration error 

introduced by that process. We also note these comparisons reflect the maximum 

errors over broad wavelength ranges in any given spectrum: the RMS variations are 

about 2-3 times lower. 

Spectrophotometric errors may also be introduced by imperfect sky subtraction. 

These do not constitute a significant source of error in the analysis that follows, 

which makes use of the entire galaxy spectrum, so we simply interpolated over 

regions of poor sky line subtraction. However, measures of equivalent width or 

spectral indices may indeed have significant error when falling on or near a night 

sky line. 
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Table 2.1. Red Galaxy Properties 

Galaxy cz (km s ') Mb^ Mg2^ Mm (M^)-^ D (Mpc)'' 

Red Merger Sample 

IC 162 5132 -20.8 0.22 2.0 X 10^ 80.7 

NGC 474 2372 -21.6 0.22 1.1 X 10^ 37.5 

NGC 750/1 5293 -21.7 0.25 2.0 X 10^ 81.6 

NGC 942/3 4439 0.18 72.4 

NGC 72S4 
4527 

-21.3 . . .  

NGC 7285 
4527 

-21.4 
0.22 70.8 

NGC 7585 3447 -21.1 0.18 < 1.1 X 10'° .53.9 

NGC 7727 1953 -20.8 0.22 7.3 X 10® 29.7 

Elliptical Galaxies 

NGC 3379 920 -20.2 0.22 < 6.3 X 10® 12.2 

NGC 4472 868 -21.8 0.25 < 9.0 X 10® 16.8 

NGC 464S 1472 -19.5 0.24 25.6 

NGC 4889 6494 -22.6 0.28 < 1.3 X 10^ 100. 

SO Gala.xies 

NGC 3245 1356 -19.8 0.18 < 6.8 X 10" 20.0 

NGC 3941 928 -19.5 0.22 8.0 X 10® 14.7 

NGC 4262 1359 -18.9 0.27 5.5 X 10® 16.8 

NGC 5866 672 -19.5 0.17 < 2.2 X 10® 13.2 

^derived from de Vaucouleurs et al. (1991). HQ = 65 km s ^ Mpc~' 

''calculated from integrated spectra as defined Faber et al. (1985) 
from the compilation of Roberts et al. (1991), except IC 162 (Hatchings 

19S9) and NGC 750/751 (Huchtmeier 1994). All values are on the Roberts 
et al. system, and corrected to Hq = 65 km s~^ Mpc~^ 

D = (V//+ 300sin / cos 6)//fo5 as in Roberts et al. 1991. 
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Table 2.2. Blue Gala.xy Properties-Mergers 

Galaxy cz Ms" Mhi'' log Lf i r" D'* 

(km s~') (mag) (10^ M0) (log LtO (Mpc) 

IC 51 1675 . . . 1.56 9.43 26.7 

NGC 520 2281 -20.0 8.07 10.82 36.7 

NGC 523 4761 -19.5 22.8 10.34 76.3 

NGC 1222 2452 -21.3 3.17 10.41 37.6 

.NGC 1614 4778 -20.6 > 3.67 11.36 71.4 

NGC 2623 5535 -20.6 2.33 11.38 83.9 

.\rp 195 167.58 -22.5 11.40 257. 

NGC 2782 2562 -21.0 5.61 11..32 39.3 

NGC 3.303 6165 3.67 93.2 

NGC 3448 1350 -19.7 6.33 9.67 22.0 

NGC 3656 2869 -20.0 1.16 9.96 45.4 

NGC 3921 5838 -21.6 11.1 10.08 91.3 

NGC 40.38/9 1641 -21.5 3.93 10.52 22.0 

NGC 4194 2506 -20.0 1.59 10.73 40.1 

NGC 4676 6610 10.1 10.65 102. 

IC 883 7000 -20.8 < 4.0 11.45 108. 

NGC 5278/9 7463 5.52 10.72 117. 

.Arp 241 10401 7.83 161. 

.•\rp 220 5434 -21.1 .36.3 12.04 85.3 

NGC 6621/2 6230 -20.9 10.5 11.04 99.3 

NGC 7252 4688 -21.7 5.08 10.54 73.3 

Merived from de Vaucouleurs et al. (1991). e.xcept NGC 6621/2 
from de Vaucouleurs et al. (1976). .Assumes Ho = 65 km s~' Mpc~^ 

''from the compilation of Huchtmeier Richter (1989) e.Kcept IC 
51 IC 883 from Huchtmeier (1997), NGC 523 from VVegner et 

al. (1993), and NGC 7252 from Hibbard et al. (1994). .A.11 values 
are corrected to Ho = 65 km s~^ Mpc~'. 

•^from Cataloged Galaxies and Quasars, 1989. 

''D = (V// + 300 sin / cos b)( Hq . 
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Table 2.3. Blue Galaxy Properties-Spiral Control Sample 

Gala.xy Type cz MHI' log ^ F I R ^  

(km ) (mag) (10^ M0) (log L0) (Mpc) 

NGC 1357 Sa 2009 -19.9 < 1.3 9.41 29.9 

NGC 2275 Sa 1354 -20.2 0.48 18.2 

NGC 3623 Sa 807 -20.1 0.38 8.90 10.6 

NGC 3368 Sab 897 -20.4 2.9 9.43 11.8 

NGC 1832 SBb 1937 -19.7 4.3 9.99 27.4 

NGC 3147 Sb 2820 -21.9 12. 10.52 45.8 

NGC 3627 Sb 727 -20.3 0.91 9.81 9.4 

NGC 4750 Sb pec 1618 -20.1 2.2 9.87 27.7 

NGC 5248 Sbc 1153 -20.6 6.4 9.99 17.1 

NGC 6217 SBbc 1362 -19.9 7.8 10.04 24.5 

NGC 2276 Sc 2410 -20.8 8.1 10.57 40.3 

NGC 2903 Sc 556 -19.6 3.1 9.52 7.0 

NGC 4631 Sc 606 -20.3 13. 9.93 9.6 

NGC 4775 Sc 1567 -20.0 3.3 9.56 22.0 

NGC 6181 Sc 2375 -20.3 8.2 10.40 38.7 

NGC 6643 Sc 1489 -20.2 6.0 10.20 26.8 

NGC 1569 Sm/Im -104 -16.1 8.93 3.6 

NGC 4449 Sm/Im 207 -17.9 1.9 4.1 

NGC 4485 Sm/Im 493 -17.2 5.5 8.4 

NGC 4670 SB pec 1069 -18.2 0.61 9.04 16.4 

M 82 10 203 -18.5 2.1 9.21 3.6 

Merived from de Vaucouleurs et al. (1991). HQ = 65 km s~' Mpc~' 
''from the compilation of Huchtmeier & Richter (1989). .^,11 values are 

corrected to Ho = 65 km s~^ Mpc~^ 
"^from Cataloged Galaxies and Quasars, 1989. 

= (14/+300 sin / cos 6)///o, except NGC 1569 from the IC 342/Maffei 
group distance by Krisner et al. (1995), and MS2 from the MSI distance 
by Freedman et al. (1994). 



Table 2.4. Log of Observations 

galaxy Arp# cr(km s ') date exp (s) ap("x") 

IC 51 230 1758 11/28/94 5400 38 X 89 
NGC 474 227 2372 10/18/95 5400 60 X 138 
NGC 520 157 2244 10/17/95 5400 155 X 100 
NGC 523 158 4761 10/17/95 5400 96 X 30 
NGC 750/1 166 5293 11/28/94 3600 106 X 30 
NGC 942/3 309 4439 11/28/94 3600 33 X 125 
IC 162 228 5132 10/18/95 5400 40 X 133 
NGC 1614 186 4745 10/17/95 5400 25 X 79 
NGC 2623 243 5508 3/26/95 5400 (a) 
Arp 195 195 17302 4/10/97 5400 16 X 84 
NGC 27S2 215 2562 10/18/95 5400 129 X 60 
NGC 3303 192 6255 3/27/95 5400 69 X 30 
NGC 3448 205 1360 4/10/97 3600 i b )  
NGC 3656 155 2853 3/26/95 5400 40 X 111 
NGC 3921 224 5895 3/26/95 3600' 94 X 20 
NGC 4038/9 244 1499 3/27/95 5400 191 X 165 
NGC 4194 160 2610 3/27/95 5400 ( c )  

NGC 4676 242 6610 4/10/97 3600 90 X 150' 
4/10/97 1800 50 X 155' 

IC SS3 193 6894 3/26/95 7200 i d )  
NGC 5278/9 239 7585 3/27/95 5400 111 X 42 
.Arp 241 241 10380 4/22/96 3600 ( e )  

NGC 6621/2 81 6490 10/17/95 5400 60 X 122 
NGC 7284/5 93 1991 10/18/95 5400 70 X 132 
NGC 7585 223 3447 10/18/95 5400 130 X 60 
NGC 7727 222 1953 10/17/95 5400 149 X 100 

'Spectrum acquired in 3 1200 second exposures. 
"'Spectra from these apertures were indistinguishable and so were summed. 

Apertures are rectangular except as noted. Non-rectangular apertures (a)-
(e) are defined by length of slit used, position angle of slit, length of drift scan, 
and direction of scan (either right ascension or declination), (a) S7", 60°. 40". 
5. (b) 162", 70°, 60", 5. (c) 125", 15°, 30", Q. (d) 1-30". 130°, 20". 5. (e) 74". 
143°, 25", S. 
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NGC 750/1 

Figure 2.1 V-band irnages of the red merger subsample, taken with the Steward 
Observatory 2.3 m telescope on Kitt Peak. North is up and east to the right. The 
horizontal bar represents a projected distance of 10 kpc at the distance of the galaxy 
given in Table 2.1. Scaling is logarithmic to show detail. 
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NGC 7284/5 NGC 7585 

,, 
NGC 7727 

Figure 2.2 V-band images of the red merger subsample, taken with the Steward 
Observatory 2.3 m telescope on Kitt Peak. North is up and east to the right. The 
horizontal bar represents a projected distance of 10 kpc at the distance of the galaxy 
given in Table 2.1. Scaling is logarithmic to show detail. 
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NGC523 NGC 1222 

N_GC 1614 NGC 2623 

Arp 195 NGC 2782 

Figure 2.3 V -band images of the blue merger subsample, taken with the Steward 
Observatory 2.3 m telescope on Kitt Peak. North is up and east to the right. The 
horizontal bar represents a projected distance of 10 kpc at the distance of the galaxy 
given in Table 2.2. Scaling is logarithmic to show detail. 
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NGC 3303 NGC3448 

NGC3656 NGC 3921 

NGC 4194. NGC4676 

Figure 2.4 V -band images of the blue merger subsample, taken with the Steward 
Observatory 2.3 m telescope on Kitt Peak. North is up and east to the right. The 
horizontal bar represents a projected distance of 10 kpc at the distance of the galaxy 
given in Table 2.2. Scaling is logarithmic to show detail. 
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IC 883 NGC'5278/9 

Arp 220 NGC 662112 

Figure 2.5 V -band images of the blue merger subsample, taken with the Steward 
Observatory 2.3 m telescope on Kitt Peak. North is up and east to the right. The 
horizontal bar represents a projected distance of 10 kpc at the distance of the galaxy 
given in Table 2.2. Scaling is logarithmic to show detail. 
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Figure 2.6 Integrated spectra of the red merger subsample obtained by the drift 
scanning technique. F\ is normalized to the mean value for the spectrum and 
p l o t t e d  a g a i n s t  w a v e l e n g t h  (A). 
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Figure 2.7 Integrated spectra of the blue merger subsample obtained by the drift 
scanning technique. F\ is normalized to the mean value for the spectrum and plotted 
against wavelength (A).  
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Figure 2.8 Integrated spectra of the blue merger subsample obtained by the drift 
scanning technique. F\ is normalized to the mean value for the spectrum and plotted 
against wavelength (A).  
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Figure 2.9 Integrated spectra of the blue merger subsample obtained by the drift 

scanning technique. F\ is normalized to the mean value for the spectrum and plotted 
against wavelength (A).  
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Figure 2.10 Comparison of our spectra (solid line) with previously published spectra. 
NGC .520 and N'GC 5278/9 are from LK95. NGC .3921 and NGC 4194 are taken 
from K92. F\ is normalized to the mean value for the spectrum and plotted against 
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CHAPTER 3 

MODELS AND FITTING PROCEDURE 

We fit a series of two-component (two-burst) EPS models to each galaxy spectrum, 

to analyze the stellar content of the galaxies in the red merger and control samples. 

The solutions formally provide us with the progenitor type, burst age and strength, 

and corresponding uncertainties for each gala.xy. In addition, a study of the input 

parameters of our models gives us an estimate of the uncertainty associated with 

each. 

3.1. The Models 

3.1.1. Evolutionary Population Synthesis 

Evolutionary population synthesis is a method by which the evolution of a stellar 

population is modeled. The premise of EPS modeling is simple: choose a model 

for the star formation in a galaxy, and with information about the stellar physics 

at each evolutionary state, the evolution of a stellar population can be predicted. 

Stellar physics inputs include stellar evolutionary tracks for stars of various ma-sses 
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and metallicities and the stellar spectrum that is observed at each evolutionary 

point, either based on actual observations of stars or stellar atmospheres models. 

A model of star formation must include an initial mass function (IMF) and a 

star formation rate as a function of time. In practice, this is difficult to do. The 

metallicity evolution of a population should be taken into account as the older stars 

enrich the ISM that gives birth to younger stars. Line emission by ionized gas and 

dust obscuration affect observations. Few high metallicity stars are available to test 

their evolutionary tracks and stellar atmosphere models, or to make an empirical 

stellar library, time. Different EPS codes choose different means of dealing with 

these effects and may use different input elements in constructing synthetic spectra. 

.A. summary of the state of the art in constructing the elements of EPS models and 

the codes that assemble them and handle the problems described above can be 

found in Leitherer et al. (1996). 

For this thesis, we make use of both the Bruzual Chariot (I99S) GISSEL96 

and Fioc k. Rocca-Volmerange (1997) PEG.-\SE EPS model packages. We found 

the results from the GISSEL96 and PEGASE models generated with our adopted 

inputs (Section 3.1.2) to be virtually indistinguishable, so we present only the 

results from the PEG.A.SE models here, unless otherwise noted. 

3.1.2. Adopted Models 

Both the GISSEL96 and PEG.ASE models allow some choice in the input elements. 

We chose to work with models of solar metallicity stars, since any star formation 

occurring in a merger will presumably occur in gas already enriched by prior star 

formation. Solar metallicity models were generated with the Padova (Bressan et 

al. 1993) stellar evolutionary tracks and the Jacoby et al. (19S4) stellar library. We 

chose a Salpeter (1955) IMF, since this provides better fits to the photoionization 
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rates and colors of galaxy disks than the Scalo (1986) IMF (Kennicutt et al. 1994). 

Lower and upper mass limits were 0.1 M8 and 120 M8, respectively. 

With the inputs adopted above, the synthetic model spectra are determined 

solely by the star formation history. We chose a two-component star formation 

history, R( t), motivated by the merger hypothesis for the formation of elliptical 

galaxies, where 

and t 1 is the time between the epoch of galaxy formation and the beginning of the 

interaction-induced star formation (i.e. the merger), t 2 is the time elapsed since the 

merger, t 0 is the present time ( t 1 + t 2 ), T1 is the time constant of star formation in 

the progenitor population and is closely related to progenitor galaxy type, and T2 

is the time constant for the merger-induced star burst. A schematic illustration of 

this star formation history is shown in Figure 3.1. Star formation in the progenitor 

galaxies is truncated as the interaction-induced burst begins at t 1 , but those stars 

continue to evolve passively until time t 2 has passed. Both progenitor galaxies are 

assumed to have the same time constant, T1 . We varied the time constant of the 

first burst, T1 , over the range 1-15 Gyr to simulate a range of progenitor types from 

elliptical to Sd galaxies. The time elapsed since the merger, t 2 , was varied from 107 

to 1.6 x 109 years. This created a grid of EPS models to fit to the galaxy spectra. 

The time of the merger, t 1 , was held fixed at 10 Gyr, while the burst timescale, T2 , 

remained constant at 108 years, a value chosen since numerical simulations show 

that merger-induced star bursts are typically short in duration (Mihos & Hernquist 

1994b ). Each spectrum was scaled to represent a burst of total mass 1 M8. The 

ratio of the mass of the young burst to the total stellar mass, /b, is calculated by 

the fitting program. 
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3.2. The Fitting Procedure 

3.2.1. Description 

Each pair of EPS template spectra were fitted to the galaxy spectrum using the 

fitting program described in Rix et al. (1995). A linear continuum spectrum with 

a mean value of zero was fit and removed from each spectrum along with the EPS 

templates to reduce problems caused by reddening or calibration error altering the 

continuum shape. This corrects slope errors without effecting the mean flux value 

of the spectrum, thereby minimizing changes to absolute equivalent widths. Tests 

on artificial galaxy spectra showed that this was the optimal compromise-with no 

continuum fit, reddening or calibration error alter the results, and a higher order 

fit removes too much of the continuum shape information. 

For each input pair of mass-normalized template spectra, representing the 

progenitor and the "young" burst populations, respectively, the fitting program 

finds the ratio of the two which provides the best fit to the galaxy spectrum, from 

which fb is calculated, and a measure of the goodness of that fit, x2
, where 

and 9>. is the observed galaxy spectrum and m>, is the model. Even though x2 

is defined in the conventional way, Poisson errors are not the dominant source 

of uncertainty. Hence, we defined the value of ~x2 , within which the fit could 

be considered acceptable, through Monte-Carlo simulations. We added typical 

observational errors, both calibration errors and Poisson noise to a galaxy spectrum; 

twenty "distorted" spectra were generated with calibration errors in the form 

of a straight line, with slope (end-to-end) drawn randomly from a Gaussian of 

a = 10%. This is the pattern seen in the night-to-night comparisons of our spectra. 
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Twenty more spectra were generated, with the calibration errors represented by a 

sine wave with random phase and peak-to-peak amplitude drawn randomly from 

a Gaussian with a = 10% to simulate the spectrophotometric differences between 

our sample and the K92 and LK95 galaxies. Poisson noise was added, assuming a 

signal-to-noise of 50. Templates were then fit to the initial galaxy spectrum and the 

distorted spectra. The x2 values for the distorted spectra were less than 2% greater 

than that of the initial spectrum in the mean with 1-a scatter reaching 5%. This 

indicates that observational errors can change x2 by up to 5%, and all template fits 

with values of x2 within 5% of the minimum should be considered acceptable fits. 

Fitting the grid of template spectra to any given galaxy spectrum results in a 

grid of quality of fit x2
(71 , t 2 ) and "burst fraction" fb(71 , t 2 ). See Figures 4.1 and 

4.2 for an example. We define the smallest value of x2 on this grid to be X~in 

with corresponding values of 7 1 , t 2 , and fb; this is the "best fit." To calculate 

uncertainties for these minimum values we fit a second order Taylor expansion to 

the surface around X~in' and found the points at which this paraboloid reaches the 

x2 = X~in + .6..x2 contour. This works well when the best fit is a true minimum 

and not the lowest value along the edge of the grid and when the Taylor expansion 

is an adequate description of the area around the minimum. When one of these 

conditions is not met, the calculation of uncertainties may fail. In these cases we 

derive uncertainties or limits from examination of the grid of fitting results, and 

note this in the table summarizing the results for each galaxy. We note that the 

function, e-t/71
, is discontinuous as 7 1 goes to zero. For this reason, uncertainties 

in 71 large enough to imply 7 1 < 0 should be interpreted as one-sided uncertainties 

only, since they are an artifact of assuming the grid is continuous in both 71 and t2 

for the purposes of calculating those uncertainties. 
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In addition to finding the best fitting solution and its uncertainty, we can set 

limits on the stellar populations based on all acceptable solutions. The mean age 

of the stars in any EPS model can be calculated by 

g '  R [ t ) ( t o - t ) d t  

&' RWdt 

where <0 = ^1 + ^2 is the total age of the galaxy at the current epoch. Upper and 

lower limits are calculated simply from the acceptable solutions with the highest 

and lowest values. We can also find the maximum mass of all stars younger than a 

given age, in both progenitor and induced burst, that is allowed by the acceptable 

solutions, as well as the minimum young stellar mass required by the solutions. 

3.2.2. Emission Lines 

The models we generated were made with stellar continua only; emission lines were 

not calculated and added to the model spectra. We used the following procedure to 

remove emission lines from the blue galaxy sample so wavelength regions important 

in determining stellar populations, for example the HA? region, would not have to 

be e.xcluded from the fit. First, we fit the grid of stellar models to each gala.xy 

spectrum with the wavelength regions around the emission lines e.xcluded from the 

fit. We then fit and subtracted a very high order (~ 50) function to the residual of 

the best-fitting solution, with the regions around the emission lines again excluded. 

This was saved as a temporary residual spectrum. This residual spectrum was 

cleaned of highly deviant points (the emission lines), and then subtracted from the 

saved residual spectrum, leaving a spectrum of only emission lines. The emission 

line spectrum was edited to remove any noise spikes that remained and subtracted 

from the original galaxy spectrum, leaving a gala.xy spectrum free of emission 

lines. This procedure may introduce an error in the absorption line equivalent 

widths; however, since the entire spectrum is used in the fitting procedure, the 
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uncertainty introduced is small. Fitting results to a spectrum excluding emission 

line regions and to the entire emission line-cleaned spectrum are the same within 

the uncertainty limits described above. 

The red merger sample, by selection, was relatively free of emission lines. Some 

of the red mergers did have weak Ha and [0 II] 3727 A emission, however. Since 

these wavelength regions give less critical information about the stellar populations 

in the galaxy than other uncontaminated wavelength regions, we simply excluded 

the Ha and [0 II] 3727 A regions from the subsequent fitting procedure. 

3.2.3. Examples 

To illustrate how the fitting process works, we have fit the grid of model spectra 

to four galaxy spectra, NGC 4194, IC 883, NGC 7727, and an artificial galaxy 

spectrum described in Section 3.2.4. Figure 3.2 shows the fitting results for the 

model grid. The burst age, t2 , is plotted logarithmically along the vertical axis, 

while progenitor type r 1 is plotted along the horizontal. Each point in the grid 

represents one possible star formation history and has an associated optimal 

burst mass fraction, !b, and x2 output by the fitting program. x2 is contoured 

with solid lines, and fb with dashed lines. The best fit is marked with a cross. 

The first x2 contour is the 5% contour, and all regions within it are acceptable 

solutions. Mass contours begin at 0.1% at young burst ages and increase toward 

older burst ages. For example, the fit for NGC 4194 has a minimum at r 1 = 15 

and log t2 = 8.6. The area of acceptable fits lies between the fb = 2% and 5% 

contours. NGC 4194's burst age is relatively well constrained with an uncertainty 

of about 0.1 log yr, but its progenitor type is not, with r 1 :2: 5 Gyr, ruling out only 

galaxy types earlier than Sb. The best fit and uncertainties derived from these 

data are given in Table 3.1 and mean age and young stellar mass limits based on 
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all acceptable solutions are shown in Table 3.2. The limits on young stellar mass 

includes contributions from both the progenitor and the interaction-induced star 

burst, and should not be confused with /& which is the burst mass alone. The best 

fitting models and residuals for the four gala.xies are shown in Figures .3.3 and 3.4. 

The emission line subtracted galaxy spectrum is shown as a series of triangular 

points. The best fitting model is over plotted as a heavy line. Shown at smaller 

scale, it is often difficult to distinguish between the model and galaxy. We have 

therefore plotted the residual (gala.xy minus model) as a dot-dashed line along the 

bottom of the graph. The individual components of the model are also plotted-the 

progenitor population as a dashed line, the burst population as a dotted line, and 

the continuum as a long dashed line. The model for NGC 4194 gives a reasonable 

fit, with the largest residual near the H7 absorption line. The blue end of the 

spectrum is dominated by light from a young burst, with strong Balmer absorption 

while the light from the red end comes mostly from the progenitor population, 

still somewhat blue itself from recently formed stars in the progenitor spiral. Best 

fitting models for the other three galaxies are plotted in a similar fashion. 

3.2.4. Tests 

We tested this fitting method by constructing an artificial gala.xy with known 

properties, and then fitting this artificial galaxy spectrum with the procedure 

outlined above. We constructed a galaxy with vi = 2, logi2 = S.S, and /(, = 3%. 

The young burst was reddened with .4^ = 0.1 mag and added to the old burst. 

The resulting spectrum was convolved with a Gaussian to simulate at 300 km s~' 

velocity dispersion, multiplied by a 10% end-to-end calibration error, and finally 

Poisson noise representing S/N=50 was added. The resulting grid with and fb 

contours is shown in Figure 3.2 at the lower right. The best fit values are given 
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in Table 3.5. The recovered values were T1 = 2 ± 7. 7, log t2 = 8.9 ± 0.0, and 

/b = 7.6 ± 3.3%. These are in good agreement with the input values, although the 

mass fraction found is slightly higher than the input values, even at the correct 

burst age and progenitor type, at 3.91% versus the 3% input. 

A test of the fitting method and validity of the confidence limits based on 

observational constraints is to compare the fitting results from the same galaxy 

observed independently on separate nights. Such a comparison is presented in 

Tables 3.3 and 3.4 and Figures 3.5 and 3.6. 

The results of the analysis of the two independent spectra of NGC 520 are in 

good agreement. The best fitting solutions are well within each other's acceptable 

limits, the solutions have similar relative contributions from young and old 

populations, and the contour plots showing the burst mass and quality of fit on the 

grid of model solutions are qualitatively as well as quantitatively very similar. This 

is also the case for NGC 4194. The agreement between the independent analyses 

of NGC 3921 is not as good but still acceptable. Solutions are the same to within 

their combined errors. The x2 contour plots are still qualitatively similar, but the 

K92 spectrum analysis results in burst fraction contours which are moved down 

with respect to those resulting from the analysis of our spectrum. The best fitting 

solutions in Figure 3.6 show the best fitting solution for my spectrum has a larger 

contribution of light from young stars than the K92 spectrum solution. Finally, 

the comparison between NGC 5278/9 represents the worst case. The x2 and 

burst fraction contour plots are qualitatively quite different, best fitting solutions 

are outside each other's acceptable limits, and the light fractions contributed in 

the solutions are markedly different, with the analysis of my spectrum resulting 

in a mix between young and old populations, while LK95 results in a spectrum 
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Finally, we tested whether additional errors could be introduced in the 

comparison of the merger and control samples due to difference in the way the 

spectra were acquired. The red and blue ends of the control sample were acquired 

and reduced separately, and then spliced together (K92), while entire wavelength 

range of the merger sample was acquired with a single observation. The entire EPS 

fitting process was repeated for both samples using only the blue (A < oloO.A) ends 

of the spectra. The results from the shorter wavelength fits were consistent with 

those using the entire wavelength range. 

3.3. Parameter Study of Systematic Effects 

In the previous section, we derived limits within which a fit should be considered 

acceptable based on observational uncertainties, primarily calibration errors and 

signal-to-noise. There is also uncertainty associated with the input parameters we 

chose for the EPS models we use to fit the data. The choice of well constructed 

stellar library or stellar evolutionary tracks should make little difference to the 

analysis of stellar populations in a gala.xy, and we varied our choice to make 

sure this was indeed the case. However, metallicity, I.MF, and the star formation 

history may indeed change from galaxy to galaxy, and we wish to measure the 

changes of the stellar populations analysis by varying each of these parameters 

within reasonable physical limits. To perform both kinds of tests, we varied each 

parameter in turn and fit the resulting EPS model grids to the spectra of three 

representative galaxies from the merger sample, as well as the artificial gala.\y 

spectrum described above. In each of these test only one parameter was varied 

at a time; the rest remained fixed at our adopted input parameters, described in 
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We chose a starburst galaxy, NGC 4194, an "E+A" type galaxy. IC 883. and 

a galaxy with little ongoing star formation, NGC 7727. for this parameter study. 

The results of fitting the grid of our adopted models to these spectra, i.e. the 

and burst mass contours, shown in Figure 3.2 and the best fitting solutions are 

shown in Figures 3.3 and 3.4. 

3.3.1. Stellar Library 

We fit each of our test galaxies using EPS models constructed with three different 

stellar libraries, our adopted Jacoby et ai (1984) stellar library, the Fioc k. 

Rocca-Volmerange (1997) standard library, and from the Bruzual Chariot (1998) 

models, the Kurucz (1995) stellar atmospheres library. Before fitting the Kurucz 

models, it was necessary to degrade our gala.xy spectra approximately to the 

resolution of the Kurucz library models, 20 k. This was not necessary for the 

.Jacoby and FRV libraries which had comparable or better resolution than our 

observed spectra, at 1.4 A, 10 A. and 7.5 k respectively. 

The results of this test are summarized in Tables 3.5 and 3.6 and fitting grids 

shown in Figures 3.2, 3.7. 3.17. The fitting results for each galaxy fit with the three 

different models agree to within the observationally defined uncertainty, although 

these uncertainties are large in several cases. This suggests that the choice of stellar 

library in making an EPS model adds little to the uncertainty in our results. 

3.3.2. Stellar Evolution Tracks 

Two sets of stellar evolution tracks are available to generate models within the 

PEGASE package, the Padova tracks which we have adopted, and the Geneva 
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tracks (Schaller et al. 1992, Charbonnel et al. 1996). The results of fitting our four 

test galaxies to models generated with these two sets of tracks are given in Tables 

3.7 and 3.S and Figures 3.2 and 3.8. 

The choice of stellar evolution tracks makes little difference. The results are 

generally within the uncertainties defined by observation uncertainties. 

3.3.3. Star Formation History 

We varied the star formation history of the models in three different ways. We 

varied the decay constant of the interaction-induced star burst, rj, by a factor of 

2. This is consistent with the range of starburst duration found by Mihos and 

Hernquist (1994b). We also looked at the effect of increasing the age at which 

the merger occurs, il, to 12 Gyr. In addition, we allowed star formation in the 

progenitor population to continue unchanged during and after the merger, instead 

of truncating it at the merger. Finally, we allowed for a merger-induced burst of 

constant, continuing star formation, rather than a decaying burst. Results are in 

Tables 3.9 and 3.10. 

As the burst time constant, -2, increases, the length of time since the burst 

increases slightly. This is the e.xpected result; the time between the last significant 

amount of star formation stays relatively constant. Mass limits on young stars 

remains the same within the expected errors. Full grid fits can be compared in 

Figures 3.9, 3.2, and 3.10. 

Changing the age at which the merger occurs, fi, has relatively little effect. 

The values found for burst time constant, r2, age of merger-induced burst, t2, and 

burst mass fraction and mass limits all remain the same. Again, this result is 

expected, since it is difficult to distinguish a 10 Gyr stellar population from a 12 
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the mean age of of the stars in the galaxies can be simply modified to reflect the 

chosen epoch of galaxy formation. 

The results of allowing normal star formation to continue during and after the 

merger are more complicated. The progenitor gala.Ky type, ri, decreases slightly, or 

moves to earlier type gala.xies. but still within the errors. The mean age is nearly 

identical. The mass in young stars allowed by the models in the blue galaxies is 

increased by a factor of 2. The surface is much more complicated however. 

These are presented in Figure 3.12. In addition to the pattern seen in the standard 

surfaces (e.g. Figure 3.7) the blue galaxies, NGC 4194 and IC 883 may also 

have a 1 Gyr old merger-induced burst. In this star formation scenario, the red 

galaxies, NGC 7727 and the artificial gala.xy. have spiral-type progenitors (ri > 3) 

strongly excluded. 

The results of fitting an interaction-induced burst of constant star formation. 

T2 = oc, are also qualitatively different from our adopted models, as shown in 

Figure 3.13. For the blue galaxies, young bursts in late-type progenitors are 

preferred. .Vlass limits on young stars remain about the same, as do mean ages. 

Burst masses are the same, within the uncertainties, but burst age, <2- decreases 

slightly. 

3.3.4. Initial Mass Function 

Several authors have claimed to find evidence for star formation in mergers with an 

IMF biased toward high mass stars than the local IMF, usually assumed to be a 

Scalo (1986) IMF (e.g. Bernlohr 1992, Englebracht 1997). .A. Salpeter (1955) IMF 

is also more biased toward high mass star formation than the Scalo (1986) IMF and 
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provides a better fit to the integrated photoionization rates and colors of galaxy 

disks than the Scalo IMF (Kennicutt et al. 1994). In addition to the Salpeter and 

Scalo models, we looked at burst models with IMFs ^10 and ,^^11 from Rieke et 

al. (1993), both biased toward high mass star formation, and with the Scalo IMF 

serving as the IMF for the progenitor population. The results are summarized in 

Tables 3.11 and 3.12. The full grid fitting results are shown in Figures 3.2, 3.14, 

3.1^5, and 3.16. 

Using the Scalo IMF for both the burst and progenitor populations, the best 

fit values for burst age. I2. and progenitor type Ti are consistent with those found 

with the Salpeter models. The contours are qualitatively similar for both IMFs. 

In the two blue gala.Kies, NGC 4194 and IC 883. the burst mass increases by 

approximately a factor of two. This increase in burst mass is not seen in the red 

galaxies, NGC 7727 and the artificial galaxy. This is expected since at burst ages 

of ~ 1 Gyr, the high mass stars where the two IMFs differ have evolved through 

their stellar lifetimes. The mass limits derived with the Scalo models are about a 

factor of 0.75 times higher than those derived from the Salpeter models. 

The fitting results from the Rieke IMF models are similar to those of the 

Salpeter IMF models. The contours are again qualitatively very similar and the 

best fits consistent. The mass limits from the Rieke IMF bursts are quite similar 

to those from Salpeter-derived mass limits. 

3.3.5. Metallicity 

Metallicity varies from galaxy to galaxy, and also among the stellar populations 

within an individual galaxy. It is therefore important to look at the effects of 

varying metallicity on the fitting results. The GISSEL96 (Bruzual & Chariot 1998) 
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EPS models provide a series of populations that vary in metallicity and are based 

on the Kurucz (1995) model atmospheres. We showed in Section 3.3.1 that the 

fitting results from solar metallicity Kurucz atmospheres were consistent with those 

of standard empirical libraries, so changing the solar metallicity stellar library 

will result in little additional uncertainty. The accuracy of this test is limited by 

the accuracy of the atmospheres themselves, for which few observations of high 

metallicity stars are available for comparison. 

We looked at the fitting results of four sets of models with varying metallicity, 

solar (Z=0.020), sub-solar (Z=0.008), super-solar (Z=0.050), and a mixed 

metallicity set with a sub-solar progenitor and a super-solar burst. The results are 

shown in Figures 3.17, 3.18, 3.19, and 3.20 and summarized in Tables 3.13 and 3.14. 

Changing the metallicity of the progenitor population and/or the burst populations 

had little effect on the blue test galaxies. This is the expected result since the light 

from these galaxies is dominated by young stars with few metal lines. The red 

galaxies are affected, however. The x2 contour plots are similar and T1 and t2 are 

consistent within the errors. The mass of the best fit burst population increases 

slightly but still within the errors. The striking result is seen in the mass limits. For 

the red test galaxies, as metallicity increases, the mass limits also increase. For an 

increase in Z of a factor of 2.5, the mass in young stars also increases by a factor of 

2.5. This is in the sense of the well-known age-metallicity degeneracy, where bluer 

early-type galaxies may be either more metal-poor or have more younger stars that 

a more red galaxy (e.g. Worthey 1994). The mixed metallicity models yield higher 

burst masses than solar models but less than a pure super-solar metallicity model. 
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3.3.6. Reddening 

While the red merger subsample is unlikely to be significantly affected by reddening, 

the blue merger subsample. with on-going star formation, almost certainly will 

be. To test our fitting method in the presence of reddening, several more artificial 

galaxy spectra were constructed. These spectra all had unreddened SO/Sa type 

progenitors (ri = 3) and a interaction-induced reddened burst consisting of 209c of 

the stellar mass of the galaxy. The spectra differed only in the amount of extinction 

the burst suffered, with .4^ ranging from 0.0 up through 10 mag. Xo other sources 

of noise or uncertainty were added to the spectra. These are shown in Figure 3.21. 

The presence of young stars is seen clearly up to .4i- = 2 mag. 

Each of these spectra was fit to the grid of models. The best fit for each 

galaxy is shown in Figure 3.21 and tabulated in Table 3.15. The best fit found 

for each spectrum is quite reasonable. The age of the burst is recovered in all 

cases, but the mass found decreases dramatically as the extinction increases. This 

appears to happen for two reasons. First, as the luminosity of the burst decreases, 

the mass found for it correspondingly decreases, and second, as the burst gets 

more reddened, a higher mass is found for the redder progenitor burst. The mass 

found decreases from 20% to 13% for .4v- of only 0.1 mag. By Ay = 0.5 mag. the 

mass found decreases to about o%. and at 1 mag the mass is down by an order of 

magnitude to about  2%. 

The test indicates that reddening creates the largest source of uncertainty 

in the entire fitting method. With such large errors it is important to develop a 

strategy to deal with the presence of dust in some way. Such strategies and their 

results are discussed in Chapter o. 
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3.3.7. Summary of Parameter Study 

The main results of the parameter study are as follows. 

• The choice of well-constructed stellar library or stellar evolution tracks for 

use in the EPS models does not significantly affect the fitting results. 

• Varying the star formation history within our basic history makes little 

difference in the young stellar masses or mass limits found. Increasing or 

decreasing the burst duration, T2. results in slightly older or younger burst 

ages, respectively. Increasing the galaxies' ages at the time of merger, ti, has 

no affect on the burst age or mass found. 

• Changing the IMF can affect the burst mass found in galaxies with light 

dominated by young stars. Scalo IMF models result in burst masses that are 

higher than those from Salpeter IMF models by almost a factor of two. The 

Salpeter and Rieke IMFs. both weighted toward high mass star formation, 

produce similar burst masses. 

• Changing the metallicity can affect the burst mass found in galaxies that 

have spectra like those of early-type gala.xies. We reproduce the well-known 

age-metallicity degeneracy. .As metallicity of the models increases, the young 

stellar mass found also increases. 

• Extinction and reddening caused by dust is the largest single source of 

uncertainty in the entire fitting procedure. The burst mass that is found 

depends sensitively on the amount of e.xtinction that is present in the source. 
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Table 3.1. E.xample Galaxies-Best Fit 

Galaxy V  ^  
v m m  "1 (Gyr) t2 (log yr) M%) 

NGC 4194 1611 15 ± 10- s.4±o.r 3.2 ± 2. 0 -

IC SS3 2208 11 ± 7.6 S.6±0.0 7.5 ± O.S 

NGC 7727 1423 1 ± 13.3 S.9±0.2 1.8 ±3.0 

.Art. Gal. 765 2 ± 7.7 8.9 ±0.0 7.6 ± 3.3 

'Uncertainties or limits derived by eye from contour 

plot. 

Table 3.2. Example Galaxies-Limits 

Galaxy < age > Max % Min 9c 

<1 Gyr <0.5 Gyr <1 Gyr <0.5 Gyr 

NGC 4194 O.D_o.o 9.53 6.10 4.89 3.99 

IC 883 
= =+3.4 
•J "J-0.0 11.65 8.34 5.22 5.21 

NGC 7727 3.30 0.59 0.02 0.00 

.A.rt. Gal. Q O+0-9 9.20 1.06 3.91 0.38 

Table shows the mean age of the stars in the gala.xy, and the minimum 

and maximum amounts of young stars (less than 0.5 or 1 Gyr old) 
required by the EPS model fits. 
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Table 3.3. Comparison of Results from Independent Spectra-Best Fit 

Galaxy • A m t n  n (Gyr) t2 (log yr) M%) 

NGC 520 2443 6 ± 2.5^ 7.7 ± 0.7 0.1 ±0.8 

NGC 520- 3882 8 ± 8.3 7.9 ± 1.4 0.3 ± 2.6 

NGC 3921 4275 2 ± 24.9 8.9 ± 0.2^ 15.3 ± 6.8 

NGC 3921" 2743 2 ± 15^ 8.7 ±0.1 6.6 ±4.9 

NGC 4194 1611 15 ± 10^ 8.4 ±0.1^ 3.2 ± 2.5^ 

NGC 4194" 3472 15 ± 23.6 8.2 ± 0.3 2.9 ± 1.9 

NGC 5278/9 3516 1 ± 44.6 8.9 ±0.1 9.5 ± 8.4 

NGC 5278/9- 4442 9 ±6.9 7.9 ±0.7^ < 0.3^ 

'^Uncertainties or limits derived by eye from contour plot. 
'Spectrum from Liu & Kennicutt (1995) 

"Spectrum from Kennicutt (1992) 

Table 3.4. Comparison of Results from Independent Spectra-Limits 

Gala.\y < age > Ma.x % Min % 

<1 Gyr <0.5 Gyr <1 Gyr <0.5 Gyr 

NGC 520 5.56 2.63 1.61 1.25 

NGC 520- 7.16 3.48 2.29 1.46 

NGC 3921 61.87 2.17 6.23 0.35 

NGC 3921" 8-015:1 11.84 8.59 5.26 4.60 

NGC 4194 O.D_o.o 9.53 6.10 4.89 3.99 

NGC 4194" 10.80 7.39 3.18 2.96 

NGC 5278/9 S.9l?;i 30.92 2.75 2.54 0.05 

NGC 5278/9- 6.01^;^ 7.20 3.52 1.79 1.49 

"Spectrum from Liu Kennicutt (1995) 

"Spectrum from Kennicutt (1992) 
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Table 3.5. Stellar Library Tests-Best Fit 

Galaxy VMXN n (Gyr) t2 (log yr) M%) 

Jacoby et al. Stellar Library 

NGC 4194 1611 15 ± lo 8.4 ±0.1- 3.2 ± 2.0-
IC 883 2208 ll ±7.6 8.6 ±0.1- 7.5 ± 0.8 

NGC 7727 1423 1 ± 13.3 8.9 ± 0.2 1.8 ±3.0 

Art. Gal. 765 2 ± 7.7 8.9 ±0.1- 7.6 ± 3.3 

Kurucz Model Atmospheres 

NGC 4194 1410 14 ±7.1 8.4 ±0.0 4.2 ± 0.7 

[C 883 948 15 ±0.1 8.5 ± 0.0 5.8 ± 1.0-

NGC 7727 1819 1 ± 15- > 9.0- 9.7 ±8.4 

.Art. Gal. 1343 1 ± 9.3 8.9 ±0.1- 7.6 ±3.1 

Fioc Rocca-Volmerange Standard Library 

NGC 4194 2150 15 ± 6.4 8.3 ±0.1 2.9 ± 1.9 

IC 883 3150 3 ±4.1 8.5 ±0.0 4.8 ± 1.8 

NGC 7727 2326 1 ± 2.6 9.1 ±0.2 5.4 ± 7.0 

Art. Gal. 1775 12 ± 8.6 8.4 ±0.4 0.0 ± 24.9 

'Uncertainties or limits derived by eye from contour 
plot. 
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Table 3.6. Stellar Library Tests-Limits 

Galaxy < age > Max % Min % 

<1 Gyr <0.5 Gyr <1 Gyr <0.5 Gjt 

Jacobv et al. Stellar Library 

NGC 4194 

IC SS3 

NGC 7727 

Art. Gal. 

5 •J.D_qo 9.53 6.10 4.S9 3.99 

11.65 S.34 5.22 5.21 

3.30 0.59 0.02 0.00 

S.2t?J 9.20 1.06 3.91 0.3S 

Kurucz Model .\tmospheres 

NGC 4194 5 fi+i-o •^•"-0.0 9.37 5.90 6.29 4.55 

IC SS3 5.5tS;^ 10.44 7.05 8.18 6.21 

NGC 7727 9.4l°;2 4.S2 0.66 0.05 0.00 

Art. Gal. 9.1^3:3 10.34 1.16 4.23 0.41 

Fioc k. Rocca-Volmerang( s Standard Library 

NGC 4194 = fi+3-4 O.D_oo 9.33 5.85 2.75 2.75 

IC SS3 10.45 7.06 3.97 3.96 

NGC 7727 9.Sl°;5 2.59 0.5S 0.02 0.00 

-A^rt. Gal. 8.62 2.27 2.45 0.33 
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Table 3.7. Stellar Evolution Tracks Test-Best Fit 

Galaxy Vmin n  (Gyr) t 2  (log yr) M % )  

Padova Tracks 

NGC 4194 1611 15 ± 10- 8.4 ± 0.1- 3.2 ± 2.5-

IC 883 2208 11 ±7.6 8.6 ±0.1- 7.5 ± 0.8 

N G C  7727 1423 1 ± 13.3 8.9 ± 0.2 1.8 ±3.0 

Art. Gal. 765 2 ±7.7 8.9 ±0.1- 7.6 ± 3.3 

Geneva Tracks 

NGC 4194 1648 15 ±4.1 8.5 ±0.1 4.9 ± 1.3 

rC 883 2235 15 ± 15.7 8.6 ±0.1 7.6 ± 2.5-

NGC 7727 1475 1 ± 11.7 9.0 ± 0.1 3.4 ± 1.6 

.A.rt. Gal. 944 2 ± 0.6 8.9 ±0.1- 7.4 ±3.1 

'Uncertainties or limits derived by eye from contour 
plot. 

Table 3.8. Stellar Evolution Tracks Test-Limits 

Gala.xy < age > Max % Min % 

<1 Gyr <0.5 Gyr <1 Gyr <0.5 Gyr 

Padova Tracks 

NGC 4194 o.Qthi 9.53 6.10 4.89 3.99 

IC 883 11.65 8.34 5.22 5.21 

NGC 7727 9.61^-^ 3.30 0.59 0.02 0.00 

.Art. Gal. 8.2l°| 9.20 1.06 3.91 0.38 

Geneva Tracks 

NGC 4194 O.D_o.o 9.59 6.16 6.11 4.53 

IC 883 o.btli 11.61 8.30 6.47 6.28 

NGC 7727 9.71°:° 3.43 0.39 0.03 0.00 

Art. Gal. S.3l°;C 15.38 0.41 7.12 0.09 



Table 3.9. Tests on SFR(t)-Best Fit 

Galaxy 2 
X min 71 (Gyr) t2 (log yr) !b(%) 

t1 = 10 Gyr, 7 2 = 5 x 107 yr 

NGC 4194 1596 11 ± 7.4 8.3 ± 0.1 2.8 ± 0.7 
IC 883 2198 15 ± 3.2 8.4 ± 0.1 4.2 ± 7.0 
NGC 7727 1426 1 ± 5.0 > 8.7* 4.0 ± 6.5 
Art. Gal. 721 2 ± 0.2 8.8 ± 0.1 5.3 ± 2.1 

t1 = 10 Gyr, 7 2 = 1 x 108 yr 

NGC 4194 1611 15 ± 10* 8.4 ± 0.1 * 3.2 ± 2.5* 
IC 883 2208 11 ± 7.6 8.6 ± 0.0 7.5 ± 0.8 
NGC 7727 1423 1 ± 13.3 8.9 ± 0.2 1.8 ± 3.0 
Art. Gal. 765 2 ± 7.7 8.9 ± 0.0 7.6 ± 3.3 

t1 = 10 Gyr, 7 2 = 2 x 108 yr 

NGC 4194 1636 15 ± 7.3 8.6 ± 0.1 5.6 ± 4.0 
IC 883 2216 14 ± 22.2 8.8 ± 0.1 15.8 ± 10.9 
NGC 7727 1417 1 ± 3.4 9.1 ± 0.1 4.1 ± 4.6 
Art. Gal. 819 11 ± 4* 8.4 ± 0.1 * > 0.1 * 

t1 = 12 Gyr, 7 2 = 1 x 108 

NGC 4194 1634 11 ± 2.3 8.5 ± 0.1 4.7 ± 2.0* 
IC 883 2209 14 ± 15.8 8.6 ± 0.1 * 7.7 ± 2.5* 
NGC 7727 1408 1 ± 7.7 > 8.7* 3.2 ± 6.8 
Art. Gal. 773 2 ± 12.3 8.9 ± 0.1 6.9 ± 1.3 

t 1 = 10 Gyr (continuing SF), 7 2 = 1 x 108 

NGC 4194 1625 15 ± 9.2 8.8 ± 0.1 * 10.3 ± 9.2 
IC883 2231 10±2.2 >8.7* 17.9±7.8 
NGC 7727 1423 1 ± 0.9 8.9 ± 0.2 1.8 ± 1.3 
Art. Gal. 769 1 ± 0.5* 8.9 ± 0.1 * 7.2 ± 4.0* 

NGC 4194 
IC 883 
NGC 7727 
Art. Gal. 

t 1 = 10 Gyr, 7 2 = oo 

1773 15±2.7 
2693 15 ± 3.5 
1440 3 ± 3.4 
819 11 ± 4.0* 

7.0 ± 0.7 
7.2 ± 0.1 
8.5 ± 0.5 
8.4±0.1* 

< 1.5* 
< 0.5* 
< 0.5* 
< 0.1 * 

*Uncertainties or limits derived by eye from contour plot. 
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Table 3.10. Tests on SFR(t)-Limits 

Gala.xy < age > Max % 
<1 Gyr <0.5 Gyr 

Min % 
<1 Gvr <0.5 Gvr 

= 10 Gyr, t2 = 5 X 10' yr 

.NGC 4194 - 7+1.6 
•J-' -O.L S.4S 4.95 4.56 3.33 

IC SS3 5.6l'o:o 10.75 7.37 4..3S 4.3S 
NGC 7727 9.61°:° 4.00 0.75 0.00 0.00 
.A.rt. Gal. 

tl 

6.79 

= 10 Gyr, 72 

2.77 

= 1 X 10® yr 

2.95 0.38 

NGC 4194 0.& 9.53 6.10 4.89 3.99 
IC SS3 11.65 8.34 5.22 5.21 
NGC 7727 9.61°;^ 3.30 0.59 0.02 0.00 
.'N.rt. Gal. o .1+0.9 

^•--1.9 

h 

9.20 

= 10 Gyr. t2 

1.06 

= 2 X 10® yr 

3.91 0.38 

NGC 4194 •5-61^;^ 11.73 8.47 5.50 5.04 
IC 883 35.98 9.03 10.62 5.35 
NGC 7727 9.91°;° 2.01 0.43 0.31 0.00 
.Art. Gal. 6.O1S;2 

h 

5.40 

= 12 Gyr, r2 

1.78 

= 1 X 10® 

3.94 1.20 

NGC 4194 9.61 6.18 4.40 3.71 
IC 883 11.78 8.48 4.58 4.57 
NGC 7727 3.23 0.70 0.03 0.00 
.\rt. Gal. 10.31°;? 10.16 1.07 4.56 0.35 

tl = 10 Gyr (continuing SF), ro = 1 X 10® 

NGC 4194 5 7+1-8 16.57 13.61 5.63 4.37 
IC 883 5.51^;^ 21.59 18.74 5.22 5.21 
NGC 7727 9.6l°i 10.36 10.36 0.33 0.13 
.Art. Gal. 9.2 ±0.0 7.19 7.19 7.19 7.19 

= 10 Gyr. 72 = oo 

NGC 4194 5.6lS:i 8.20 4.58 6.74 3.36 
IC 883 5.6l2;i 7.27 3.60 6.57 3.18 
NGC 7727 7.7t°d 1.90 0.45 0.12 0.00 
Art. Gal. 6.0lg;^ 5.40 1.78 3.94 1.20 



Table 3.11. IMF Tests-Best Fit 

Galaxy 2 
X min T1 (Gyr) t2 (log yr) !b(%) 

Salpeter IMF 

NGC 4194 1611 15 ± 10* 8.4 ± 0.1 * 3.2 ± 2.5* 
IC 883 2208 11 ± 7.6 8.6 ± 0.1 * 7.5 ± 0.8 
NGC 7727 1423 1 ± 13.3 8.9 ± 0.2 1.8 ± 3.0 
Art. Gal. 765 2 ± 7.7 8.9±0.1* 7.6 ± 3.3 

Scalo IMF 

NGC 4194 1618 10 ± 7.1 8.4 ± 0.1 8.4 ± 1.3 
IC 883 2201 14 ± 15* 8.5 ± 0.2 11.1 ± 6.7 
NGC 7727 1429 1 ± 6.5 8.8 ± 0.2 1.8±1.7 
Art. Gal. 763 2 ± 14.9 8.8 ± 0.1 6.7 ± 5.0* 

Scalo IMF Progenitor, Rieke IMF (10) Burst 
NGC 4194 1597 15 ± 9.6 8.4 ± 0.1 2.5 ± 0.4 
IC 883 2217 8 ± 12.7 8.6 ± 0.2* 5.2 ± 2.5* 
NGC 7727 1420 < 4* > 8.5* 7.7 ± 8.5 
Art. Gal. 741 2 ± 8.3 8.9 ± 0.1 7.4 ± 4.0 

Scalo IMF Progenitor, Rieke IMF (11) Burst 

NGC 4194 1604 15 ± 12.7 8.5 ± 0.1 4.5 ± 2.0* 

IC 883 2214 15 ± 8. 7 8.6 ± 0.1 8.0 ± 4. 7 
NGC 7727 
Art. Gal. 

1420 
757 

1 ± 2.0 
2 ± 10.0 

> 8.6* 
8.9±0.1* 

12.4 ± 13.0 
11.8 ± 7.0* 

*Uncertainties or limits derived by eye from contour plot. 
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Table 3.12. IMF Tests-Limits 

Galaxy < age > Max % Min % 

<I Gvr <0.5 Gvr <1 Gvr <0.5 Gvr 

Salpeter IMF 

NGC 4194 •J-O-O.O 9.53 6.10 4.89 3.99 

IC 883 0 .0_Q 0  11.65 8.34 5.22 5.21 

NGC 7727 3.30 0.59 0.02 0.00 

.\rt. Gal. 8.2t?| 9.20 1.06 3.91 0.3S 

Scalo IMF 

NGC 4194 5 3+2 '* •J •'^-0.0 13.49 10.18 7.33 7.13 

IC 883 = 9+3.3 
•J---0.1 18.05 14.98 8.25 8.25 

NGC 7727 Q =+0.2 
y-3-2.5 4.67 1.16 0.03 0.00 

Art. Gal. Q 9+0.9 12.87 1.S9 6.25 0.59 

Scalo IMF Progenitor, Rieke IMF (10) Burst 

NGC 4194 5 7+1-8 •J -' -0.0 8.17 4.69 3.85 2.87 

IC 883 e.itas 9.47 6.07 3.77 3.66 

NGC 7727 9.6l°i 3.45 0.66 0.03 0.00 

.A.rt. Gal. S.3l?| 8.91 0.92 3.83 0.37 

Scalo IMF Progenitor, Rieke IMF (11) Burst 

NGC 4194 9.17 5.72 5.61 4.42 

IC 883 17.67 14.63 6.56 6.37 

NGC 7727 9.11^:^ 5.73 0.72 0.05 0.00 

Art. Gal. 7.91°:^ 13.63 0.67 11.04 0.59 
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Table 3.13. Metallicitv Tests-Best Fit 

Galaxy M (Gyr) ^2 (log yr) f b { % )  

Solar Metallicity (Z=0.0'2), Kurucz Atmospheres 

NGC 4194 lilO 14 ±7.1 8.4 ±0.1' 4.2 ±0.7 

IC8S3 948 1.5 ±0.1 8.5 ±0.1" 5.8 ±1.0" 

NGC 7727 1819 1 ± 15* > 9.0' 9.7 ± 8.4 

.-\rt. Gal. 1.343 1 ± 9.3 8.9 ±0.1" 7.6 ±3.1 

Sub-Solar Metallicity (Z=0.00S) 

NGC 4194 1253 15 ± 7.0 8.4 ±0.1 3.9 ± 0.9 

IC8S3 881 14 ±9- 8.6 ±0.1 7.7 ± 0.5 

NGC 7727 1957 1 ± 5.9 9.2 ± 0.5 7.2 ± 4.8 

Art. Gal. 1578 1 ± 9.0 9.0 ±0.1 S.6 ± 1.3 

Super-Solar Metallicity (Z=0.05) 

NGC 4194 1751 15 ± 7.9 8.4 ±0.1' 4.5 ± 0.8 

IC8S3 1232 15 ±7.0- 8.5 ±0.1" 6.7 ±2.0" 

NGC 7727 2179 7 ±8.5 8.6 ± 0.2 <10.0" 

.\rt. Gal. 1753 14 ± 12.4 8.8 ± 0.2' S.3 ± 5.3 

Sub-Solar Progenitor, Super-Solar Burst 

NGC 4194 1339 15 ± 7' 8.3 ± 0.2" 2.6 ± 1.4-

IC 883 937 15 ± 7' 8.5 ±0.1" 6.4 ± 2.0-

NGC 7727 1947 9 ± 8.3 > 8.9- 9.4 ±9.7 

.\rt. Gal. 1683 1 ±5.4 8.8 ±0.0 7.3 ± 2.2 

'Uncertainties or limits derived by eye from contour 
plot. 
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Table 3.14. Metallicity Tests-Limits 

Galaxy < age > Max % Min % 

<1 Gyr <0.5 Gyr <1 Gyr <0.5 Gyr 

Solar Metallicity (Z=0.02). Kurucz .Atmospheres 

NGC 4194 r fj+l.o 
•J-0-0.0 9.37 5.90 6.29 4.55 

IC 883 10.44 7.05 S.IS 6.21 

NGC 7727 4.S2 0.66 0.05 0.00 

Art. Gal. 9.1!°:° 10.34 1.16 4.23 0.41 

Sub-Solar Metallicity { Z -=0.008) 

NGC 4194 5 •J-o_o.o 10.18 6.77 6.23 4.1S 

IC 883 o-olai 11.72 8.41 8.22 7.58 

NGC 7727 9.9!°;° 2.03 0.24 0.00 0.00 

-Art. Gal. 9.2t°;° 9.20 0.06 1.41 0.01 

Super-Solar Metallicity { Z -=0.05) 

NGC 4194 5.6tS:o 9.63 6.17 6.95 4.93 

IC 883 11.29 7.92 8.66 6.70 

NGC 7727 O-*J-0.6 11.61 1.34 2.00 0.07 

.Art. Gal. 5 7+1-8 •J-' -0.0 10.69 4.25 5.58 1.93 

Sub-Solar Progenitor, Super-•Solar Burst 

NGC 4194 5.6lS;i 9.22 5.74 7.05 3.53 

IC 883 5.5tS;^ 10.96 7.58 9.51 7.28 

NGC 7727 6.4to^' 7.76 0.66 0.00 0.00 

Art. Gal. 9.0!°;2 17.08 2.03 7.04 0.75 



Table 3.15. Reddening Test-Results 

.4v' M (Gyr) log t2 (log yr) A (%) .4v' 

Min Best Max Min Best Max Min Best Max 

0.0 3 3 3 8.0 S.O 8.0 19.9 19.9 19.9 

0.1 5 5 6 8.0 8.0 S.O 13.2 13.2 13.9 

0.2 5 6 S 8.0 S.O S.O 9.0 9.5 10.2 

0.5 5 6 9 8.0 8.0 8.0 4.3 4.5 4.9 

1.0 2 4 15 7.5 S.O S.l 0.7 1.9 2.2 

2.0 1 4 5 7.0 7.1 8.1 0.1 0.1 0.8 

5.0 2 2 2 7.8 7.8 7.8 0.1 0.1 0.1 

10. 3 3 3 8.1 8.1 S.l 0.0 0.0 0.0 
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t ^ 

Figure 3.1 Schematic illustration of R(0- The burst time constant, r^. is fixed at 
10® yr, and galaxy age at the time of the merger, ti. at 10 Gyr. Ti. representing 
the progenitor galaxy type, and t2, the time elapsed since the merger, are allowed 
to vary. 
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Figure 3.2 Results of fitting our adopted EPS models to four test galaxies. Burst 
age, t2, is plotted against progenitor type, r 1 . x2 is contoured with solid lines and 
young burst mass fraction, fb, with dashed lines . The location of X~in is marked 
with a cross. x2 is contoured at (1.05 , 1.1 , 1.2, 1.5, 2, 5, 10, 20 , 50)X~in · f b is 
contoured at (0.1 , 0.2, 0.5, 1, 2, 5, 10, 20, 50 , 100) percent total stellar mass fraction 
increasing in all cases from bottom to top of graph. 
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Figure 3.3 Best fit and residuals for NGC 4194 and IC 883 using our adopted models. 
The emission line-cleaned galaxy spectrum is plotted as a series of points, the best 
fit model is plotted as a solid line, the progenitor populations as a dashed line, the 
burst population as a dotted line, the continuum contribution as a long-dashed line, 
and the residual is plotted as a dot-dashed line. 
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Figure 3.4 Best fit and residuals for NGC 7727 and the artificial galaxy spectrum 
using our adopted models. Galaxy, model, and residuals are as plotted in Figure 
3.3. 
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Figure 3.5 Fitting results for galaxies with independently acquired spectra. Symbols 
and contours are as in Figure 3.2. The comparison is good for NGC 520 and 
NGC 4194, adequate for NGC 3921, and relatively poor for NGC 5278/9. 
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Figure 3.6 Best fit and residuals for galaxies with independently acquired spectra. 
Galaxy, model, and residual are plotted as in Figure 3.3. 
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Figure 3. 7 Results for test galaxies fit with models made with the FRY standard 
stellar library. All other parameters are identical to our adopted models. x2 is 
contoured with solid lines and fb with dashed lines. The location of X~in is marked 
with a cross. Contours are as in Figure 3.2. 
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Figure 3.8 Results for test galaxies fit with Geneva stellar evolution tracks-based 
models . All other parameters are identical to our adopted models. x2 is contoured 
with solid lines and fb with dashed lines . The location of X~in is marked with a 
cross. Contours are as in Figure 3.2. 
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Figure 3.9 Results for test galaxies fit with models made with burst timescale 
T2 = 5 x 107

, half the adopted duration. All other parameters are identical to 
our adopted models. x2 is contoured with solid lines and fb with dashed lines. The 
location of X~in is marked with a cross. Contours are as in Figure 3.2. 
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Figure 3.10 Results for test galaxies fit with models made with burst timescale 
T2 = 2 x 108

, twice the adopted length. All other parameters are identical to our 
adopted models . x2 is contoured with solid lines and /b with dashed lines. The 
location of X~in is marked with a cross . Contours are as in Figure 3.2. 
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Figure 3.11 Results for test galaxies fit with models made with age at merger, t 1 = 12 
Gyr. All other parameters are identical to our adopted models. x 2 is contoured with 
solid lines and fb with dashed lines. The location of X~in is marked with a cross . 
Contours are as in Figure 3.2. 
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Figure 3.12 Results for test galaxies fit with models made with continuing 
uninterrupted (as opposed to truncated) progenitor star formation. All other 
parameters are identical to our adopted models. x2 is contoured with solid lines 
and fb with dashed lines. The location of X~in is marked with a cross. Contours 
are as in Figure 3. 2. 
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Figure 3.13 Results for test galaxies fit with models made with continuing constant 
burst star formation, i.e. T 2 = CXJ . All other parameters are identical to our adopted 
models. x2 is contoured with solid lines and /b with dashed lines. The location of 
X~in is marked with a cross . Contours are as in Figure 3.2. 
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Figure 3.14 Results for test galaxies fit with models made with a Scalo (1986) IMF. 
All other parameters are identical to our adopted models . x2 is contoured with 
solid lines and /b with dashed lines . The location of X~in is marked with a cross. 
Contours are as in Figure 3.2. 
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Figure 3.15 Results for test galaxies fit with models made with a Scalo (progenitor) 
+Rieke (10) (burst) IMF. All other parameters are identical to our adopted models. 
x2 is contoured with solid lines and fb with dashed lines. The location of X~in is 
marked with a cross. Contours are as in Figure 3.2. 
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Figure 3.16 Results for test galaxies fit with models made with a Scalo (progenitor) 
+ Rieke (11) (burst) IMF. All other parameters are identical to our adopted models . 
x2 is contoured with solid lines and fb with dashed lines. The location of X~in is 
marked with a cross. Contours are as in Figure 3.2. 
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Figure 3.17 Results for test galaxies fit with solar metallicity Kurucz atmospheres 
models. All other parameters are identical to our adopted models. x2 is contoured 
with solid lines and fb with dashed lines. The location of X~in is marked with a 
cross. Contours are as in Figure 3.2. 
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Figure 3.18 Results for the four test galaxies fit with sub-solar metallicity Kurucz 
atmospheres models. All other parameters are identical to our adopted models . x2 

is contoured with solid lines and fb with dashed lines . The location of x;.in is marked 
with a cross. Contours are as in Figure 3.2. 
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Figure 3.19 Results for test galaxies fit with super-solar metallicity Kurucz 
atmospheres models. All other parameters are identical to our adopted models. 
x2 is contoured with solid lines and fb with dashed lines. The location of X~in is 
marked with a cross. Contours are as in Figure 3.2. 
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Figure 3.20 Results for test galaxies fit with sub-solar metallicity progenitor + 
super-solar burst metallicity Kurucz atmospheres models. All other parameters 
are identical to our adopted models . x2 is contoured with solid lines and fb with 
dashed lines. The location of X~in is marked with a cross. Contours are as in Figure 
3.2. 
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Figure 3.21 Best fit and residuals for reddening test . All spectra are on the same 
relative scale. Artificial galaxy spectra are created with 20% mass in a young burst, 
reddened as marked on each plot. The presence of young stars can be seen clearly 
with Av = 2 mag. Galaxy, model, and residual are plotted as in Figure 3.3. 
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CHAPTER 4 

THE RED MERGER SUBSAMPLE 

It is immediately obvious from the spectra of the red merger subsample (Figure 2.6). 

that little if any ongoing star formation is occurring in any of these gala.Kies. We 

selected this red subsample on just this basis, to investigate the stellar populations 

in this poorly studied regime of star formation in mergers. We look for subtle 

signs of interaction-induced star formation in this sample by comparing them to 

a sample of morphologically normal elliptical and SO galaxies. We use the EPS 

models and fitting technique developed in Chapter 3 to perform a detailed analysis 

of the stellar populations in the both the red merger and E/SO control sample. 

4.1. Results 

Each gala.Ky spectrum was fit with the grid of EPS models by the procedure 

described in Chapter 3. The fitting results are shown in Figure 4.1 for the red 

merger sample and test galaxy and in Figure 4.2 for the control E/SO sample. 

The results are also summarized in Table 4.1. The best fit for each gala.xy, along 

with fitting residual, is over plotted on each spectrum in Figures 4.3 and 4.4. The 
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best fitting solution is quite good in all cases, with the largest residuals lying 

near 5100 A in some of the galaxies in the control sample, e.g. NGC 3941 and 

NGC 4626, the area where the red and blue ends of these spectra were joined. The 

continuum slope removed was rather high for both IC 162 and NGC 5866, though 

this slope would be consistent with reddened stellar population. 

The red mergers show little recent star formation, with burst mass, fb between 

1.2 and 6.3% and burst ages t 2 rv 1 Gyr. The detections of a young star burst in 

most of these galaxies is marginal, typically at the 2a level. However, even small 

bursts like these may be responsible for a nominal fraction of the galaxies' optical 

light, as illustrated by the solutions for NGC 474 and NGC 7585 in Figure 4.3. 

The best fit progenitor galaxies tend to be early-type galaxies, with star formation 

timescale 7 1 = 1-2 Gyr for all galaxies except NGC 942/3. However, this parameter 

is not well constrained as evidenced by the large uncertainties in Table 4.1 and 

the x2 contours in Figures 4.1 and 4.2. The SO sample is very similar to the red 

mergers, while the elliptical sample seems to harbor still less star formation, with 

!b ~ 0.5 %. 

The mean ages for both red merger and control galaxies are generally between 

7 and 10 Gyr. Table 4.2 gives the mass limits on stars younger than 1 Gyr and 

0.5 Gyr in columns 3 through 6. The red merger sample has the highest amount 

of allowed star formation younger than 1 Gyr, where 0.2-3.2% of the galaxies' 

stellar masses can be in relatively young stars. The SO sample also has upper mass 

limits of 0.5-2. 7%, while the elliptical sample allows only a fraction of a percent. 

The minimum required star burst is consistent with zero in all cases. The range 

of allowed star formation histories is quite comparable for the red merger and 

SO galaxies; however, there is a clear difference between the merger and elliptical 
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samples. 

We showed in Chapter 3 that uncertainties resulting from our choice of IMF 

should be small in red galaxies like these. We also need to show whether this 

difference could be due to metallicity effects. We have calculated Mg2 indices 

(defined in Faber et al. 1985) for each of the galaxies from our integrated spectra. 

These are presented in Table 2.1. These Mg2 indices differ from those listed by 

Davies et al. (1987), because their values are derived from nuclear spectra while 

ours come from integrated spectra, and the average metallicities of elliptical galaxies 

are lower than the metallicities of their nuclei. The correlation between the Mg2 

index and [Fe/H] (Worthey et al. 1992) shows that on average, the metallicity of 

the galaxies in the elliptical sample are approximately solar or slightly greater. 

The red merger sample seems to be at comparable metallicity to the SO sample 

and slightly more metal poor than the elliptical sample. We therefore conclude 

that the similarity between the stellar populations in the red merger sample and 

the SO galaxies is likely to be real, but the difference between the red mergers and 

elliptical galaxies may be the result of metallicity effects. 

Although there is little evidence for substantial reddening in these red mergers, 

we tested whether this could introduce additional uncertainty in our model fits. 

We reddened the models fit to the galaxy spectra with Av ex Mgas/ Mstars, where 

the mass of gas and stars were computed from the star formation history. This set 

of models is described more fully in Chapter 5. The burst masses derived from 

the reddened models were nearly identical to those derived from the unreddened 

models, for all physical solutions. This suggests that the stellar populations in the 

red mergers are unlikely to be significantly reddened. 

Finally, we note that the family of acceptable solutions is degenerate in fb and 



96 

t 2 . This is clearly illustrated in Figures 4.5 and 4.6, where acceptable solutions 

(i.e. x2 within 5% of X~in) for each galaxy are shown as dark areas in the (/b, t2) 

plane. The older the star burst that is found, the more massive that star burst can 

be. This age-burst strength degeneracy is has been found in many other stellar 

population studies (Leonardi & Rose 1996 and references therein), and our fitting 

method does not appear to break this degeneracy, at least for galaxies whose light 

is dominated by an old stellar population. 

4.2. Notes on Individual Galaxies 

4.2.1. The Mergers 

NGC 474 NGC 474 is a shell galaxy with a strong but narrow Ha emission line, 

that arises from the nucleus of the galaxy (Baleisis et al. 1998). Our best fit shows 

it housed a burst of up to 5% of the galaxies mass a little more than 1 Gyr ago. 

For such a case about 1/3 of the optical light is produced by the burst population. 

Some neutral hydrogen remains, about 109 M8, typical for an Sa or Sab galaxy. 

Schweizer & Seitzer (1992) derived a heuristic merger age for NGC 474 of 

about 5 Gyr. Direct comparison of our results is difficult, since we do not allow for 

burst greater than 1.5 Gyr old. 

IC 162 IC 162 is a shell galaxy with a nearby, and possibly interacting companion. 

Our fitting results show little star formation is allowed in this galaxy in the last 

Gyr, but the galaxy has retained a fair amount of gas, again similar to that of a 

typical Sab galaxy. How the shells originated without disturbing this gas to induce 

star formation, is an intriguing question. Perhaps the shells in IC 162 are the result 

of a minor merger of a gas-poor companion, while the gas in the galaxy itself was 
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stabilized against nuclear inflow by its substantial bulge. 

NGC 750/1 NGC 750 and 751 make up an interacting pair of elliptical 

galaxies with a tail of tidal debris. Their lack of recent star formation and higher 

metallicity are quite similar to the elliptical control sample we examined. It is 

somewhat surprising however, that they contain a substantial amount of gas with 

MHI = 2 X IO^MQ, which makes them, along with IC 162. the most gas rich objects 

in the red merger or red control sample. 

NGC 942/3 NGC 942 and 943 make up another interacting pair of galaxies. 

NGC 942 has a clear dust lane and therefore is likely to be an early-type disk 

galaxy. The integrated spectrum shows weak HQ and [0 II] .3727 A emission. The 

best model fit for these galaxies describes a pair of spirals that had starbursts about 

1 Gyr ago. It is worth pointing out that if this is indeed the Ccise, the star burst 

would have occurred before or at the beginning of the gravitational interaction 

between this pair. 

NGC 7284/5 NGC 7284 and 7285, like NGC 942/3, is an interacting pair of 

galaxies that shows weak Ha and [0 II] emission. NGC 7284 is a barred disk 

galaxy. The situation is similar to that of NGC 942/3, our best fitting solution 

would put the time of the burst prior to strong gravitational interaction, and even 

our age limits allow bursts as recently as a few tenths of a Gyr. Up to 2% of the 

mass of the galaxy can be composed of stars formed within the last Gyr. 

NGC 7585 NGC 7585 is an assymetric shell galaxy. Our best fitting model 

suggests it underwent a strong (6% by mass) about 1 Gyr ago. Spiral progenitors 
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are not ruled out for this galaxy, indicating a possible major merger origin for 

its shells. The upper limit on neutral hydrogen mass in NGC 7585 is not very 

restrictive at I0'° MQ, so some gas may remain. About 1/3 of the optical light is 

contributed by the star burst population. 

Schweitzer k. Seitzer (1992) find a heuristic merger age for NGC 7585 of 

about 5-6 Gyr. .A.s with NGC 474, it is difficult to compare with these results 

directly since our models do not allow for burst (merger) ages greater than 1.5 Gyr. 

McGaugh & Bothun (1990) analyzed the colors of the shells and found them to be 

similar to the disk of an Sb galaxy and not blue enough for recent star formation, 

which taken with our results, seems to indicate that recent star formation, if any, 

was restricted to the nucleus and surrounding regions of the galaxy. 

NGC 7727 NGC 7727 has the classically disturbed morphology indicative of 

two disk gala.xies in the process of merging. However, it harbors no current star 

formation. Model fits show that the progenitors were likely to be earlier type than 

Sb, with a merger-induced burst occurring about 0.5 Gyr ago, involving up to 3% 

of the galaxy's mass. 

4.2.2. Select Control Galaxies 

NGC 3941 and NGC 5866 NGC 3941 and NGC 5866 are both SO galaxies, 

and weak IRAS sources with LpiR ^ IO^LQ. The best fits for both these galaxies 

are consistent with spiral galaxies with truncated star formation at a fewx 10® 

years ago. This is consistent with evolution of an SO galaxy from a spiral when 

star formation ceases. However, the fits for NGC 3941 also allow a post-burst 

population of up to 3% of the stellar mass. 
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NGC 4889 NGC 4889 is the cD galaxy in the Coma cluster. Our best fit 

indicates that up to 5% of its optical light comes from a star burst slightly more 

than 1 Gyr old, and up to 1.5% of its stellar mass may be less than 1 Gyr. 

NGC 4889 is also quite metal rich, so solar metallicity models would tend to 

underestimate the amount of mass in young stars. 

4.3. Discussion 

.A.t lecist four of the interacting gala-xies appear to be dynamically young, with 

pairs of galaxies, and one more advanced merger, NGC 7727 with with similar 

morphology to NGC 7252, dynamically age dated at about 0.5-2 Gyr (Schweizer 

1983). The dynamical age of the shell galaxies is more difficult to determine since 

shells may originate in either major or minor mergers. The burst ages we derive 

for most of the gala.xies are consistent with their morphology except in two cases. 

For NGC 942/943 and NGC 72S4/5. the derived ages of approximately I Gyr seem 

to be inconsistent with pairs of gala.xies just beginning their interaction. However, 

given the dynamical youth of these systems, their integrated spectra are likely to 

be dominated by evolved progenitor populations. .A.ges similar to these are also 

found in our morphologically normal control sample, which should be similar to 

the progenitor populations in NGC 942/943 and NGC 7284/5. 

If a merger is capable of generating star formation, the obvious c^uestion is 

why aren't these relatively young mergers forming more stars at the present time? 

There are several possibilities: (I) there was little gas in the progenitor galaxies 

to begin with, as might occur in an elliptical-elliptical or elliptical-SO merger, or 

(2) the gas in the progenitor galaxies did form stars which have since faded to 

the point where the optical spectrum is dominated by the stars in the progenitor 
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population, or (3) a gas-rich progenitor galaxy merged, formed few new stars, and 

remains gas rich. Possible e.xamples for all three scenarios can be found from the 

notes on individual galaxies, for (1) NGC 750/1. (2) NGC 474 or NGC 7oS.5. and 

(3) IC 162. 

Dynamical timescales of the morphological features might in principle be used 

to choose between these scenarios. The first scenario above is probably most likely 

in the case of interacting, but yet unmerged pairs since their star formation rate 

should be dominated by their pre-interaction star formation pattern. Most difficult 

to place are the shell galaxies, since shells resulting from a minor merger form 

within 0.25 Gyr (Hernquist Quinn 19SS) but form in a major merger at about 

2 Gyr (Hernquist Spergel 1992). If the shells result from minor mergers the 

first scenario is again probably most likely, but shells resulting from major mergers 

could be the result of any of the three scenarios. If the shells were indeed formed 

in a major merger and are > 2 Gyr old, the second scenario is increasingly likely, 

as may be the case in NGC 474 and NGC 7585. 

Several of the red mergers have upper limits of about 3% of their mass in stars 

younger than 1 Gyr. We note that in an L. gala.xy, a star burst of this size is is 

a major event. In Figure 4.7. we show the evolution of the bolometric luminosity 

of a star burst with a mass of 10'° .VIQ and an exponentially decaying SFR with 

T = 10® yr. At peak luminosity, near i ~ 5 x 10' yr, this star burst has a bolometric 

luminosity of approximately 4 x 10^' L(T), which if reprocessed by dust and emitted 

in the far infrared, would make the parent galaxy an luminous infrared galaxy, or 

with a factor of 2 more mass, an ULIRG. Star bursts of this size are not required 

by the EPS fitting solutions, but also cannot be ruled out, as the luminosity fades 

by a factor of 30 by age t2 ~ 1 Gyr. 
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4.4. Summziry and Conclusions 

In summary, we have fit EPS models of different ages and galaxy types to the 

integrated spectra of a sample of mergers with early-type spectra and to a control 

sample made up of elliptical and SO galaxies. We find that: 

• A significant fraction of galaxies in a morphologically selected sample of 

mergers and interacting galaxies have integrated spectra resembling those of 

early-type galaxies. 

• The stellar populations implied by the spectra of the red merger sample 

are indistinguishable from those in a control sample of SO galaxies. Small 

differences in the upper limits on recent star formation between these mergers 

and a sample of elliptical galaxies may be due to metallicity effects. 

• The minimum amount of star formation required in the last 1 Gyr is 

consistent with zero for all of the red merger and the E/SO samples. 

• The ma.ximum amount of new star formation allowed ranges from 0.2-3.2% 

by mass in the merger sample and 0.0-2.7% in the E/SO control sample. A 

star burst of 3% of the stellar mass of an L" gala.xy would require that galaxy 

to pass through a luminous infrared galaxy phase about 1 Gyr ago. 



Table 4.1. Red Galaxies-Best Fits 

Galaxy • A m:n N h h { % )  

NGC 474 1462 1 ± 2.4 9.1 ±0.3 5.1 ± 6.5 

IC 162 2174 1 ± 0.5 7.6 ± 0.5 0.0 ±0.0 

NGC 750/1 1266 < 2- > 7.0' <0.1-

NGC 942/3 1318 14 ± 14.0 9.1 ±0.2 1.0 ±0.6 

NGC 7284/5 1496 2 ±7.1 8.9 ±0.4 0.9 ±0.6 

NGC 7585 967 1 ± 9.3 9.1 ±0.4 6.2 ±4.7 

NGC 7727 1021 2 ± 3.9 8.6 ± 0.5 0.3 ± 5.0 

-A^rt. Gal. 724 2 ± 3.5 8.9 ±0.1' 7.1 ± 5.5 

NGC 3379 1140 < 2- 7.0 ± 1.0- < O.R 

NGC 4472 891 1 ±0.9 > 9.0- 0.0 ±0.1 

NGC 4648 1547 < 2* > 7.5- < 0.2-

NGC 4889 2107 1 ±7.1 8.9 ± 1.8 0.9 ± 0.4 

NGC 3245 1229 

1 V
 > 7.0- < 1.0-

NGC 3941 1641 3 ± 6.5 8.6 ±0.7 A
 CW
 

0
 

NGC 4262 2254 1 ±5- > 8.4- < 5.0' 

NGC 5866 832 2 ± 0.6 < 8.2- 0.0 ± 0.2 

'Uncertainties or limits derived by eye from contour 
plot. 
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Table 4.2. Red Galaxies: Limits 

Gala.xy < age > Max % Min % 

<1 Gyr <0.5 Gyr <1 Gyr <0.5 Gyr 

NGC 474 

IC 162 

NGC 750/1 

NGC 942/3 

NGC 7284/5 

NGC 7585 

NGC 7727 

9.815:5 

9.0!?:^ 

9. Hi:? 
6.81^:° 
Q 0 + 1.3 

9.7t°:° 

8.411:1 

2.69 

0.16 

0.24 

2.66 

1.95 

3.17 

2.80 

0.47 

0.16 

0.04 

0.24 

0.34 

0.46 

0.51 

0.00 

0.02 

0.00 

0.00 

0.00 

0.02 

0.02 

0.00 

0.02 

0.00 

0.00 

0.00 

0.00 

0.00 

Art. Gal. 8.31°:^ 8.59 1.31 3.71 0.36 

NGC 3379 

NGC 4472 

NGC 4648 

NGC 4889 

9-ol2:o 

10.61?:° 

•^•--0.7 

9.71?:^ 

0.07 

0.00 

0.24 

1.47 

0.06 

0.00 

0.04 

0.25 

0.01 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

NGC 3245 

NGC 3941 

NGC 4262 

NGC 5866 

9-0li:2 

7.si?:g 

9.61^:1 

s.ili:i 

0.49 

2.65 

1.58 

0.48 

0.12 

0.25 

0.29 

0.24 

0.00 

0.00 

0.00 

0.06 

0.00 

0.00 

0.00 

0.05 
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Figure 4.1 Fitting results for the red merger sample. Burst age, t 2 , is plotted against 
progenitor type T1 . x2 is contoured with solid lines and /b with dashed lines. The 
location of X~in is marked with a cross. x2 is contoured at (1.05, 1.1, 1.2, 1.5, 2, 5, 
10, 20, 50)X~in· /b 1s contoured at (0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100) percent 
total stellar mass fraction. 
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Figure 4.2 Fitting results for the E/SO control sample. x2 is contoured with solid 
lines and fb with dashed lines. The location of X~in is marked with a cross. Contours 
are as in Fig. 4.1. 
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Figure 4.3 Best fitting models and residuals for the red merger sample. The emission 
line-cleaned galaxy spectrum is plotted as a series of points, the best fit model 
is plotted as a solid line, the progenitor populations as a dashed line, the burst 
population as a dotted line, the continuum contribution as a long-dashed line, and 
the residual is plotted as a dot-dashed line. 
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Figure 4.4 Best fitting models and residuals for the E/SO control sample. Galaxy, 
models, and residuals are plotted as in Figure 4.3. 
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Figure 4.5 Age vs. mass for allowed star bursts in the red merger sample. Dark areas 
represent regions of acceptable solutions. There is a clear age-mass degeneracy. 
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Figure 4.6 Age vs. mass for allowed star bursts in the E/SO control sample. Dark 
areas represent regions of acceptable solutions. NGC 3379 and NGC 4472 had no 
acceptable solutions with fb > 0.1 
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Figure 4.7 Evolution of the bolometric luminosity of a IG'° M,T) star burst with 
exponentially decaying star formation with r = 10® yr. From GISSEL96 (Bruzual 

& Chariot 1998) models. The bar at log L = 11 represents the range of L allowed 
in the red merger sample, assuming a stellar mass-to-light ratio of o, the Mb values 
for each galaxy given in Table 1. and a young burst mass fraction of .3%. 
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CHAPTER 5 

THE BLUE MERGER SUBSAMPLE 

The spectra of the blue merger subsample are quite diverse, with the only criteria in 

their selection to this subsample being moderate to strong FIQ emission, indicating 

ongoing star formation, or blue stellar continuum. This blue merger sample 

contains interacting spirals, advanced mergers with weak star formation. E+.A. or 

postburst galaxies, and mergers containing intense star bursts. In this chapter, we 

investigate the stellar populations of this group of gala.N:ies. along with those of a 

similarly diverse control sample of spirals of types from Sa to Magellanic irregulars 

plus the 10 starburst gala.xy, MS2. To that end, the spectra from these gala.xies were 

fit with the EPS models and fitting procedure developed in Chapter 3. To further 

explore the range of star formation properties and the difference between the 

merger and control samples, we have measured several spectra features, including 

line indices, equivalent widths, and continuum color. 



5.1. Results 

5.1.1. The Unreddened Models 

The results of fitting the grid of EPS models to each merger spectrum are shown in 

Figures 5.1 through 5.3, and summarized in Tables 5.1 and 5.2. The best fit models 

and residuals are shown in Figures 5.4 through 5.6. The fits for all galaxies are 

reasonable, with the largest residuals occurring around the H7 absorption feature 

and for two of the galaxies with spectra from LK95, NGC 1222 and NGC 7252, 

near the 5100 .4. joining point of the red and blue ends of the spectra. 

The blue mergers have a wide range of progenitor types, and this parameter, 

ri, is much better constrained than for the galaxies in the red merger subsample. 

The progenitor type is typically less well constrained when the burst population 

dominates the optical spectrum, or when the merger is old enough {> 0.5 Gyr) for 

the differences in progenitor populations to be minimal due to the truncation of 

star formation and subsequent passive evolution. The blue sample also has a wide 

range of burst ages, from about 20 Myr to I Gyr. Younger bursts tend to have less 

mass, but to some extent this makes sense. Bursts 50 Myr old or younger are less 

than one e-folding time into the starburst and a considerable mass fraction should 

remain in gas. This may also be a consequence of dust content since younger bursts 

tend to be more highly reddened. 

The amount of mass in stars younger than 1 Gyr is reasonable for most 

galaxies, with only four mergers with the young mass fraction of more than 15%. 

The best fits for these four galaxies, NGC 3921, NGC 4676, NGC 5278/9, and NGC 

7252 have four of the five largest values in the sample, indicating poor fits or 

lower signal-to-noise. In particular, the fits for NGC 4676 and NGC 527S/9 place 
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almost no constraints on the stellar populations in these galaxies. The lower mass 

limits are less than 10 % for all galaxies in the sample. This is within reasonable 

physical limits for spiral gala,xies which can have up to about 15% of their mass in 

gas. The results for NGC 3303 are consistent with no recent star formation, and 

NGC 36-56 nearly so. with and upper limit of 1.6% and a lower limit of a fraction 

of a percent. 

-A. relatively small number of blue merger galaxies show evidence for a burst 

of at least a few percent of their mass when dust is not accounted for. These are 

NGC 2623. NGC 3448. NGC -3921, NGC 4194. IC SS3. and NGC 7252. The 15 

remaining blue mergers have burst strengths that are consistent with zero and 

limits of burst masses of less than 1%, Of these galaxies. si.K are unmerged but 

interacting pairs, which may not have undergone a major starburst. Three others 

are LIRGs or ULIRGs. NGC 1614. .\'GC 27S2. and .Arp 220, suggesting dust may 

be obscuring most of any star burst they contain. Two others. NGC 3303 and 

NGC 3656. show little evidence for any recent star formation. E.Ktinction may 

play a role in obscuring a starburst in the remaining gala.\ies as well. The other 

alternative, that the interaction and merger of the galaxies triggered either a weak 

star burst or none at all. is clearly not the case for many of these gala.\ies, where 

far-infrared luminosities indicate that significant starbursts are occurring. 

The fitting results for the spiral control sample are shown in Figures 5.7 

through 5.9 and summarized in Tables 5.3 and 5.4. The best fit models and 

residuals are shown in Figures 5.10 through 5.12. .Again, the fits to these gala.xies 

are reasonable, with some residuals showing features around 5100.A. where the K92 

spectra were joined together. This is somewhat surprising, since the burst model 

of star formation history is not appropriate for most of these galaxies. 
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The results return progenitor types, ti, that are roughly consistent with the 

spirals' morphological types. Burst masses are generally consistent with zero. 

e.Kcept at very late type spirals and Magellanic irregulars. Mass limits on young 

(< 1 Gyr) stars restrict these to no more than 15% of the mass in every gala.xy in 

the control sample. The required mass in young stars increases as gala.Kies go to 

later progenitor types. The exception to this is the dwarf galaxy NGC 1569, which 

has a fairly red continuum in spite of strong emission lines. 

While most of the spirals show evidence for young stars, few show clear 

evidence of a recent burst. E.xceptions to this include NGC 2276 and NGC 4775. 

Sc galaxies, NGC 4631, an Sc gala.xy which may have a starburst nucleus (Golla 

& VVielebinski 1994), NGC 4449 and NGC 44S5, Magellanic irregulars, and 

NGC 4670, a peculiar SB galaxy. This shows that active, ongoing star formation 

may be difficult to distinguish between a discrete starburst event. 

Finally, the fitting results for the unreddened models for both the blue merger 

and spiral control sample show a strong degeneracy in burst age and burst mass, 

in the sense that an older, stronger burst can produce the same acceptable fit as a 

younger weaker one. This is illustrated in Figures 5.13 through 5.IS. This is the 

familiar age-strength degeneracy (Leonardi Rose 1996 and references therein). In 

principle, it may be possible to break this degeneracy using other data, for example 

with Lfir!Lb, supernovae rates derived from shock-excited emission lines, or 

number of ionizing photons. However, optical data is not well suited for this due 

to the heavy obscuration of star forming regions, along with differential reddening 

problems. In addition, the Ha and other emission lines may be contaminated by 

.A.GN contributions. 
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5.1.2. Description of the Reddened Models 

Unlike the red merger sample, the presence of dust in the blue merger sample is 

a significant source of uncertainty in the burst masses derived from our fitting 

procedure. We showed in Section 3.3.6 that an e.xtinction of .4v' = 1 mag can 

reduce the burst mass required by an order of magnitude. Many of the gala.x:ies 

in the blue merger sample are known to be highly reddened. Optical depths in 

the arms of spiral galaxies can reach ry ~ 4 (Rix ^ Rieke 1993). Dust lanes are 

apparent in many of the galaxy images in Figures 2.3 through 2.5, and several. 

NGC 1614, NGC 2623. Arp 195. NGC 27S2, IC SS3, ^GC 6621/2. and .\rp 220 are 

luminous infrared galaxies (LIRGs) or ULIRGs indicating the presence of a large 

amount of dust. In addition. .4^ has been estimated for several galaxies using a 

simple foreground dust screen model, and can be similarly estimated for several 

others, using the H — K data of Bushouse & Stanford (1992). These are given in 

Table 5.5 for a subsample of the blue mergers. Several magnitudes of extinction 

are possible, with values as large as .4v = 12.3 mag for the primary nucleus of 

NGC 520 and 10 mag for the entire body of .\rp 220. The nuclei of .\rp 220 are 

completely obscured even in the near-infrared, with measured values of .4v' up to 

24 mag from .NTCMOS near-infrared images, and .4v' ~ 50 from ISO measurements 

of mid-infrared emission lines (Scoville et al. 199S, Sturm et al. 1996. respective!}"). 

It is important to note that extinctions derived from optical spectra by Liu Sc 

Kennicutt (1995a) are considerably smaller than those derived from near-infrared 

data. This suggests that optical and infrared data sampling very different stellar 

populations as some regions are completely obscured in the optical. 

Since it is not possible to solve for the reddening directly with the fitting 

procedure outlined in Chapter 3, we attempt to quantify the uncertainty by 
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reddening the models themselves. Reddening is a complicated function of the 

amount of dust, type of dust grains, and geometry of a system, and the proper 

model is likely to be different for each galaxy. Complicating matters further is 

the fact that different measures of reddening, such as the Balmer decrement and 

near-infrared colors, give discrepant values for the reddening in these galaxies (see 

Table 5.6). Finally, the reddening in a galaxy should decrease as it ages and gas 

and dust is consumed, ejected, or destroyed. Taking this last factor into account, 

we have reddened the EPS models according to one of two simple prescriptions. 

The first assumes that the extinction is proportional to the density of the dust, and 

with constant gas-to-dust ratio and dust volume this gives, 

Av ex M9 as 

where M 9 as is the remaining gas mass in the burst and can be calculated from the 

star formation history of the burst. The second reddening prescription assumes 

that the extinction goes as the ratio density of the dust to the density of the stars. 

This might be expected if stellar radiation and supernova shock wave contribute to 

the destruction of dust grains. With the same assumptions as above, this gives, 

Av ex M9 as/ Mstars 

where again the stellar mass can be calculated given the star formation history of 

the starburst. 

We calculate the constant of proportionality by making use of the optical 

depth in Sc galaxies, TB ~ 0.8, found by Wang et al. (1996), assuming the optical 

depth ratio, TB/Tv = 4/3, that an Sc galaxy is appropriately represented with 

a star formation decay timescale of T1 = 10, and making note of the fact that 

Av = 0.92Tv, where Tv is the optical depth at V. The resulting values of Av 
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are given in Table 5.6. For simplicity, the models were reddened using a simple 

foreground screen dust model, and reddenings for the progenitor population were 

held fixed at their values at the time of the burst, t2 = 0. The actual physical 

situation is much more complicated, with extinction being a function of the 

geometry of the system, including mixture of dust and stars, differential reddening 

among populations, and viewing angle. 

The second set of models (Av ex Mgas/ Mstars) is more heavily reddened at 

young ages and late type progenitors than the first set of models (Av ex Mgas), 

although the second set of models remains reddened for a longer period of time. 

For simplicity, we refer to the second set of models as the highly reddened case. We 

refit all galaxy spectra with these two sets of reddened models. In most cases the 

burst age found does not change with the reddening model assumed. This result 

is as expected from the reddening test in Section 3.3.6, where the input burst age 

was recovered. 

It is important to emphasize that by fitting these reddened models to the 

galaxy spectra we are attempting to quantify the uncertainty in the burst mass 

found, due to the presence of dust. With extinctions as high as Av = 8. 7 for a 

107 yr starburst in the highly reddened case, the changes in burst mass found can 

be more than an order of magnitude. Since the burst mass found is extremely 

sensitive to the reddening, it is unwarranted to chose one solution as the definitive 

one, and we present all burst masses found to illustrate the range of uncertainty 

present. 
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5.1.3. Fitting Results for the Reddened Models 

The grids containing the reddened model fitting results for eight representative 

galaxies from both the merger and control samples are shown in Figures 5.19 and 

5.20. Burst masses found for all three sets of models are given in Tables 5.7 and 

5.8. The fits to all galaxies are recisonable for the reddened models, with the largest 

residuals occurring around the H7 absorption feature, and for two of the galaxies 

with spectra from LK95, NGC 1222 and NGC 7252, near the 5100 A joining point 

of the red and blue ends of the spectra. The fitting residuals for the reddened 

models are very similar to those of the unreddened models, even to the details of 

the residual structure, and so are not shown. 

The burst ages required are relatively insensitive to which reddened models are 

used to fit the galaxy; about 1/3 of the galaxies have ages which increase slightly 

when the model populations are reddened. The burst ages may be insensitive to 

reddening because both truncation of progenitor star formation and onset of the 

interaction-induced burst occur at the same time in our cissumed star formation 

history. Even when one population is completely dominating the spectrum, the age 

found is likely to be the same. 

The fits for the unreddened models require burst masses that are consistent 

with zero for most galaxies, including some like NGC 520 and Arp 220 which are 

known to harbor starbursts. With very high e.xtinction in these galaxies most of 

the light from the burst is almost completely obscured. The reddened models give 

results that include burst mass fractions of typically a few percent for most gala.xies. 

The difference between the two different reddening models is quite small for most 

galaxies, with the exceptions of NGC 520, .\rp 195, NGC 2782, NGC 3656. .•Xrp 

220, and NGC 7252. These galaxies all have high global extinctions, with .4v > 3 
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mag (see Table 5.5) or high far-infrared luminosities indicating a large amount of 

dust. 

With the adjustment from the reddened models, most galaxies have upper 

limits on the burst mass of 20% or less. This is close to the maximum amount of 

gas most normal spiral galaxies contain and therefore is a hard upper limit on the 

amount of star formation which can occur. Three galaxies, NGC 3921, NGC 4676, 

and NGC 5278/9 have upper limits of 100%. These galaxies have the three poorest 

fits of any acquired with a single grating setting, and none of their parameters are 

well constrained. These three galaxies also contain AGN; NGC 3921, NGC 4676a, 

and NGC 4676b have LINER nuclei, while NGC 5278 and NGC 5279 both have 

Seyfert nuclei (Dahari 1985, Keel et al. 1985). It is possible that these AGN could 

be contributing enough continuum to skew the fit to higher burst masses. These 

high masses come from bursts with ages of 1 Gyr or more. The lower limit on 

burst mass is < 7 % for every galaxy in the blue merger sample, even in the highly 

reddened case. This is the least amount of star formation required by the fits and 

is well within the limit imposed by the amount of gas in their progenitor galaxies. 

The lower limit on the burst mass in the control sample also correlates 

roughly with galaxy type, earlier type galaxies having fewer young stars. The 

burst mass found for the control sample changes dramatically with the reddening 

prescription employed. When Av ex: Mgas, the upper limit on the burst fraction, is 

less than for most galaxies. However, when Av ex: Mgas/ Mstars, many of the control 

galaxies, even of types Sa and Sb, return burst masses of more than 10 % and even 

more than 20% of their stellar mass. These burst masses are clearly unphysical, 

indicating the highly reddened burst models or perhaps the star formation histories 

are inappropriate for normal spiral galaxies. 
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There are several galaxies in the control sample to which our assumed star 

formation history should be appropriate. These are the Magellanic irregulars, 

NGC 1569, NGC 4449, and NGC 4485, and the nearby starburst galaxy, MS2. The 

fits to the Sm galaxies all give relatively small burst masses, with fb < lo % even 

in the most highly reddened cases. MS2 fares somewhat better, with an upper 

limit of fb of 44%. This result is surprising since these galaxies were thought to 

be dominated by young stars. However, as can be seen in the upper left panel of 

Figure 3.21, even a moderately aged burst of 0.2 Gyr making up 20% of a galaxy's 

mass completely dominates the optical spectrum; such a burst contributes more 

than 90% of the optical light in the unreddened case. Figure 3.21 contains no 

noise sources, so in an actual galaxy the amount of light and therefore of mass in a 

pre-e.xisting population would be much harder to pinpoint. The e.xtreme differences 

in the mass-to-light ratios of the two populations could increase the uncertainty 

in the mass found, with reddening only compounding the problem. Alternatively, 

if the consequences of such extremely different mass-to-light ratios was not fully 

appreciated, these galaxies may contain more old stars than previously believed. 

Given the difficulties in determining burst mass using this fitting method with 

optical data only, the more likely explanation is perhaps the former. 

In Figure 5.23, the best fitting burst age for all galaxies is plotted against the 

highest burst mass allowed by the models. Overplotted are lines for burst masses of 

5% of the stellar mass, "dereddened" by the e.xtinction assumed in the models, the 

dotted line representing the highly reddened models. There is a clear relationship 

between the upper limit on burst mass and reddening model used. This shows that 

the burst mciss found is a sensitive function of reddening model. 

Finally, the fitting results for the unreddened models for both the blue merger 
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and spiral control sample showed a strong degeneracy in burst age and burst mass 

(Figures 5.13 through 5.IS). However, just as burst mass is e.Ktremely sensitive to 

reddening, so is this degeneracy. Figures 5.21 and 5.22 illustrate this. The burst 

mass increases as reddening does, so in some cases there is actually a reversal of 

this degeneracy, illustrated most clearly in this subsample by iN'GC 520. More data 

is needed, particularly near-infrared data, to break this degeneracy, and detangle 

the effects of reddening. 

5.2. Notes on Individual Galaxies 

5.2.1. Selected Mergers 

NGC 520 NGC 520 is a pair of galaxies at an intermediate stage of merging. 

The two progenitor components are still discernible within the merger (Stanford 

Balcells 1990). It has a prominent dust lane and a large Lf//? of just under 10"L,c,. 

It has an E+.A. type spectrum, and a neutral hydrogen gas mass typical of the Sc 

galaxies in our control sample. We find a burst age of to = 10 to 200 Myr. Our 

reddened models show NGC 520 may harbor a burst of up to 14.2% of its stellar 

mass, although this value is quite uncertain due to the large amount of extinction 

in the galaxy, Ay < 12 mag. 

NGC 1222 NGC 1222 is the only galaxy in our sample that is not drawn 

from the Arp atlas (1966). It consists of three apparently interacting bodies, no 

discernible tidal features, and a main body with a smooth, almost elliptically 

shaped morphology. This galaxy is best fit by Sbc progenitors, with a burst age 

< 10® yr and compromising < S.5% of the remnant's stellar mass. The smooth 

morphology and roughly elliptical contours of this galaxy do not seem to be 
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consistent with a young burst, however. Ha emission is concentrated in the main 

nucleus and the eastern knot (Baleisis et al. 1998). 

NGC 3303 NGC 3303 is an advanced merger with a tidal tail. Its integrated 

spectrum has a red stellar continuum, like the red galaxy subsample, but it also 

has strong Ha and [0 II] 3727 A emission. Our results for this galaxy are much 

like those of the red sample: we find the progenitor type is not well constrained, 

with a burst age of ~ I Gyr and < 6% of the stellar mass. 

NGC 3921 NGC 3921 has an integrated spectrum with blue stellar continuum 

and weak Ha and [0 II] emission. The image shows it is an advanced merger with 

a relatively smooth body and tidal tails. It has a large amount of H I gas, 10^°M(T, 

and hpriR = 10^°LQ. Our fitting results show that NGC 3921 contains a star 

burst of > 6.1 % of the galaxy's stellar mass, with age 0.5-1 Gyr. This age seems 

consistent with the advanced morphological state of the merger. 

NGC 4194 .NGC 4194 is a merger in an advanced state, with some tidal debris 

and a shell-like structure on its southern edge. Its integrated spectrum shows very 

strong line emission, with Balmer emission seen to H7, and blue stellar continuum. 

It is a strong IR.A.S source with Lpm = 5 x 10'°LQ, but only a relatively small 

amount of neutral hydrogen remains. Our best fit models suggest that NGC 4194 

resulted from a merger of Sb or later type galaxies. However with a luminosity of 

Mb ~ —20, Sb type progenitors are probably ruled out. .NGC 4194 experienced 

a burst of star formation contributing 1 to 5% to the stellar mass of the gala.xy 

about 2 x 10® yr ago. The mass we find for the burst in this galaxy is relatively 

independent of the reddening prescription we use; however, the age is tightly 



constrained where the optical depth calculated from the star formation history is 

less than 1. 

NGC 4676 NGC 4676, a.k.a. the Mice, is a pair of interacting spiral galaxies 

which have tidal features. Our integrated spectrum is of lower signal-to-noise 

than the rest of the galaxies in the sample, but clearly shows H II region type 

line emission. Dust is clearly visible in the image. Unfortunately, our model fits 

do little to constrain the stellar populations in this pair of galaxies. Our best 

fit suggests a I Gyr old star burst which would seem to be inconsistent with an 

interaction-induced star burst judging from the morphology of the system. .A. 

higher signal-to-noise spectrum is required to put better constraints on the stellar 

populations. 

IC 883 IC SS3 is a LIRG in an advanced state of merging, displaying a 

morphologically disturbed main body and two tidal tails. Its integrated spectrum 

shows classic E-r.A. features, with strong Balmer absorption and metal lines. Our 

best fit to IC 883 suggests this galaxy underwent a star burst about O.o Gyr ago 

that added about 4-6% to the stellar mass of the galaxy. The progenitor type is 

not well constrained. About half of the galaxy's optical light results from the star 

burst. This star formation history is consistent with the morphology, and suggests 

that IC 883 may have been an ULIRG a few hundred Myr ago. Like NGC 4194, the 

burst age of IC 8S3 is tightly constrained and the mass limits we find are largely 

independent of the reddening prescription we choose. 

Arp 220 Arp 220 is an ULIRG. Morphologically, it consists of a single main 

body, with tidal debris and a strong dust lane. Its A'—band surface brightness 
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profile follows an law to several Kpc (Wright et al .  1990). .A.bout 4 x IO'^.VLT, 

of neutral hydrogen remains in the galaxy, suggesting the gala.xy's star burst is not 

yet dying out. The extinction towards the nuclei of this galaxy is extremely high, 

Av > 10 mag. The mass of the star burst is extremely sensitive to the reddening 

model we chose, with upper limits of 1.3, 3.S, and 38.5% as Ay = 0, Ay oc iV/^as,  

and Av oc Mgas/Matars-, respectively. The age of the burst is not well constrained 

with log^2 = 7.0 ±0.7 Our models also suggest that the progenitors for this merger 

were of type Sb. 

NGC 7252 NGC 7252 is the proto-typical merger. It has a single main body, 

morphologically disturbed but with an underlying law profile typical of an 

elliptical galaxy, as well as two long tidal tails (Schweizer 19S2). Our models 

suggest that N'GC 7252 underwent a burst of star formation approximately 0.5 

Gyr ago that added up to 20% of the stellar mass of the galaxy, depending on the 

reddening model chosen. The progenitor types are unconstrained. Approximately 

1/2 of the galaxy's optical light is contributed by the star burst population. Still a 

strong FIR source with Lpifi = 3 x 10'°L(T), it is likely that NGC 7252 underwent 

an ULIRG phase a few hundred Myr ago. 

5.2.2. Selected Control Galaxies 

We describe the results of several galaxies in the control sample to explore the 

range of results we can expect from out fitting procedure. At one extreme is 

NGC 1832, a normal Sb galaxy where fitting the burst-type star formation history 

gives unphysical results, and at the other MS2, which is the well-known starburst 

galaxy, where our star formation history is completely appropriate. 



NGC 1832 NGC 1S32 is a normal SBb galaxy, without a starburst nucleus 

(Devereux 1989). Our best fitting models suggest a "progenitor type" of Sb-Sc. 

which is in good agreement with the morphological type. The fitting solutions, 

forced to pick a burst age, find log^i = 7.5 ±0.6. The mass varies considerably with 

the reddening chosen for the burst, with unreddened and lightly reddened models 

give burst masses of < 2 %, and heavily reddened models allowing starbursts of 

up to 38.5% of the stellar mass of the gala.xy. Starbursts of this magnitude are 

clearly not observed in NGC 1832, showing the uncertainty that inappropriate star 

formation history and reddening models can add to the solutions of a galaxy. 

NGC 2903 NGC 2903 is a starburst galaxy (VVynn-Williams &: Becklin 1985), 

of morphological type Sc. The fitting results for this gala.xy give the highest 

upper limits on burst mass in the control sample. Our best fitting models show a 

progenitor type of Sa-Sb and a burst age of 10-100 Myr. The fitting results are 

quite sensitive to reddening prescription with burst mass upper limits of 0.6. 1.5. 

and 46.2%, for the unreddened, moderately reddened, and highly reddened models, 

respectively. 

NGC 1569 NGC 1569 is a dwarf Sm galaxy with extremely active star formation. 

Its integrated spectra has Ha+[N II] emission with an equivalent width of 202 X 

(Kennicutt 1992a), although the stellar continuum is quite red, but with few 

absorption lines. This indicates a very young burst, dominated by 0 and B stars, 

which is highly reddened. Our best fitting models give a progenitor type earlier 

than Sab, burst age of 12-90 Myr, and burst mass of less than 14%. even in the 

most heavily reddened case. The burst mass seems quite small for such an active 

dwarf galaxy, but the starburst in NGC 1569 has been dated at about 10 M\'r by 
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several other techniques (Delgado et al .  1997 and references therein). 

M82 MS2 = NGC 3034 is the well-known nearby starburst galaxy. Its fitting 

results are quite similar to those of NGC 2903. VVe find a progenitor type of Sab-Sc 

and best fitting burst age of 10 Myr with an upper limit of 100 Myr. .\gain burst 

mass upper limits are highly reddening dependent at O.S. 1.3, and 44.1% for the 

unreddened, moderately reddened, and heavily reddened cases, respectively. For 

comparison Mcleod et al. (1993) find an upper limit on the burst mass of about 

50% of the stellar mass, in the nucleus of the galaxy. They also find a maximum 

extinction toward the stars of Ay = 12.5 mag, suggesting the highly reddened case 

may be warranted for this galaxy. 

5.3. Comparisons with Previous Work 

The stellar populations in many of these galaxies have been analyzed by other 

groups. A comparison of these analyses to ours is presented in Table 5.10. Some 

care is needed in these comparisons as the data type, region(s) under analysis, and 

method of analysis differ considerably between studies. The notes for Table 5.10 in 

Column 6 include a brief note of the method used to analyze the stellar populations 

(if not EPS), whether the analysis refers to the nucleus of the gala.xy only, and if it 

was made from near-infrared data as opposed to optical data. However, with these 

caveats in mind a general comparison can be made. In general, the progenitor 

types in these mergers are not well constrained by our models, but are not in 

serious disagreement with those previously reported. Our burst masses are often 

inconsistent with those found by other investigators, which are inconsistent among 

themselves. Burst masses we find do tend to be in reasonable agreement with those 



found by other investigators using optical data. The reasons for these variations 

in burst mass may be two-fold. First, all the near-infrared analyses of which we 

are aware are limited to nuclear data. If the spatial distribution of the stellar 

populations is not uniform, e.g. a starburst is concentrated in the nucleus of the 

galaxy, the mass ratios will be different. This is also a problem for optical nuclear 

spectra. Second, in many cases, the amount of extinction toward the nucleus of the 

galaxy is sufficiently high that the optical and infrared data are in effect sampling 

different stellar populations. This will also create an inconsistency in the burst 

mass found. 

There is, in general, consistency in the burst ages found, albeit with relatively 

large uncertainties in our ages in some cases. The ages we find are in agreement 

with those found by investigators using several different methods, from the 

analysis of colors of shell structures in IC 51 (McGaugh & Bothun L990), to young 

globular cluster age dating in NGC 403S/9 (VVhitmore Schweizer 1995). to EPS 

analyses similar to our own (e.g. Kurth 1996). The uncertainty on our burst age 

determination in .\'GC 520 spans the two different burst ages for the two different 

nuclei found by Englebracht (1997) and Bernlohr respectively. The single exception 

in this sample to this agreement is the burst age in NGC 4194, where the ages 

found by three different investigators are all inconsistent with one another. 

The relatively good agreement in burst ages has two potentially important 

implications. The first is that, as expected from our testing procedure, the burst 

age found by our method is relatively insensitive to reddening, even when burst 

mass is severely affected. The second is that the nuclear and global ages are 

consistent with one another, suggesting that, in galaxies where the nuclear light 

does not completely dominate the spectrum, the interaction affects all areas of the 
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galaxy at roughly the same time, either by shutting off disk star formation or by 

initiating a starburst. However, this is not necessarily the case in galaxies where 

the nuclear light dominates the spectrum. NGC 4194. NGC 1222. and .A.rp 241. 

There is also rough agreement in the dynamical ages of the galaxies, and the 

ages we derive for the starbursts. .A.lthough the e.xact timescales depend on the 

orbital geometry of the system and the mass ratio of the galaxies, simulations by 

Barnes Sc Hernquist (1996) can give us an idea of when various morphological 

features appear. In their simulation of the merger of two interacting .Milky Way-like 

gala.xies. they found tidal tails began to form shortly (~ 30 Myr) after the initial 

morphological disturbance of the galaxies. .A bridge between the two galaxies 

formed at about 100 .\Iyr. the main bodies merged at about 250 Myr. with the 

nuclei following close behind around 0.5 Gyr. Tidal tails and other morphological 

features may last 1.5 Gyr or longer. Depending on the bulge-to-disk ratio of the 

interacting gala.xies. star formation may be triggered before the merger of the 

main bodies, or as this merger occurs (Mihos Hernquist 1996). or between 

approximately 30-300 Myr in the above scenario. We derive a burst age for only 

one system outside of these constraints. XGC 4676 at 1 Gyr. which has an implied 

dynamical age of less than about 200 Myr. 

5.4. Spectral Features 

We have put limits on the star formation histories of our merger sample by fitting 

EPS models to our observed spectra. While this provides good, quantitativ'e 

information, the uncertainties are too large to make a meaningful comparison 

between the merger and control samples. To complement the results from from the 

model fitting described in the previous section, we have measured several spectral 
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indices for each galaxy, including the equivalent widths of the Hq+[N II] blend and 

the line, the 41 — 50 continuum color defined in K92, and the Rose (1984.1985) 

indices, Ca II and H^/A4045 as used by Leonardi & Rose (1996). These are given 

in Table 5.9. Typical uncertainties in the equivalent widths are about 10% or 0.4 

A, whichever is greater. Uncertainties in the other quantities are also about 10%. 

These uncertainties are determined by the scatter in repeated measurements. 

Hq equivalent width is plotted against continuum color in Figure 5.24. The 

mergers and the spiral galaxies fall in nearly the same locus in this diagram, with 

outliers from both samples, e.g. NGC 1222 and NGC 1569. This would seem to 

imply that the star formation rates of merger and control samples is nearly the 

same. The distribution of far-infrared luminosities of the blue merger and control 

samples is shown in Figure 5.28. The mean value for the control sample is about 

3 x 10®LQ, while the blue merger sample is centered around 5 x 10'°L,-;. more 

than one order of magnitude higher, indicating a higher level of star formation 

in the blue merger subsample. Since both and Ha emission are indicators 

of current star formation, this result would seem to be in apparent contradiction 

to that implied by Hq. However, the Hq results may, of course, be affected by 

reddening, and the difference in these two indicators seems to imply that, as with 

all starbursts, dust does play a role in obscuring starbursts in the merger sample. 

H^ versus continuum color is plotted in Figure 5.25. Here we begin to see 

a separation of the two samples of gala.xies. For a given continuum color, the 

blue merger sample tends to have a stronger H^ absorption line. Only about half 

the merger sample lies in the locus of points defined by the control sample. The 

three outliers with very blue continuum color but weak H5 absorption are Sc or Sd 

galaxies where the absorption feature is likely to be contaminated by H^ emission. 
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The difference in the two distributions may be understood by making note of the 

fact that Hq emission is sensitive to the current star formation rate, while 

absorption provides information about the integrated star formation history over 

the last few hundred Myr. Thus these two graphs may be interpreted to mean that 

current star formation rates in the two samples are similar, but over the last Gyr. 

many mergers have had more intense star formation than a morphologically normal 

spiral. 

The Rose indices Ca II and H^/A4045 are plotted in Figure 5.26. .A.gain, there 

is a clear separation of merger and control samples, with mergers scattering to 

lower values of the indices indicating stronger Balmer absorption. Most of the 

outliers in the distribution also are mergers. In Figure 5.27 we have over plotted 

the indices of the unreddened models we used to fit the galaxy samples. The solid 

lines are isochrones for pure spiral galaxies with ri = 5 and 15 Gyr and with star 

formation truncated at times 10', 10®, and 10^ yr, respectively. The dashed lines 

are evolutionary tracks for spirals with decay times of ri = o and 15 Gyr and 

are roughly consistent with those found by Leonardi Rose (1996) using their 

models. The dotted line is the evolution of our assumed star burst. Most of the 

galaxies, both mergers and spirals lie within the ri = 15 track, indicating that their 

indices are consistent with a spiral gala.xy with truncated star formation and no 

burst. However, depending on the progenitor galaxy type and burst age, most of 

these galaxies have indices that are also consistent with a starburst in a progenitor 

population. With so many linear combinations of spiral and burst populations 

possible, this method cannot be used to break the age-burst strength degeneracy 

for most of our merger and control samples. Only four galaxies lie to the left of this 

line and so require a burst, NGC 7252, NGC 4194, NGC 1222, and M 82, although 

the relative burst ages implied for those galaxies run counter to those e.xpected 
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from even a casual examination of the spectra, e.g. NGC 1222 and NGC 4194 have 

older implied ages than N'GC 7252. 

There are at least two caveats in interpreting these data. First, the Rose 

indices are unaffected by constant reddening (Leonard! Rose 1996). However, 

when the light contributions from old and young populations are appro.ximately 

equal, differential reddening between old and young populations begins to affect 

the indices. This is an important point to consider for our integrated spectra where 

extinction can vary dramatically over the entire galaxy as seen in Figures 2.3 

through 2.5 and in the global to nuclear values of .4v from Table 5.5. A second 

and perhaps more obvious point is that in strongly star forming galaxies, the 

Balmer absorption features are likely to be contaminated by Balmer emission, again 

pushing the Rose indices to lower values. This can be a large effect in galaxies with 

strong Ha emission. For example, using the observed height of the Ha line, heights 

of H^ and He can be calculated used Case B recombination and .4v' = 1 mag. 

This changes the Ca II index from 0.94 to 0.63 and the H^/A4045 index from 0.9S 

to 0.S5, which moves NGC 4038/9 to about the location of MS2 in Figures 5.26 

and 5.27. 

We find a somewhat puzzling relationship between the burst age found by 

our model fitting procedure and continuum color. This is shown in Figure 5.29. 

Those galaxies with burst ages longer than about 10^ yr have a clear relationship 

between <2 and 41 — 50. Those galaxies having younger starbursts tend to have 

bluer continuum colors, and vice versa. This holds for both the merger and control 

samples. .A.t ages less than 10® yr, however there is no apparent correlation, with 

some of the galaxies with younger bursts having redder continuum than those 

with much more evolved bursts. There is no relation between the burst age and 
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burst mass which could cause this effect (see Figure 5.23), and the distributions 

of continuum color and burst age are unremarkable. Perhaps coincidently. it 

is at about this age or slightly younger that the optical depth in our reddened 

models goes to zero. A plausible scenario is that younger bursts are more strongly 

reddened, so parameters such as galaxy progenitor type make a larger contribution 

to the continuum color. This is complicated by that fact that the burst age we find 

is unaffected by the reddening model we choose. Alternatively, this trend could 

represent a transition in the dominant spectral feature in the models, for example, 

as burst luminosity fades sufficiently so that the 4000 A break and continuum color 

become more important. 

We also note that the model fitting procedure resolves no clear distinction 

between the merger and control samples. Both are equally well fit by the progenitor 

plus burst star formation model, and burst sizes and ages found are roughly 

comparable. A clear difference in the star formation histories as a group is seen, 

however, in the absorption feature, representing the last several hundred Myr 

of star formation, and in the far-infrared luminosity, representing current star 

formation rates. 

Finally, we checked for correlations between HQ equivalent width, the 41-50 

continuum color, equivalent width, the far infrared luminosity, mass of neutral 

hydrogen, the upper limit on burst mass from our model fits, and the best fitting 

burst age. No correlations other than those already discussed were found. 
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5.5. Discussion 

5.5.1. Star Formation Histories 

By fitting EPS mociels to spectra of merging and control galaxies, we were able to 

put quantitative limits on the star formation histories of these galaxies, burst age 

and mass and progenitor type in many cases. The uncertainties in these values tend 

to be large. However, our data is high-quality, and the assumptions we make about 

the form of the star formation history, metallicity, IMF, and reddening models are 

all reasonable ones, and typical of the types of assumptions found in the literature 

(see references in Chapter 1). The uncertainties we find should therefore also be 

typical for EPS values based on optical spectra presented in the literature, unless 

additional constraints are used. This thorough exploration of the uncertainties 

associated with state-of-the-art EPS model fitting is perhaps the most important 

result of this thesis. 

Because the uncertainties in burst age and mass provided by our fitting 

method are quite large, we use a more general, but less quantitative, technique to 

compare the star formation histories of the merger and control samples. We find 

both the current and recent (< 1 Gyr) star formation rates in many mergers to be 

higher than those in galaxies in the morphologically normal control sample, based 

on far-infrared luminosity and Balmer absorption equivalent widths, respectively. 

This implies that the gravitational interaction is responsible for triggering star 

formation in at least some mergers and interacting galaxies. 

5.5.2. Ongoing Star Formation? 

Fitting results on the spiral control sample are similar to those of the blue merger 

sample. They are well fit by our "two burst"" model star formation history even 
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though we expect a priori^ that a single, exponentially declining star "burst" of 

long duration should fit them well. .A.lthough the progenitor types found by the 

fitting procedure are correlated with the galaxies' morphological types, the best 

fitting models tend to show recent truncated star formation and sev^eral galaxies 

show evidence for a young star burst, assuming this star formation history. Our 

fitting procedure does not flag galaxies, by finding large values of that have 

star formation histories substantially different from that we assume. This will also 

be a problem with our merger sample. In spite of good fits by our models, we 

cannot rule out alternative star formation histories. The model fits on the spiral 

control sample would seem to imply that in addition to the star formation history 

inspired by the merger hypothesis of elliptical gala.xy formation, other types of star 

formation, including continuing spiral-like star formation cannot be ruled out. 

We find many of the blue mergers are several e-folding times into their star 

bursts and the have a substantial amount of neutral hydrogen remaining, e.g. 

NGC 3921 and NGC 7252. Hibbard et al. (1994) showed that for NGC 7252. 

the remaining neutral hydrogen resided in the gala.xy's tidal tails, presumably 

unavailable for further star formation. This may be the case for many of the 

mergers, .\nother possible explanation is that neutral hydrogen remaining in the 

main body of the merger was not exhausted in a burst of star formation, and 

is available to feed continuing star formation, as may be the case in NGC 520 

(Hibbard & van Gorkom 1996). To distinguish between these two scenarios. H I 

mapping of several galaxies in an advanced state of merging is needed. 

There is an important consequence to the above arguments. .Although our 

results are consistent with the hypothesis that merging gala.xies evolve to form 

elliptical galaxies, we cannot rule out the possibility that some mergers may evolve 



into a more-or-less normal spiral galaxy, based on a stellar populations analysis 

alone. If this were indeed the case, it is in apparent contradiction to N-body 

simulations of merging galaxies of approximately equal mass (see e.g. Barnes ^ 

Hernquist 1992, but see Barnes 1996 for mergers between galaxies of unequal mass). 

5.5.3. IMF 

We showed in Chapter 3 that metallicity created little uncertainty in the burst 

age and mass in blue gala.xies, so we need apply no correction e.xcept possibly for 

NGC 3303 and NGC 3656. However, we also showed that choice of IMF did impact 

the burst mass found in blue mergers, with 

fb{Scalo) % 2 x flj(Satpeter) • 

Our lower limits for the mass in young stars (age < 1 Gyr). and even most of our 

upper ones, are within physical expectations (< 10%) for spiral progenitor galaxies. 

.Applying the rough Salpeter to Scalo "correction" above, shows that most of the 

galaxies have burst masses consistent even with a Scalo IMF. with a few exceptions, 

e.g. NGC 3448 and NGC 3921. However, as with all mass determinations for 

this subsample, the results are highly reddening-dependent. .A. more definitive 

exploration of this issue must await burst mass estimates which are less sensitive 

to reddening. 

5.5.4. Effects of Reddening 

We repeat here the main conclusion of Section 3.3.6, that although metallicity, 

choice of IMF, and star formation history may affect the burst mass found. 

reddening, by far, is the largest source of uncertainty in determining the mass of 

a starburst in this method. Very simply, we cannot measure what we cannot see. 
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and with .4^ > 10 for the nuclei of some systems, this light is effectively completely 

obscured in the optical. The mass found is extremely sensitive to the reddening 

prescription used in the models. The results from the control galaxies .NGC 1832 

and M82 stand as a cautionary tale. Using unreddened models for \IS2 results 

in a starburst mass that, at < 1 % of the stellar ma^s, is much too small. On 

the other hand, using the same reddened models for N'GG 1832, where they are 

not appropriate, results in the unphysically large burst mass of 35%. To get the 

correct mass from optical data, the reddening must be accounted for correctly, 

and the appropriate reddening prescription may well be different for each galaxy. 

For this reason, as emphasized before, we present the range of burst masses as an 

illustration of the uncertainties involved, and not to make a definitive measurement. 

Any conclusions drawn from the burst masses we find are. by necessity, tentative 

ones such as those about the appropriateness of the Salpeter or Scalo IMFs. 

Since reddening or differential reddening introduces such large uncertainty in 

the burst masses, and some other measurements, like Ha equivalent widths, it is 

also important to emphasize which of our results are unaffected by such effects. 

.A.lthough, burst mass is uncertain, the burst ages appear to be robust. The burst 

ages returned are unchanged by the choice of reddening model, and are in general 

consistent with those found by other investigators. .A.lso unaffected is our conclusion 

that the star formation rates in the blue merger sample are higher than those in the 

control sample. While Ha measurements are affected by differential reddening, the 

luminosity of such star formation escapes in the far-infrared where it is observable. 

Finally, the Rose indices, and equivalent widths indicated stronger Balmer 

absorption and therefore stronger star formation in the past Gyr in the blue merger 

sample than in the control sample. .Any extinction in such a post-burst population 

would tend to weaken the light contribution of that population, and the optical 
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spectrum would be dominated by the older population. Since the merger sample 

appears to be more dusty, on average, than the control sample, this effect would 

weaken the difference between the control sample and merger sample. The fact 

that we see it even in the presence of reddening indicates it is a strong effect. 

5.6. Summary and Conclusions 

• Spectra of the blue merger sample are quite diverse, with starbursting 

galaxies, to E-f-.A., to galaxies with red stellar continuum. Many of the 

galaxies in this sample contain a substantial amount of dust. 

• By fitting EPS models to spectra of merging and control galaxies, we were 

able to put quantitative limits on the star formation histories of these 

galaxies. Special emphasis was placed on quantifying the uncertainties in this 

process, both observational and systematic. This thorough exploration of the 

uncertainties associated with state-of-the-art EPS model fitting is perhaps 

the most important result of this thesis. 

• Extinction and reddening introduced by the presence of dust contributes the 

largest single source of uncertainty in determining the mass of a starburst. 

Burst masses we find are in general extremely sensitive to the reddening 

prescription used in our models. 

• Burst ages appear to be unaffected by reddening as judged by the consistency 

between reddened and unreddened model fits, and comparison with values 

found by other investigators, working in both the optical and NIR. 

• We find higher current and recent rates of star formation in the merger 

sample than the control sample based on far-infrared luminosities and 
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Balmer absorption strengths, respectively. This implies that the interaction 

is responsible for triggering star formation in at least some merging and 

interacting gala-xies. 

VV'e cannot distinguish between our standard star formation history, based 

on the merger hypothesis of elliptical gala.xy formation, and alternate star 

formation histories, such as those more appropriate to ongoing spiral-type 

star formation, based on our model fits alone. 

.A. Salpeter (19o5) IMF appears to be an adequate one to describe star 

formation in these gala.xies. VV'e find no bursts with masses that are 

unphysical. 
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Table 5.1. Blue Mergers-Best Fits 

Galaxy 2 
X min 71 t2 !b(%) 

IC 51 1464 15 ± 2.6 7.6 ± 1.2 0.1 ± 1.0 
NGC 520 2443 6 ± 0.7 7.7 ± 0.7 0.1 ± 0.8 
NGC 523 1366 4 ± 0.7 8.0 ± 0.4 0.2 ± 0.2 
NGC 1222 2627 7 ± 2.5 7.3 ± 0.7 < 2.0* 
NGC 1614 1194 11 ± 10.9 7.6 ± 0.6 0.5 ± 0.8 
NGC 2623 2111 15 ± 7.5 8.4 ± 0.4 2.6 ± 0.8 
Arp 195 1510 4 ± 2* < 8.4* < 1.0* 

NGC 2782 1257 6 ± 0.6 7.5 ± 0.8 0.1 ± 0.8 

NGC 3303 2446 3 ± 37.4 9.0 ± 1.0 1.4 ± 1.5 
NGC 3448 1242 > 5* 8.5 ± 0.1 5.2 ± 3.0* 

NGC 3656 1167 3 ± 0.5 7.1 ± 1.5 < 7.0* 
NGC 3921 4275 2 ± 24.9 8.9±0.1* 15.3 ± 6.8 
NGC 4038/9 3058 6 ± 13.4 < 8.6* 0.0 ± 2.5 
NGC 4194 1611 15 ± 10* 8.4 ± 0.1 * 3.2 ± 2.5* 
NGC 4676 6119 3 ± 12* 9.0 ± 0.3* <50* 

IC 883 2208 11 ± 7.6 8.6 ± 0.1* 7.5 ± 0.8 

NGC 5278/9 3516 1 ± 44.6 8.9 ± 0.1 9.5 ± 8.4 
Arp 241 2415 10 ± 6.4 7.5 ± 0.3 0.1 ± 1.3 
Arp 220 3826 5 ± 0.9 7.5 ± 0.7 0.1 ±0.7 
NGC 6621/2 2426 6 ± 11.4 7.6 ± 6.2 0.1 ± 10.9 
NGC 7252 6068 15 ± 18.0 8.6 ± 0.1 5.5 ± 3.8 

*Uncertainties or limits derived by eye from contour 
plot. 
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Table 5.2. Blue Mergers-Limits 

Galaxy < age > Max % Min 7c 

<1 Gy r <0.5 Gyr <1 Gyr <0.5 Gyr 

IC 51 •J.D_o.o 7.56 4.06 4.87 2.-53 

XGC 520 5.56 2.63 1.61 1.25 

NGC 523 T.ot'oi 3.23 1.46 1.13 0.80 

NGC 1222 7.57 3.92 0.94 0.94 

NGC 1614 = 7+1-
•J-'-0.1 7.64 4.00 2.70 1.96 

NGC 2623 5 7+3-« •J-' -0.1 S.61 5.14 3.38 3.17 

-A^rp 195 ' -"-0.4 3.44 1.64 1.35 0.93 

NGC 27S2 fi 4+'-' "•^-0.4 5.49 2.-58 2.15 1.42 

NGC 3303 8.31};? 2.19 0.24 0.00 0.00 

NGC 344S 5 6"^^ " 12.08 8.78 7.29 5.50 

NGC 3656 - ,1+0-9 1.56 0.86 0.77 0.-55 

NGC 3921 T.6lii 61.87 2.17 6.23 0.35 

NGC 403S/9 6.4:^;? 6.71 3.06 1.80 1.27 

NGC 4194 o.Gt'oi 9.53 6.10 4.89 3.99 

NGC 4676 "•11^3 18..3S 2.15 2.53 0.03 

IC SS3 •5-oto:o 11.65 S..34 5.22 -5.21 

NGC 5278/9 8.9l?-i 30.92 2.75 2.54 0.05 

.\rp 241 5.9ii;^ 7.23 3.64 2.96 1.86 

.Arp 220 6.61^;^ 5.60 2.68 1.83 1.07 

NGC 6621/2 6.25 2.80 1.58 1.33 

NGC 7252 o.6Z^ 20..52 9.09 4.02 3.23 
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Table 5.3. Spiral Control Sample-Best Fit 

Galaxy • A. mm Tl h M % )  

NGC 1357 2344 2± 1" 8.0 ±0.7 < 0.7-

NGC 2775 1288 2± 1.0 7.8 ±0.7 0.0 ± l.S 

NGC 3623 794 1 ±4" 9.1 ±0.5" 3.9 ± 3.5 

NGC 3368 522 2 ± 0.3 8.1 ± 0.2 0.1 ±0.3 

NGC 18.32 1425 6± 1.4 7.5 ± 0.6 0.1 ±0.4 

NGC 3147 2327 4 ± 10.5 < 8.7- < 0.4-

NGC 3627 835 5 ± 0.4 7.0 ± 1.0 0.0 ± 0.5 

NGC 4750 1555 4 ± 1.5 / .6 ± 0.4 < 1.0-

NGC 5248 1618 4± 1.6 7.6 ± 0.8 0.2 ±0.1 

NGC 6217 2287 15 ± 6.9 < 8.5' 2.8 ± 1.1 

NGC 2276 3281 15 ± 17.5 7.7 ± 0.5 0.7 ± 1.5 

NGC 2903 1238 4± l.S 7.6 ± 0.5 0.2 ± 0.2 

NGC 4631 3297 15 ±60.1 8.3 ± 0.6 6.7 ± 4.7 

NGC 4775 3018 15 ± 16.2 8.3 ±0.1 4.9 ± 1.2 

NGC 6181 1668 8 ± 12.0 7.5 ± 0.8 < 1.5-

NGC 6643 2426 14 ± 7.4 < 8.6" 3.7 ± 1.0 

NGC 1569 2535 2± l.S 7.0 ±0.4 0.2 ± 0.2 

NGC 4449 2228 15 ± 10.7 8.2 ±0.1 5.7 ± 1.4 

NGC 4485 2802 15 ± 21.4 8.4 ± o . r  8.7 ±5.0" 

NGC 4670 2021 15 ± 9.9 8.1 ±0.1 2.5 ± 0.7 

M 82 2057 7 ± 2.3 7.3 ± 0.7 < 1.5" 

"Uncertainties or limits derived by eye from contour 
plot. 
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Table 5.4. Spiral Control Sample-Limits 

Galaxy < age > Max % Min % 

<1 Gyr <0.5 Gyr <1 Gyr <0.5 Gyr 

NGC 1357 S.2t^;H 1..38 0.68 0.15 0.15 

NGC 2775 0.93 0..58 0.09 0.08 

NGC 3623 Q ^•^—2.2 2.06 0.37 0.01 0.00 

NGC 3368 8-2tS:? 0.61 0.40 0.44 0.20 

NGC 18.32 6.4tii 5..32 2.58 2.31 1.37 

NGC 3147 4.85 2.40 1.11 0.95 

NGC 3627 6.6l°j 4.20 2.01 2.64 1.33 

NGC 47.50 6.9l^:S 2.60 1.33 0.87 0.65 

NGC 5248 6.91^;', 3.47 1.69 0.87 0.84 

NGC 6217 O.D_o 1 8.77 5.31 3.44 3.07 

NGC 2276 5 fi+2.5 •J.O_o.O 8.40 4.83 2.31 2.09 

NGC 2903 6.9t°j 3.56 1.77 1.70 0.93 

NGC 4631 = a+3A 
•^•'*-0.1 14.54 11.27 5.64 5.64 

NGC 4775 r =+3.4 
0.0_o.i 12.07 8.70 4.25 4.25 

NGC 6181 6---0.6 7.30 3.64 2.27 1..52 

NGC 6643 •5.7tg.1 9.69 6.30 3.95 3.05 

NGC 1569 S.ltk: 1.60 0.82 0.14 0.14 

NGC 4449 5.415:! 13.48 10.15 5.46 5.22 

NGC 4485 •5.31^;^ 14.79 12.69 6.18 5.98 

NGC 4670 :;+l-0 
0.0_o,o 9.40 5.88 5.75 3.71 

M 82 O---0.5 6.72 3..34 2.10 1..34 
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Table 5.5. Reddening Values for Selected Mergers 

Galaxy Av (nuclear) Av (global) Method Source 

NGC 520 11 3.7 H-I< 1 

12.3 H-I< 2 

NGC 1614 4.8 3.4 H-I< 1 

3.3-5.2 H-I<, Pa/J/Br[, [Fell] 2 

4.9 J- H, H-I< 3 

2.3 Ha/Hf), Hf)/HI 4 

NGC 2623 6.6 5.4 H-I< 1 

3.8 J- H, H-I< 3 
NGC 2782 5.0 3.7 H-I< 1 

1.5-4.6 H-I<, Pa!J/Br[, [Fell] 2 

NGC 3303 0.5 0.0 H-I< 1 

0.1 Ha/H/J, Hf)/HI 4 

NGC 3656 6.1 3.8 H-I< 1 

NGC 3921 1.4 1.1 H-I< 1 

NGC 4194 3.0 1.6 H-I< 1 

3.5-4.4 H-I<, Pa/J/Br[, [Fell] 2 
1.1 Ha /HI), HI) /H 1 4 

IC 883 6.1 1.4 H-I< 1 
3.1 Ha/H/J, Hf)/HI 4 

Arp 220 14 10 H-I< 1 

6.4 J- H, H-I< 3 
NGC 7252 1.9 3.7 H-I< 1 

Sources: (1) derived from H - I{ color of Bushouse & Stanford (1992), 
assuming (H- I<)o == 0.2, and E(H- I<)/Av == 0.063 (Rieke & Lebofsky 
1985), as in Englebracht (1997), (2) Englebracht (1997), (3) Shier (1995), ( 4) 
Liu & Kennicutt (1995a) 
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Table 5.6. .4v' Values Applied to Models 

.4v oc ^Igaa -4v oc jVIgas/^Istars 

h Ay Tl •4v Ay n Av 

(log yr) (mag) (Gyr) (mag) (log yr) ( mag) (Gyr) (mag) 

7.0 1.4 3 0.0 7.0 8.7 3 0.0 

7.5 1.1 5 0.2 7.5 2.5 5 0.1 

S.O 0.6 8 0.4 8.0 0.5 8 0.4 

8.5 O.I 11 0.6 8.5 0.0 11 0.6 

9.0 0.0 14 0.7 9.0 0.0 14 0.9 
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Table 5.7. Blue Mergers-Burst Mass Dependence on .Av Prescription 

Galaxy 

o
 

II Av oc ^'^gas / ̂ ^atars 
Min Best Max Min Best Max Min Best Max 

IC 51 0.0 0.3 1.7 1.9 3.4 6.0 1.9 5.2 5.8 

NGC 520 0.0 0.0 1.0 0.0 0.2 2.0 0.0 0.9 14.2 

NGC 523 0.0 0.1 1.1 0.0 0.2 10.4 0.0 0.8 10.1 

NGC 1222 0.1 0.4 1.5 1.1 1.8 3.2 1.1 1.6 8.5 

NGC 1614 0.1 0.3 1.2 1.6 2.6 3.1 1.5 3.7 4.2 

NGC 2623 0.0 2.4 3.5 2.5 3.0 4.6 2.2 2.9 4.4 

.A.rp 195 0.0 0.3 1.0 0.0 1.0 1.2 0.4 22.7 28.1 

NGC 27S2 0.0 0.0 1.3 0.0 0.9 1.6 0.5 0.7 26.6 

NGC 3303 0.0 0.0 6.2 0.0 0.0 6.2 0.0 1.9 6.2 

NGC 344S 4.5 4.9 4.9 4.6 5.6 7.2 4.5 5.6 7.0 

NGC 3656 0.0 0.0 O.S 0.1 0.1 3.4 0.3 7.7 18.6 

NGC 3921 6.1 14.9 .58.6 6.1 13.9 92.7 6.1 13.9 100. 

NGC 4038/9 0.0 0.0 2.1 0.0 0.0 8.1 0.0 0.0 7.8 

NGC 4194 1.4 3.1 4.2 2.6 3.5 4.1 2.6 3.4 4.0 

NGC 4676 0.0 17.0 53.7 1.9 17.0 100. 1.9 16.3 100. 

IC SS3 4.2 4.4 6.2 4.4 5.1 6.6 4.4 5.1 6.4 

NGC 527S/9 0.0 9.5 100. 2.6 9.5 100. 2.6 9.5 100. 

Arp 241 0.0 0.1 2.1 0.9 1.7 3.1 O.S 1.6 4.5 

Arp 220 0.0 0.0 1.3 0.0 1.1 3.8 0.5 32.1 38.5 

NGC 6621/2 0.0 0.0 1.7 0.0 1.4 4.3 0.0 0.0 7.3 

NGC 7252 0.0 5.0 8.3 3.7 9.5 12.5 3.6 8.3 19.2 
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Table 5.8. Spiral Control Sample-Burst Mass Dependence on A;/ Prescription 

Galaxy 

O
 II OC .4v/ OC V/ /-V/j(ars Galaxy 

Min Best Max Min Best Max Min Best Max 

NGC 1357 0.0 0.1 0.7 0.0 0.3 16.7 0.1 26.9 26.9 

NGC 2775 0.0 0.0 0.9 0.0 0.3 7.4 0.1 4.5 11.9 

NGC 3623 0.0 3.9 6.2 0.0 3.9 6.2 0.0 3.9 6.2 

NGC 3368 0.0 0.1 0.3 0.0 3.1 7.1 0.0 3.1 12.0 

NGC 1832 0.0 0.0 1.2 0.7 1.4 1.9 0.9 35.5 38.5 

NGC 3147 0.0 0.0 2.4 0.0 1.6 2.5 0.0 1.6 7.4 

NGC 3627 0.0 0.0 0.7 0.0 1.2 2.3 3.4 25.5 29.6 

NGC 4750 0.0 0.0 0.9 0.0 0.8 2.7 0.7 26.6 26.6 

NGC 5248 0.0 0.1 0.9 0.1 0.8 1.6 0.3 1.5 16.9 

NGC 6217 0.0 2.7 4.1 2.9 3.7 4.7 2.6 3.5 4.7 

NGC 2276 0.1 0.7 2.5 2.3 3.7 4.1 2.1 3.3 3.6 

NGC 2903 0.1 0.2 0.6 0.5 1.4 1.5 11.2 24.4 46.2 

NGC 4631 4.2 6.5 9.2 5.9 7.8 8.7 4.4 7.1 8.1 

NGC 4775 2.4 4.8 6.4 4.1 6.4 6.4 3.6 5.8 5.9 

NGC 6181 0.1 0.3 1.4 1.0 1.2 2.3 0.9 1.3 1.7 

NGC 6643 0.0 0.0 4.6 2.7 4.0 5.7 2.6 4.4 7.9 

NGC 1569 0.1 0.2 0.5 0.8 0.9 1.2 5.2 9.6 13.2 

NGC 4449 2.9 4.1 5.7 5.9 8.6 8.9 4.4 7.2 7.9 

NGC 4485 5.1 8.4 8.5 5.6 8.3 10.5 5.3 7.6 10.1 

NGC 4670 1.0 2.6 3.5 4.3 5.4 5.4 3.8 4.6 4.8 

M 82 0.1 0.1 0.8 0.2 0.8 1.3 0.5 0.8 44.1 
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Table 5.9. Blue Mergers-Line Indices 

Galaxy 41 - 50 EVV(H^) EVV(Ha+[N 11]) Ca II H^/Fe IA4045 

IC 51 0.39 -5.2 32 0.77 0.79 

NGC 520 0.58 -4.9 7 0.78 0.79 

NGC 523 0.66 -2.3 21 1.00 0.84 

NGC 1222 0.41 1.9 153 1.12 0.76 

NGC 1614 0.41 -3.0 105 0.82 0.81 

NGC 2623 0.41 -7.0 8 0.74 0.67 

.A.rp 195 0.57 -2.6 0.87 0.88 

NGC 2782 0.48 -2.4 51 0.83 0.87 

NGC 3303 0.87 -0.4 16 1.20 0.99 

NGC 3448 0.22 —6.7 54 0.85 0.74 

NGC 3656 0.60 -3.7 10 0.78 0.84 

NGC 3921 0.50 -3.8 9 0.80 0.70 

NGC 4038/9 0.47 —0.5 63 0.94 0.98 

NGC 4194 0.27 -3.6 109 0.93 0.84 

NGC 4676 0.63 —5.3 15 1.16 0.80 

IC 883 0.37 -7.2 27 0.67 0.66 

NGC 5278/9 0.47 -2.3 33 0.90 0.85 

Arp 241 0.40 -2.3 48 0.95 0.88 

Arp 220 0.51 -3.3 16 0.93 0.81 

NGC 6621/2 0.57 —4.5 19 0.78 0.74 

NGC 7252 0.35 -6.4 20 0.96 0.66 
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Table 5.10. Comparison with Previous Results 

Galaxy Progenitor 
Type 

Burst Age 
{log yr) 

Burst Mclss 

( % )  

Source Notes 

IC 51 Sc-Sm 7.6 ± 1.2 0-6 1 
8.5-9.3 2 shell colors 

NGC 520 Sb 7.7 ± 0.7 < 14.2 I 
7.1 3 nucleus, NIR 

8.3-8.5 20-30" 4 2nd nucleus 
NGC 1614 Sa-Sm 7.6 ± 0.6 0.1-4.2 I 

7.0 23 3 nucleus, .NTR 
7.1 49 5 nucleus. NIR 

Sc 7.5 5 6 nucleus 
NGC 2623 Sb-Sm 8.4 ±0.4 < 4.6 I 

> 7.0 5 nucleus. NIR 
Sb-Sc 8.3-8.6 4-20 6 nucleus 

NGC 2782 Sb 7.5 ± 0.8 < 26.6 1 
~ 7.0 3 3 nucleus. NIR 

NGC 3303 E-Sm > 8.0 < 6.2 1 
Sa 0 6 nucleus 

NGC 3921 E-Sm 8.9 ±0.1 > 6.1 1 
8.7-9.0 ~ 10 7 UBV colors 

Sb-Sc 8.5-9.2 2-30 6 nucleus 
NGC 4038/9 E-Sm < 8.6 < 8.1 1 NGC 4038/9 

>7.0 8 glob, clusters 
N4194 Sb-Sm 8.4 ±0.1 1.4-4.2 1 

glob, clusters 

7.1 12 3 nucleus. NTR 
Sb ~ 8.0 2.3 6 nucleus 

Arp 220 Sb 7.5 ± 0.7 < 3S.5 1 Arp 220 
~ 8.0 72 5 nucleus. NIR 

NGC 6621/2 E-Sm <8.6 < 7.3 1 NGC 6621/2 
Sa 0 6 nucleus 

NGC 7252 E-Sm 8.6 ±0.1 < 19.2 1 
Sc 9 PI I map 

8.0-9.0 0.6-12.1 10 UBV colors 
Sc 8.6-9.1 4-35 6 
Sc 9.1-9.3 20-50 11 nucleus 

'IMF dependent 

Sources: (1) this paper, (2) McGaugh fe Bothun (1990), (3) Englebracht (1997), 
(4) Bernlohr (1993b), (5) Shier (1995), (6) Kurth (1996), (7) Schweizer (1996). (8) 
VVhitmore & Schweizer (1995), (9) Hibbard et al. (1994), (10) Schweizer Seitzer 
(1992), (11) Fritze-von Alvensleben &; Gerhard (1994). 
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Figure 5.1 Results for the blue merger sample. Burst age, t 2 , is plotted against 
progenitor type, T1 . x2 is contoured with solid lines and fb with dashed lines. The 
location of X~in is marked with a cross. x2 is contoured at (1.05, 1.1, 1.2, 1.5, 2, 5, 
10, 20, 50)X~in· f b is contoured at (0.1, 0.2, 0.5 , 1, 2, 5, 10, 20, 50, 100) percent 
total stellar mass fraction increasing in all cases from bottom to top of graph. 
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Figure 5.2 Results for the blue merger sample. x2 is contoured with solid lines and 
fb with dashed lines . The location of X~in is marked with a cross. Contours are as 
in Figure 5 .1. 
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Figure 5.3 Results for the blue merger sample. x2 is contoured with solid lines and 
fb with dashed lines . The location of X~in is marked with a cross . Contours are as 
in Figure 5.1. 
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Figure 5.4 Best fitting models and residuals for the blue merger sample. The 
emission line-cleaned galaxy spectrum is plotted as a series of points, the best fit 
model is plotted as a solid line, the progenitor populations as a dashed line, the 
burst population as a dotted line, the continuum contribution as a long-dashed line, 
and the residual is plotted as a dot-dashed line. 
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Figure 5.5 Best fit models and residuals for the blue merger sample. Galaxy, model, 
and residual are plotted as in Figure 5.4. 
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Figure 5.6 Best fit models and residuals for the blue merger sample. Galaxy, model, 
and residual are plotted as in Figure 5.4. 
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Figure 5. 7 Results for the spiral control sample. x2 is contoured with solid lines and 
fb with dashed lines . The location of X~in is marked with a cross. Contours are as 
in Figure 5.1. 
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Figure 5.8 Results for the spiral control sample. x2 is contoured with solid lines and 
fb with dashed lines. The location of X~in is marked with a cross . Contours are as 
in Figure 5.1. 
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Figure 5.9 Results for the spiral control sample. x2 is contoured with solid lines and 
fb with dashed lines. The location of X~in is marked with a cross. Contours are as 
in Figure 5.1. 
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Figure 5.10 Best fit models and residuals for the spiral control sample. Galaxy, 
model, and residual are plotted as in Figure 5.4. 
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Figure 5.11 Best fit models and residuals for the spiral control sample. Galaxy, 
model, and residual are plotted as in Figure 5.4. 
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Figure 5.12 Best fit models and residuals for the spiral control sample. Galaxy, 
model, and residual are plotted as in Figure 5.4. 
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Figure 5.13 .A.ge vs. mass for allowed star bursts in the blue merger sample. Dark 
areas represent regions of acceptable solutions. There is a clear age-mass degeneracy. 
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Figure 5.14 Age vs. mass for allowed star bursts in the blue merger sample. Dark 
areas represent regions of acceptable solutions. There is a clear age-mass degeneracy. 
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Figure 5.15 Age vs. mass for allowed star bursts in the blue merger sample. Dark 
areas represent regions of acceptable solutions. There is a clear age-mass degeneracy. 
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Figure 5.16 Age vs. mass for allowed star bursts in the blue merger sample. Dark 
areas represent regions of acceptable solutions. There is a clear age-mass degeneracy. 
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Figure 5.17 .\ge vs. mass for allowed star bursts in the blue merger sample. Dark 
areas represent regions of acceptable solutions. There is a clear age-mass degeneracy. 
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Figure 5.18 Age vs. mass for allowed star bursts in the blue merger sample. Dark 
areas represent regions of acceptable solutions. There is a clear age-mass degeneracy. 
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Figure 5.19 Results for representative sample of blue galaxies fit with reddened 
models where Av ex M9 as · x2 is contoured with solid lines and fb with dashed lines . 
The location of X~in is marked with a cross . Contours are as in Figure 5.1. 
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Figure 5.20 Results for representative sample of blue galaxies fit with reddened 
models where Av ex Mgas/ Mstars· x2 is contoured with solid lines and fb with 
dashed lines. The location of x;.in is marked with a cross . Contours are as in Figure 
5.1. 



169 

NGC 520 NGC 3303 

log f, (%) log f (55) 

NGC 4194 !C 883 

log f (7.) log (%) 

NGC 3623 MGC 3147 

log f {%) log (%) 

NGC 4775 NGC 1559 

log f (X) log f (5J) 

Figure 5.21 Age vs. mass for allowed star bursts from fitting using models reddened 
where Av oc Mgaa- Dark areas represent regions of acceptable solutions. 
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Figure 5.22 Age vs. mass for allowed star bursts from fitting using models reddened 

where Ay oc MgasjM,tars-  Dark areas represent regions of acceptable solutions. 
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Figure 5.23 Upper limit on burst mass plotted against best fitting burst age. Control 
galaxies are marked with open triangles and blue mergers with filled squares. The 
solid and dotted lines represent a burst of 5% mass multiplied by where 
Av is determined from our reddening models. 
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Figure .5.25 E\'V(H<J) vs. continuum color for both samples of blue galaxies. Control 
galaxies are marked with open triangles and blue mergers with filled squares. 

Galaxies with stronger absorption have E+A type spectra, while those with 
weaker absorption are contaminated by emission. 
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Figure 5.26 Rose Indices Ca II vs. H<f/A4045. Control galaxies are marked with 
open triangles and blue mergers with filled squares. Smaller values for both indices 
indicate stronger Balmer absorption. 
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Figure 5.27 Rose Indices Ca II vs. H^/A4045. Identical to Figure 5.26 with model 
index values overlain. The solid lines are isochrones for a pure spiral galaxy with star 
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Figure 5.28 Distribution of LpfR for merger and control samples. The histogram 
for the total number of galaxies in both samples is drawn with a solid line. The 
histogram for the blue merger sample only is shaded. 
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Figure 5.29 Best fitting burst age found through model fitting procedure plotted 

against the continuum color, 41-50. Control galaxies are marked with open triangles 
and blue mergers with filled squares. The galaxies separate into two clear groups. 



ITS 

CHAPTER 6 

CONCLUDING REMARKS 

6.1. Summary 

To examine the stellar populations of interacting or merging galaxies, a sample of 

28 objects with disturbed morphology was drawn from the Arp Atlas of Peculiar 

Galaxies (1966). We obtained integrated spectra of these gala.xies. to study 

their global star formation histories and provide a database for comparison with 

morphologically disturbed galaxies at high redshift. Quantitative star formation 

histories were determined by fitting evolutionary population synthesis models 

to these integrated spectra. Special emphasis was placed on observational and 

systematic uncertainties, e.g. IMF, metallicity, and reddening. The merger sample 

was divided into two subsamples for comparison with morphologically normal 

galaxies. The red subsample consists of galaxies whose spectra resemble those of 

early-type galaxies, while the blue subsample has moderate to strong HQ emission. 

Summarizing our conclusions for the red merger subsample: 

• A significant fraction of galaxies in a morphologically selected sample of 
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mergers and interacting galaxies have integrated spectra resembling those of 

early-type galaxies. 

The stellar populations implied by the spectra of the red merger sample 

are indistinguishable from those in a control sample of SO galaxies. Small 

differences in the upper limits on recent star formation between these mergers 

and a sample of elliptical galaxies may be due to metallicity effects. 

The minimum amount of star formation required in the last 1 Gyr is 

consistent with zero for all of the red merger and the E/SO samples. 

The maximum amount of new star formation allowed ranges from 0.2-3.2% 

by mass in the merger sample and 0.0-2.7% in the E/SO control sample. .\ 

star burst of 3% of the stellar mass of an L* galaxy would require that gala.xy 

to pass through a luminous infrared galaxy phase about 1 Gyr ago. 

Summarizing our conclusions for the blue merger subsample: 

Spectra of the blue merger sample are quite diverse, with starbursting 

galaxies, to E-f-.A., to galaxies with red stellar continuum. Many of the 

galaxies in this sample contain a substantial amount of dust. 

By fitting EPS models to spectra of merging and control galaxies, we were 

able to put quantitative limits on the star formation histories of these 

galaxies. Special emphasis was placed on quantifying the uncertainties in this 

process, both observational and systematic. This thorough exploration of the 

uncertainties associated with state-of-the-art EPS model fitting is perhaps 

the most important result of this thesis. 
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• Extinction and reddening introduced by the presence of dust contributes the 

largest single source of uncertainty in determining the mass of a starburst. 

Burst masses we find are in general extremely sensitive to the reddening 

prescription used in our models. 

• Burst ages appear to be unaffected by reddening as judged by the consistency 

between reddened and unreddened model fits, and comparison with values 

found by other investigators, working in both the optical and N'IR. 

• We find higher current and recent rates of star formation in the merger 

sample than the control sample based on far-infrared luminosities and 

Balmer absorption strengths, respectively. This implies that the interaction 

is responsible for triggering star formation in at least some merging and 

interacting galaxies. 

• We cannot distinguish between our standard star formation history, based 

on the merger hypothesis of elliptical galaxy formation, and alternate star 

formation histories, such as those more appropriate to ongoing spiral-type 

star formation, based on our model fits alone. 

• A. Salpeter (1955) IMF appears to be an adequate one to describe star 

formation in these galaxies. We find no bursts with masses that are 

unphysical. 

6.2. Directions for Future Work 

Much more work remains to be done on the stellar populations of merging galaxies 

before we have a thorough understanding of them. In particular, determining the 

mass of stars formed in a merger is a difficult problem. Infrared spectra could 
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be acquired since these data are less affected by reddening. However, one would 

be need to be careful to nnatch the spatial scale of the population under study, 

since there may be a significant difference between the nuclear and global stellar 

populations of a galaxy. .Also EPS models that take reddening evolution into 

account explicitly could be developed or improved to reduce the uncertainty in the 

reddening and therefore the burst masses found using optical spectra. 

The spatial distribution of the star formation can also be explored. DifTerences 

in the global and nuclear reddening, thought to be associated with ongoing star 

formation, hint that starbursts may be occurring primarily in the nuclei of mergers. 

However, long slit observations and imaging studies could be used to test this 

assumption explicitly. Also in question is the degree to which the merger will mix 

the progenitor stellar populations. Can a merger create stellar population gradients 

or does it destroy them? 

Finally, the relationship of the stellar populations in mergers should be 

compared to other properties of the merger. How do they compare with the 

kinematics, gala.\y environment, or merger age as determined from morphology 

and/or N-body simulations? Exploration of some of the predictions of numerical 

simulations, like those of Mihos Hernquist (1996) is needed. 

Each of these questions is sufficiently broad as to be the topic of a thesis in its 

own right, but are the next logical steps to understanding the stellar populations 

in interacting galaxies and mergers. 



REFERENCES 

182 

Arp, H. 1966, Atlas of Peculiar Galaxies (California Institute of Technology, 
Pasadena) 

Baleisis, A., Kennicutt, R. C.. <k Turner. M. 1998. in prep 

Barnes, J. 1996, in Formation of the Galactic Halo...Inside and Out. eds. H. 

Morrison ^ A. Sarajedini (.A.stronomical Society of the Pacific, San 
Francisco) p. 415 

Barnes, J. E. <L: Hernquist, L. E. 1991. ApJ, 370, L65 

Barnes, J. E. & Hernquist, L. 1992. ARAc^'A. 30. 705 

Barnes, J. E. & Hernquist, L. 1996. .ApJ, 471. 115 

Bernlohr, K. 1993a, .\&A, 268, 25 

Bernlohr, K. 1993b, .A^fcA, 270, 20 

Bressan, .A.., Fagotto, F., Bertelli, G., k Chiosi, C. 1993, .A.<L'.AS, 100. 647 

Bruzual, 0. &: Chariot, 1993, .\pJ, 405, 538 

Bruzual, G. & Chariot, S. 1998, in prep 

Bushouse, H. A. 1987, ApJ, 320, 49 

Bushouse, H. .A^. Stanford, S. .A. 1992, .ApJS, 79, 213 

Cataloged Galaxies and Quasars Observed in the fRAS Survey, Version 2. 19S9. 
prod, by L. Fullmer &: C. Lonsdale under the direction of the Joint IR.A.S 

Working Group (Pasadena: Jet Propulsion Laboratory) 

Charbonnel, C., Meynet, G.. Maeder, .A.., k. Schaerer, D. 1996, .A&.AS, 115. 339 

Chariot, S., Worthey, G., & Bressan, A. 1996, .A^pJ, 457, 625 

Colless, M., Ellis, R. S., Broadhurst, T. J., Taylor, K., & Peterson, B. .A. 1993, 

MNR.AS, 261, 19 

Dahari, 0. 1985, ApJS, 57, 643 

Davies, R. L., Burstein, D., Dressier, A., Faber, S. M., Lynden-Bell, D., Terlevich, 

R. J., & VVegner, G. 1987, ApJS, 64, 581 



183 

Delgado, R. M., Leither, C. Heckman, T., Cervifio, M. 1997, ApJ, 483. 70-5 

de Vaucouleurs, G., de Vaucouleurs, A., Corwin, H. C. 1976, Second Reference 
Catalog of Bright Galaxies (Austin: University of Texas Press) 

de Vaucouleurs, G., de Vaucouleurs, A., Corwin, H. G.. Jr.. Buta. R. J.. Paturel, 

G. & Fouque, P. 1991, Third Reference Catalog of Bright Galaxies (.N'evv 
York: Springer Verlag)(RC3) 

Devereux, N. A. 1989, ApJ, 346, 126 

Donzelli, C. J., Sz Pastoria, .\'I. G. 1997, .A.pJS, 111, 181 

Dressier, Oemler, A., Jr., Sparks, VV. B., & Lucas, R. .A.. 1994, .ApJ. 435, 23 

Englebracht, C. VV. 1997, Ph.D. Thesis. Univ. of .Arizona 

Faber, S. M., Friel, E. D., Burstein, D. &: Gaskell, C. M. 1985. .ApJS, 57, 711 

Fioc, .VI. & Rocca-Volmerange, B. 1997, .A.S^A, in press 

Freedman, VV. L. et al. 1994, .ApJ, 427, 628 

Fritze-von .Alvensleben, U. & Gerhard. O. E. 1994, .A&.A, 285. 775 

Golla, G. k. VVielebinski, R. 1994, .A&.A, 286, 733 

Hernquist, L. 1989, .Mature, 340, 687 

Hernquist, L. & Quinn, P. J. 1988, .ApJ, 331, 682 

Hernquist, L. k. Spergel, D. N. 1992, .A.pJ, 339. LU7 

Hibbard, J. E., Guhathakurta, P., van Gorkom, J. H. & Schweizer. F. 1994. .AJ. 
107, 67 

Hibbard, J. E., k. van Gorkom, J. H. 1996, .AJ, 11, 655 

Huchtmeier, VV. K. 1994, A&.A, 286, 389 

Huchtmeier, VV. K., 1997, .A&.A, 319, 401 

Huchtmeier, VV. K. & Richter, O.-G. 1989, A General Catalog of H I Observations 

of Galaxies (New York: Springer-Verlag) 

Hutchings, J. B. 1989, .AJ, 98, 54 

Jacoby, G. H., Hunter, D. A., & Christian, C. A. 1984, .A.pJS, 56, 257 



184 

Kauffman, G. 1995, MNRAS, 274, 153 

Keel, VV. C., Kennicutt, R. C., Jr., Hummel, E., van der Hulst. J. M. 1985. AJ. 90. 
70S 

Kennicutt, R. C. 1992a. ApJ, .388, 110 

Kennicutt, R. C. 1992b, ApJS, 79. 255 (K92) 

Kennicutt, R. C., Jr. 1998, in Galaxies: Interactions and Induced Star Formation: 

26th SAAS-FEE Advanced Course, J. Barnes, R. Kennicutt, F. Schweizer 
(Springer-Verlag), in press 

Kennicutt, R. C., Keel, VV. C.. van der Hulst, J. M., Hummel. E., Roettiger. K. 

A., 1987, AJ, 93, 1011 

Kennicutt, R. C., Tamblyn, P., Congdon, C. VV. 1994. .A.pJ. 435. 22 

Krismer, M. R., Tully, R. B., &: Gioia, I. M. 1995, .A^J, 110. 1584 

Kurucz, R. 1995, private communication referenced by Bruzual Sc Chariot (1998) 

Kurth, 0. 1996, Master's Thesis, University of Gottingen 

Larson, R. B. Tinsley. B. M. 1978, ApJ. 219. 46 

Lavery, R. J., Pierce, M. J., .!J.: McClure, R. D. 1992. .-VJ. 104, 2067 

Leitherer, C. et al. 1996, PASP. 108, 966 

Leonardi. .A.. J. k. Rose, J. .A.. 1996, AJ. Ill, 182 

Liu, C. T. k. Kennicutt. R. C. 1995a, .ApJ, 450, 547 

Liu, C. T. & Kennicutt, R. C. 1995b, .ApJS. 100, 325 (LK95) 

Massey, P., Strobel, K., Barnes, J. V^., k .Anderson, E. 1988, 328, 315 

McGaugh, S. S., & Bothun, G. 1990, AJ, 100, 1073 

McLeod, K. K., Rieke, G. H., Rieke, M. J., & Kelly, D. M. 1993. ApJ. Ill 

Mihos, J. C., Bothun, G. D., & Richstone, D. O. 1993, .ApJ, 418. S2 

Mihos, J. C. k. Hernquist, L. 1994a, ApJ, 425, L13 

Mihos, J. C. & Hernquist, L. 1994b, ApJ, 431, L9 

Mihos, J. C. k Hernquist, L. 1996, .ApJ, 464, 641 



Mihos, J. C.. Richstone. D. 0.. k Bothun. G. D. 1992. .ApJ. 400. 153 

Neuschaefer. L. W.. Im, M.. Ratnatunga. K. U.. Griffiths. R. E.. <L' Casertano. S. 
1997. -A.pJ. 480, 59 

Oemler, .A., Jr.. Dressier. A., Butcher. H. R. 1997. .A.pJ. 474. 561 

Rieke, G. H. &: Lebofsky, M. J. 1985, .A.p.J. 288. 618 

Rieke, G. H., Lebofsky, M. Thompson. R. I.. Low. F. J., k Tokunaga. T. 
1980. .-Xp-J. 238. 24 

Rix, H.-VV., Kennicutt. R. C.. Braun. R.. VValterbos. R. .\L 1995. 438. 155 

Rix. H.-W. k Rieke. M. J. 1993. .-VpJ. 418. 123 

Roberts. M. S.. Hogg. D. E., Bregman. J. X.. Forman. W. R.. Jones. C. 1991. 
.ApJS, 75. 751 

Rose. J. 1984. A J .  89. 1238 

Rose. J. A. 1985. .AJ. 90. 1927 

Salpeter. E. E. 1955. -ApJ. 121. 161 

Sanders. D. B. &: Mirabel, L F. 1996. .ARAt^.A. 34. 749 

Sanders, D. B.. Soifer. B. T.. Elias. J. H.. .Madore. B. F.. Matthews. K.. 
N'eugebauer. G.. Scoville. X. Z. 1988. .ApJ. 325. 74 

Scalo. J. .M. 1986. Fund. Cos. Phys.. 11. 1 

Schaller. G.. Schaerer. D.. Meynet. G.. Maeder. .A.. 1992. .AiL'.AS. 96. 269 

Schmidt. .M. 1959. ApJ. 129, 243 

Schombert, J. M.. VVallin. J. F.. k Struck-Marceil. C. 1990. .\J. 99. 497 

Schweizer, F. 1982, .-ApJ. 252, 455 

Schweizer. F. 1996. .AJ, 111. 109 

Schweizer, F.. Miller, B. VV.. VVhitmore. B. C.. k: Fall. S. M. 1996. .AJ. 112. 1839 

Schweizer. F. k Seitzer, P. 1992, .AJ. 104. 1039 

Scoville, X. Z. et al. 1998, .ApJ, 492, L107 

Sekiguchi, K. k Wolstencroft. R. D. 1993, MXR.AS. 263, 349 



186 

Shier, L. M. 1995, Ph.D. Thesis, University of Arizona 

Shier, L. M., Rieke, M. J.. Si Rieke, G. H. 1996. .A.p.J, 470. 222 

Smith, E. P. k Hintzen, P. 1991, .4.1. 101, 410 

Stanford, S. A. Balcells, .VI. 1990, .-VpJ. 355, 59 

Sturm, E. et al. 1996, 315, L133 

Toomre, A. 1977, in The Evolution of Galaxies and Stellar Populations, ed. B. M. 
Tinsley R. B. Larson (Yale Univ. Observatory, New Haven), p. 418 

van den Bergh, S., .A.braham, R. G.. Ellis, R. S., Tanvir. N. R.. Santiago, B. X.. I: 
Glazebrook, K. G. 1996, .A.J. 112, 359 

Wang, B. & Heckman, T. M. 1996, .A.pJ, 457, 645 

VVegner, G., Haynes, M. P., Giovanelli, R. 1993. A.J. 105. 1251 

VVhitmore, B. C. & Schweizer, F. 1995. 109. 960 

VVhitmore, B. C., Schweizer, F., Leitherer. C.. Borne. K.. Robert. C. 1993. .-VJ. 106. 
1354 

VVorthey, G. 1994, .ApJS, 95. 107 

VVorthey, G., Faber, S. M., k Gonzalez. .], .1. 1992. 398. 69 

Wright, G. S.. James, P. .A... Joseph. R. D.. !sZ McLean, L S. 1990. .N'ature. 344. 417 

VV'ynn-Williams, C. G. Becklin, E. E. 1985. .A.pJ. 290. 108 



IMAGE EVALUATION 
TEST TARGET (QA-3) 

'f 

/- L<S 
% 

1 duriiiii 

o ^ 

IM/^GE. Inc 
1653 East Main Street 
Rochester. NY 14609 USA 
Phone: 716/482-0300 
Fax: 716/288-5989 

01993, Applied Image. Inc.. All Rights Resenred 


