PHOTOMETRIC STUDIES OF STARBURST
GALAXIES

A Thesis Submitted to
The Gujarat University
in partial fulfillment

for

THE DEGREE OF DOCTOR OF PHILOSOPHY
in

PHYSICS

by

APARNA A. CHITRE

PHYSICAL RESEARCH LABORATORY
NAVRANGPURA
AHMEDABAD 380 009
INDIA

March 1999



CERTIFICATE

I hereby declare that the work presented in this thesis is original and has not
formed the basis for the award of any degree or diploma by any University or

Institution.

CERTIFIED BY

D Der W

-
Prof. Joshi U.C.

(Thesis Supervisor)
Asssciate Projessoy

Astronomy and Astrophysics Division
Physical Research Laboratory
Navrangpura

Ahmedabad - 380 009 (India)

94 ) @w&e
Aparna A.Chitre
(Author)

Astronomy and Astrophysics Division
Physical Research Laboratory
Navrangpura

Ahmedabad - 380 009 (India)



To Aai-Baba...



Contents

Acknowledgements
List of Tables
List of Figures

1 Introduction
1.1 The Starburst Phenomena . . ... ... ... .. ............
1.2 Triggersof thestarburst . .. ... ....................
1.3 Optical studies of starburst galaxies . ... ... ............
14 Multiwavelengthstudies . . . . .. ....................
15 Modellingstudies . . . . ... ... ... e

1.6 Thisinvestigation . . . . ... ... ... ... .

2 Observations and Data Reduction
21 Thesample . . . .. ... ...
22 Instruments . . .. . . . ot i e e e e e
23 Observingprocedure . . . .. ... ... ...
2.4 Notes onindividual galaxies. . . . .. ... ... ... ........
25 DataReduction . . ... ... .. ..
2.6 Photometric Calibrations . . . . . . . . . .« ..
2.7 Interstellar Extinction and Inclination Corrections . . . ... ... ..

2.8 Photometry limits . . . . ... ... ...

3 Optical morphology
3.1 Optical Morphology . . ....... ... ... ... ...
3.1.1 Morphology of the sample objects . . . . .. ..........

iv

vi



32 ColourMaps . . .. ... .. 29

3.2.1 Construction and interpretation of colour maps . . . ... .. 30
33 Hoimages . .. .. ... ... .. e 31
3.3.1 Spatial distribution of star forming regions . . . . ... .. .. 31
3.3.2 Pseudo equivalent widthsof Hoe . . . .. ... ......... 49
3.4 Individualgalaxies . .. ... ... ... .. ... .. ... 54
341 SO0sandE’s ... ... ... 54
342 Spirals . .. ... ... 62
34.3 Irregularsand Peculiars . . .. .................. 66
3.5 Discussionand Conclusions . . . . .. ... ... .. ... 69
Structural properties . 72
4.1 Luminosity profiles of galaxies . . .. ... ............... 73
42 Ellipsefitting. . . . . .. .. . ... 74
43 Colourindexprofiles . . ... ... .. ... ... .. .. 76
44 Detectionof finestructure . . . .. .. ... ... . oL 76
4.4.1 Model construction and residualmaps . . .. ......... 77
45 Results of isophotalanalysis . . .. ... ................. 78
451 Individualgalaxies . . . .. ... ... ... .. ...... 80
452 Discussion . . . . .. ..o 92
4.6 Structural parameters. . . . . .. . .. ... ... 95
4.6.1 HalflightRadius ... ... .................... 95
46.2 Disk scale lengths and central disk brightnesses . . . . .. .. 96
4.6.3 Comparison with other samples . . ............... 98
4.7 Global properties . . . . ... ... 101
48 Conclusions . . . . . .. .. 103
Models of starburst galaxies 122
5.1 Historical Perspective. . . . . ... ... ... ... 123
52 ModelConstruction . . . . . . .. ..o e 124
52.1 Pureburstmodels .. ......... ... ... ... 124

ii



52.2 Composite populations . . . . ... ... 126

5.2.3 Model A : Passively evolving population . . . ......... 126

5.2.4 Model B: Actively evolving population . . . . ... ...... 127

5.3 Comparison with observed colours. . . .. ............... 129
54 Conclusions . . . . ¢ v v v i i i e 133

6 Conclusions and scope for future work 134
6.01 Futurework . .. . .. ... ... 135

References 136

il



Acknowledgements

I would like to thank my thesis supervisor Prof. U.C. Joshi for introducing
me to the joys of observational astronomy. He has patiently observed with me
on several nights in Mt. Abu and Nainital and trained me in the basics of data
reductions. His enthusiasm has been a great source of inspiration. He was always
ready to answer my questions no matter how busy he was with other comittments.
I also wish to thank Prof. M.R. Deshpande for generous allocation of telescope
time. Shashi has been a great help during observations and I am grateful to him.
I am grateful to Mr. N.M. Vadher for maintaining the CCD camera in top shape
and helping out with any problems and Mr A.B. Shah for software related aspects
of the instrument. I thank Dr. Bruno Guiderdoni of IAP, Paris, for providing the
model spectra and for the useful discussions I had with him in person and over
e-mail. Our librarian, Mrs. Uma Desai has helped a lot in procuring the latest

bibliographic material.

I acknowledge the staff at PRL and particularly at Thaltej for their co-operation.
Thanks are due to the staff at the observatory in Mt. Abu.

Friends at PRL have always been very helpful. I am grateful to my dear
friends, Kunu and Kamath for standing by me through thick and thin. Their sup-
port has always been a morale booster and helped me go on through difficult times.
Watson has been a great senior, always ready to help. I thank him for his help and
for the number of useful discussions I had with him. Nandu’s enthusiasm never
failed to cheer me up. I had a pleasant time with Nandu and Muthu. I thank
Poulose for help with programming during the initial stages. Outings and movies
with friends have been the bright spots in the otherwise monotonous life of this

research scholar. I enjoyed all the functions and celebrations at the PRL hostel.

Without the encouragement and support of my family, this thesis would not

have been possible. Last but not the least, I thank Anil for being by my side.

iv



List of Tables

2.1
22
23
24

3.1

4.1
4.2
4.3

51

Sample of starburst galaxies . . . . .. ... ..ol 13
Filterdetails. . . . . . . . . . . . e 13
Journal of observations. . . . ... .. ... .. oL 19
Transformation Coefficients . . . . .. .................. 22
Characteristics of Ho emission . . . . ... ... ............ 49
Derived position angles, ellipticities and inclinations . . . ... ... 79
Photometric and structural parameters . . . . . . ... ... ... ... 97
Total magnitudes and colour indices . . . . . .............. 102
Comparison of observed and model colours . . . ... ......... 132



List of Figures

21
2.2

3.1
3.2

4.1
42
43
44
4.5
4.6

51
52
5.3
5.4

Filter reSpONSe CUIVES . . . .« o v v v oot 16
Morphologies of sample galaxies . . . . .. ... ... 24
Isophotal contours and colour images . . . ... ... ... 32
Radial behaviour of He intensity and pEW. . . . . .......... 56
Variation of the By coefficient . . . . . ... ... ... .. ... ... 84
Residual images . . . . . . ..o oo 93
Comparison of the half-light radiiin Band R . . . .. ......... 99
Comparison of the scale lengthsin Band R . . . ... ......... 100
Radial distribution of surface brightness, ellipticity and position angle104
Radial variation of colourindices . . . . . ... ... ... ... ... 113
Colour evolution of an instantaneous burst . . . . .. ......... 125
Colour evolutionof Model A . . . . .. ... ... ... ... 128
Colour evolutionof ModelB. . . . .. ... ... ... ........... 130
Comparison of the observed and model colours . . . .. ....... 131

Vi



Chapter 1

Introduction

Haro initiated a new fundamental direction in astrophysics with his discovery of
several galaxies with compact regions showing large uv excess in the continuum
and strong emission lines (Haro 1956). Following Haro’s methods and using the 1-
m Schmidt at the Byurakan observatory, Markarian and his co-workers conducted
an objective prism survey and compiled an optical sample of 1500 objects with blue
excess and a strong uv continuum; published as 15 lists (Markarian 1983 and refer-
ences therein). A photometric study by Weedman (1973) of Markarian galaxies se-
lected from the first four lists showed that only those objects classified as Seyferts
emit significant nonthermal continua from their nuclei. The strong blue and uv
continua emitted by the remaining large fraction of objects is thermal in origin, as
indicated by narrow low-ionization emission lines. This implies that these galaxies
have a large population of hot, blue stars. The term “starburst” was first coined by
Weedman (1973) to describe such galaxies experiencing episodes of star formation
that are too intense to be sustained over the lifetime of the galaxy. In these galaxies,
the rate of star formation is much higher as compared to that in normal galaxies
(Larson 1987). The burst of star formation produces a large number of massive
stars which completely dominate the luminosity of the galaxy. Massive stars emit
copiously in the ultraviolet. Radiation from massive stars can be absorbed by dust
and re-emitted in the form of IR radiation. Observationally, starburst galaxies are
typically selected on the basis of their emission-line spectrum (Sargent & Searle
1970), their blue optical colours (Balzano 1983) or their infrared colours (Soifer et

al. 1987). Starbursts are characterized by strong HII line emission and a stellar
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continuum dominated by O and B stars in the blue wavelengths. Huchra (1977a),
in his aperture photometric studies on a sample of non-Seyfert Markarian galaxies
found that they were bluer for their morphological types and they generally get
bluer towards their center, unlike other galaxies. He also put forth the idea that
the UBV colours of these galaxies could be explained by superimposing a burst
of star formation on an old galaxy population. Larson & Tinsley (1978) were the
first to suggest that “bursts of star formation” could be triggered as a result of tidal

forces in interacting galaxies.

Markarian galaxies are more luminous in the far-infrared than normal spi-
rals and their infrared luminosities are well correlated with Lp and Hoa suggesting
that they are a sub-set of the infrared selected galaxies and happen to be relatively
dust free along the line of sight but not necessarily in other directions (Deutsch &

Willner 1986).

1.1 The Starburst Phenomena

The essential characteristic of a starburst is the conversion of a large amount of gas
into stars in a time much shorter than the evolutionary timescale. For a starburst
to occur in a galaxy, two conditions have to be necessarily satisfied, one being the
reduction in the timescale for star formation and the other being an increase in
the efficiency. Durations as short as 20 Myr have been inferred for starbursts in
galaxies (Larson & Tinsley 1978; Kennicutt et al. 1987). In some of the best stud-
ied starbursts like M82, it has also been inferred that most of the gas in the burst
region is consumed by star formation, at least if a normal IMF is used. The star
formation timescale is inversely proportional to the mass surface density while the
SFR per unit area is directly proportional to the mass surface density and inversely
proportional to the timescale. Hence, the star formation rate per unit area becomes
directly proportional to the square of the mass surface density. A reduction in

the timescale by two orders of magnitude as has been inferred for many starburst



would require an increase in the mass surface density by two orders of magnitude
to at least 1000 M@ /pc?. The best evidence for global populations of young stars
comes from IRAS. Much of the recent work on starbursts was prompted not by
the optical surveys but by the discovery of a large number of IR luminous galaxies
by IRAS. The infrared luminosities and L/M ratios of some of the galaxies discov-
ered by IRAS appeared to be too high to be sustained over their lifetimes. Rieke
& Low (1975) carried out a detailed mapping and photometric study of the nu-
cleus of the nearby starburst galaxy, NGC 253. They were the first to conclude
that the near infrared flux was generated by stars. They found the M/L ratio in
the nucleus to be significantly less than 1 and concluded that if the IR emission
was powered by thermonuclear burning of the mass, the present level of emis-
sion could not be sustained for the life of this galaxy. They also proposed that the
strong IR emission from this and many other spirals may be occurring in episodes.
Rieke et al. (1980) constructed a grid of models for starbursts and used their NIR
data along with other published data on M82 and NGC 253 to constrain starburst
models of the energetic nuclear sources in these galaxies. The high energy photons
from the massive stars heat the surrounding interstellar dust, and this radiation is
re-emitted in the thermal infrared, in the spectral region 10-300 um. Since the ab-
sorption cross-section of the dust is strongly peaked in the ultraviolet, this far in-
frared (FIR) emission can be a sensitive tracer of the star formation rate (SFR) and

is responsible for the high FIR luminosities observed for these IR selected galaxies.

1.2 Triggers of the starburst

The search for environmental factors that might trigger a burst of star formation
has a long observational and theoretical history (Sulentic et al. 1990). A variety of
mechanisms have been proposed to explain the starburst phenomenon (Schweizer
1986; Scalo & Struck-Marcell 1986). Much of the effort has focussed on the role of
galaxy-galaxy interactions in giving rise to activity in the galactic nucleus. Global

non-axisymmetric perturbations can play a key role in channeling gas to the central
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regions and feeding the activity. Theoretical models have contributed substantially
to our understanding of how it is possible to build up enormous concentration of
gas in the centers of merger remnants (Barnes & Hernquist 1992; Mihos & Hern-
quist 1994). The onset of a starburst in the central regions of galaxies requires a
high concentration of gas in this region, which in turn requires a large-scale dy-
namical disturbance to cause the gas in the galaxy to lose angular momentum and
fall rapidly towards the center. Numerical simulations indicate that gas flows to-
wards the centers of galaxies in response to tidal perturbations and the resulting
dissipation of angular momentum (see Barnes & Hernquist 1992 and references
therein). In their numerical simulations of disk galaxies which accrete a low-mass
dwarf companion, Mihos & Hernquist (1994) find that in response to the tidal per-
turbations of an in falling satellite galaxy, the disk galaxy develops a strong two-
armed spiral structure, which in turn drives large quantities of disk gas into its
central regions. They find that the global star formation rate remains constant
during the early stages of the accretion, before rising rapidly by an order of mag-
nitude when the central density becomes very large and gives rise to a compact
starburst. Gravitational interactions and mergers seem to play a major role in trig-
gering starbursts, but violently interacting galaxies are not necessarily the seat of
starbursts (Bushouse 1986) and most starbursts seem to be isolated (Coziol et al.
1997). Besides tidal interactions, the presence of other non-axisymmetric gravita-
tional perturbations like those produced by stellar bars or oval distortions can also
induce radial gas flows. If an Inner Lindblad Resonance (ILR) exists, the flow of the
gas towards the center is halted and funneled into a ring at this location. Numer-
ical simulations have confirmed the effectiveness of both tidal interactions (Icke
1985; Noguchi & Ishibashi 1986) and bars (Schwarz 1984, Combes & Gerin 1985).
Such mechanisms to explain the inflow of gas have been discussed by Simkin et
al. (1980); Friedli & Benz (1993) and Heller & Shlosman (1994). Shlosman et al.
(1989) proposed bars and bars within bars as possible mechanisms for fueling the
central region in AGN. Secondary bars have been observationally detected by de

Vaucouleurs (1974) in NGC 1291 and NGC 1326. Heraudeau et al. (1996) have also



detected bars in the central regions of galaxies from NIR surface photometry. Fully
consistent 3D simulations by Friedli & Martinet (1993), have also revealed the for-
mation of misaligned secondary bars within the primary bar. Small curved dust
lanes or molecular bars close to the nucleus might also indicate the presence of a
non-axisymmetric gravitational field. In all cases, a departure from axial symmetry
in the mass distribution produces gravitational torques that alter the angular mo-
mentum distribution of the gas, allowing matter to flow inwards. Combes (1998)

gives a detailed discussion of the various triggers giving rise to a starburst.

Toomre & Toomre (1972) put forward the idea of the production of elliptical
galaxies through the mergers of disks and since then several attempts have been
made to study the characteristics of merger remnants and compare them with el-
lipticals (Dressler 1984). A number of models based on numerical simulations of
mergers of disk galaxies were able to reproduce fine structure like ripples or faint

shells that have been observed in many ellipticals (Schweizer 1983).

1.3  Optical studies of starburst galaxies

In the optical region, starburst galaxies are identified by their emission line spectra
resembling HII regions. Aperture photometric studies of Huchra (1977a) showed
that these galaxies generally get bluer towards their centers. However, aperture
photometry is only capable of providing information about the integrated proper-
ties of the galaxy. No information about the spatial distribution of the star forming
regions or the structure of the galaxy hosting the burst can be derived from this
kind of data. A spatially resolved study through various spectral bands is neces-
sary to study the detailed photometric properties of the galaxies, the locations and
the distribution of the star forming regions with respect to the underlying galaxy
and the structure of the galaxy hosting the starburst phenomenon. A spectropho-
tometric survey of starburst nuclei from the Markarian sample was conducted by

Balzano (1983) wherein she studied the spectra of the nuclear regions and reported



the emission line fluxes in the nuclear regions of Markarian galaxies with a nu-
clear starburst. However, this does not include a few starburst cases like Mrk 332
which show intense extra nuclear star formation. Contini et al. (1998) present opti-
cal long-slit spectroscopic observations of barred Markarian starburst galaxies and
find that 62% of starburst nuclei are isolated and show no sign of gravitational in-
teractions. A detailed morphological study of a large sample of starburst galaxies
is required to identify the triggering phenomena in these objects. In terms of dis-
tance, luminosity and level of interaction, these galaxies are intermediate between
HII galaxies and luminous IR galaxies. Images of ultraluminous IRAS galaxies
have shown that many of these galaxies undergoing a starburst are interacting
and show the presence of tails, bridges and other features indicative of a merger

or an interaction.

1.4 Multiwavelength studies

Starburst galaxies emit radiation almost at all frequencies right from radio to X-ray.
The spectral energy distribution of starbursts from X-ray to radio and the spectral
features characteristic of starburst galaxies can be found in the detailed review by

Moorwood (1996).

Radio emission from starburst galaxies is a mixture of free-free continuum
from HII regions and synchrotron radiation from supernova generated electrons
interacting with the interstellar magnetic field (Condon et al. 1982; Mass-Hesse &
Kunth 1991). Condon & Dressel (1978) noticed that the compact radio sources tend
to occur more frequently in paired galaxies and they suggested that an existing
nucleus is triggered into activity by the gravitational interaction. Hummel (1980)
found that the radio continuum in the nuclei of interacting galaxies was enhanced
by a factor of 2-3 as compared to isolated spirals. Condon et al. (1982) interpreted

the radio continuum morphology of a class of “bright radio spiral galaxies” as



evidence for powerful nuclear starbursts; the majority of which seemed to be trig-
gered by galaxy-galaxy interactions. Observations of Markarian galaxies by Chini
(1987) at 1.3 mm show that the luminosity of the starburst follows LocM, 2 7% where
M, is the gas mass. This implied that the basic parameter for the strength of the

activity is the gas mass.

IRAS has revealed a class of extraordinarily luminous interacting galaxies
that appear to be starbursts (Soifer et al. 1984; Lonsdale et al. 1984). Surveys of in-
teracting galaxies in the mid-infrared (Joseph et al. 1984; Lonsdale et al. 1984; Cutri
& McAlary 1985) revealed an'enhancement (by a factor of 2-3) of infrared emission
in interacting systems as compared to isolated galaxies. Joseph & Wright (1985)
identified a subset of advanced mergers in the Arp atlas with extremely strong
mid-infrared emission that they described as maltraluminous” infrared galaxies.
They argued that super starbursts may occur in the evolution of most mergers.
Starburst galaxies are found to have a tight correlation between the FIR and the
radio luminosities (Wunderlich et al. 1987; van den Driel et al. 1991; Franceschini
et al. 1988; Condon et al. 1991). Stine (1992) studied a sample of Markarian star-
burst galaxies at 6cm and 20 cm and found that the correlation between the global
radio and IR emission for this sample is strongest at 25 and 60 um wavelengths
in which the warm dust dominates. Deutsch & Willner (1987) studied a sample
of Markarian starburst galaxies in the FIR and they found that these galaxies are
more luminous and have higher colour temperatures than normal spirals. They
also found that the FIR emission correlates well with the total blue luminosity, the
nuclear blue luminosity and the nuclear Ha luminosity. In the near infrared, star-
bursts are characterized by strong recombination lines of hydrogen (Bry at 2.166
ym) and helium (2.06 um). The shape of the continuum is like that of a late-type
giant or supergiant star with a deep CO band absorption at 2.3 um. The J band
contains Pag (1.282 ym) in strong emission and the H band is dominated by [Fell]A
1.644 pm usually attributed to supernova remnants. The uv continuum is domi-
nated by massive OB stars and P-Cyg profiles are seen. Starburst regions without

any sign of P Cygni profiles are attributed to less massive, later type O or B stars.
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The X-ray emission in starburst galaxies comes from the contributions of the
massive binaries, supernova remnants, starburst driven winds and inverse Comp-
ton scattering of farinfrared photons by relativistic electrons which are all strongly
correlated with the supernova rate. X-ray observations of peculiar galaxies by Fab-
biano et al. (1982) show that the emission is extended in nature and the fluxes are
compatible with the levels of massive star formation implied by ultraviolet and

optical data.

1.5 Modelling studies

Since the late 1970’s, evolutionary synthesis models have been used for interpret-
ing the observed colours, spectra, chemical composition etc. of galaxies. Evolu-
tionary population synthesis models aim at predicting the observed properties of
a stellar population at different times of its evolution. Model stellar atmospheres
along with stellar evolution theory are used to follow the evolution of a popu-
lation of stars with a certain IMF and the resultant properties like the spectrum,
the line strengths, the magnitudes and colours are predicted. These are compared
with the observed values for any particular object to estimate the age of an ob-
served burst in a galaxy. The first generation of evolutionary models of stellar
population was based on colours of stars and gave the integrated colours of the
galaxies. These photometric models were introduced by Tinsley (1972) and Searle
et al. (1973), to interpret the visible colours of galaxies in the Hubble sequence. An
interpretation of peculiar blue galaxies by a burst of star formation superimposed
on an old galaxy was given by Larson & Tinsley (1978). They showed that the
colours of Markarian starburst galaxies could be explained by the superposition of
a young burst on an old galaxy and derived star formation rates for a large sample
of isolated and interacting galaxies from U BV colours.The models were improved
by predicting a nebular component (Huchra 1977b), with a metal-deficiency effect
and far UV colours (Rocca-Volmerange et. al 1981). Worthey (1994) constructed

detailed sets of models for intermediate age and old stellar populations. Leonardi



& Rose (1996) present a technique for accurately determining the ages of starbursts
in post starburst galaxies. They use the strength of the CallH + He absorption fea-
ture relative to that of CalIK to separate effects of burst strength from burst age.
A detailed review on evolutionary synthesis from UV to IR is given by Bruzual

(1996).

1.6 This investigation

The aim of this work is to investigate the photometric and structural properties of
starburst galaxies. A spatially resolved study has been conducted to explore the
morphological structure and the locations of star forming regions with respect to
the underlying galaxy. This has been studied using surface photometry of the ob-
jects through various pass bands. We present, in detail, the morphological study
of a sample of 19 starburst galaxies of the Markarian survey, based on UBV RI and
He imaging. The contour maps of the galaxies are presented in different bands
to study the morphological appearance of the galaxies at different wavelengths.
Colour maps were constructed to shed light on the distribution of various stellar
populations, namely the young stellar population and the old underlying popu-
lation in the galaxy and to map the dust. The spatial distribution of regions of
massive star formation has been explored through Ho narrow band imaging. The
global radial distribution of star forming sites was studied by performing simu-
lated concentric aperture photometry on the Ho images. Pseudo equivalent widths
were derived to estimate the ratio of the current to recent past star formation rates
on a global scale as well as their distribution with increasing distance from the

nucleus.

The surface brightness distribution of the galaxies in various pass bands
was derived by fitting elliptical isophotes to the galaxy images. The structural
properties of the starburst galaxies were studied to derive information about the

underlying galaxy. Structural details were investigated using isophotal analysis.



The colour profiles were used to study the global distribution of the star forming
regions. Faint fine structure was extracted from the galaxy images to get informa-
tion about non axisymmetric structures, vestiges of mergers or interaction induced
alterations in the galaxy structure which could be possible causes of triggering the
starburst. A variety of techniques were used for the analysis of the data and the
interpretation of the results. Structural parameters like half-light radii and disk

scale lengths were derived.

Composite models were constructed to estimate the ages of the burst and
the mass contribution to the burst. This involved the superposition of an instanta-
neous burst on an old galaxy. Two models were constructed for the old galaxy. In
one case, the old population was taken to be coeval and in the other case, the old
population was an actively evolving one. The age and strength of the burst in each

galaxy was estimated.
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Chapter 2

Observations and Data Reduction

Summary

In this chapter, the details of the CCD and the filter system used for observations
are described. We discuss the criteria for sample selection and outline the general
observing procedure. The basic data reduction and calibration procedures are ex-
plained. We also discuss the photometric accuracy and the limiting magnitudes
reached by our photometry. In addition to this, procedures used for correcting the
data for galactic extinction and the reddening within the program galaxy are also

explained.
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2.1 The sample

The sample of starburst galaxies for the present study was drawn exclusively from
the Markarian lists. Starburst galaxies with visual magnitudes brighter than 14™.5
were selected. The visual magnitude constraint was put so that frames with a good
signal-to-noise ratio could be obtained with the 1.2m telescope and the broad band
filters used with reasonable integration times. No consideration was made for any
particular morphological type. Thus, the sample is unbiased towards the Hub-
ble type or any other morphological features. The other criterion was the angular
extent of the object. Galaxies having angular sizes smaller than 20” were not con-
sidered as with the given plate scale, a galaxy of diameter 20” would occupy less
than 30 pixels and meaningful surface photometry could not be performed at this
scale and this would render the detection of structures on smaller scales difficult.
The perception of the morphology is dependent on the redshift. So we constrained
ourselves to a redshift less than 0.02. The sample of galaxies is presented in Table
2.1 along with some global properties of the galaxies namely the co-ordinates, the

morphological type, the redshift and the linear scale of the galaxy in pc per arcsec.

2.2 Instruments

Thanks to the availability of modern instruments, advances were possible in the
morphological analysis of galaxy images. Observational improvements are of four
types : improved angular resolution, improved wavelength coverage due to the
construction of detectors sensitive at different wavelengths, the linearity and the
large dynamic range given by the CCD detectors. CCD cameras, with their large
dynamic range and higher sensitivities have become the most popular instruments
for imaging purposes. Since CCDs are linear detectors over a very large dynamic
range, they permit the simultaneous imaging of the very high surface brightness

as well as low surface brightness regions. Starburst galaxies generally have a
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Table 2.1: Sample of starburst galaxies

GALAXY « ) TYPE* z Linear scaleP
(2000) (2000) pc/”
Mrk 14 08:10:59.1 72:47:41 S0? 0.0105 203
Mrk 87 08:21:41.2 73:59:23 SB0/a 0.0094 182
Mrk 190  11:51:47.0 48:40:53 SO/E 0.0033 64
Mrk 213  12:3120.5 57:57:47 SBa 0.0105 203
Mrk 332  23:59:25.6 20:45:15 SBc 0.008 155
Mrk 363  01:50:58.0 21:59:50 Scp 0.0099 192
Mrk 439  12:24:35.8 39:22:56 Sa 0.0035 68
Mrk 449  13:11:30.8 36:16:52 Sap 0.0037 72
Mrk 602  02:59:50  02:46:17 SBbc 0.0095 184
Mrk 603  03:08:57.3 -02:57:07 E 0.0090 174
Mrk 708  (09:42:11.3 04:40:24 SB 0.0059 114
Mrk 743  11:38:12.9 12:06:43 EOp 0.0033 64
Mrk 781  12:53:50.7 09:42:33 SBc 0.0094 182
Mrk799  14:00:45.6 59:19:42 dbl 0.0094 182
Mrk 1002 01:37:17.5 05:52:38 El 0.0105 203
Mrk 1134 23:46:58.5 29:27:34 10 0.0172 333
Mrk 1194 05:11:46.2 05:12:01 SBO 0.0158 306
Mrk 1308 11:54:12.2 00:08:11 SO 0.0035 68
Mrk 1379 14:17:40.3 -07:25:03 SBbcdbl 0.0094 183
2 Markarian catalog (downloaded from CDS)
b Calculated using Ho=75 kms~'"Mpc™"
Table 2.2: Filter details.

Band Components (thickness in mm) Central Wavelength ym

U UG1(1)+S8612(2)+FILL (2) 0.36

B BG37(3)+BG39(1)+GG395(1) 0.43

V  BG40(3)+CG495(2) 0.55

R OG570(3)+KG3(2) 0.66

I  RG9(2)+FILL (3) 0.84

13



very high surface brightness nucleus, while the outer regions of the galaxy and
the underlying structures have a low surface brightness. Therefore, the large dy-
namic range of a CCD can be used to advantage in imaging starburst galaxies.
Mean radial profiles in these cases can have sufficiently high signal-to-noise ra-
tio, such that the effects of bars, spiral arms, dust, warps and asymmetrical rings
of star formation can modulate their radial luminosity profiles appreciably. We
used a thinned, back illuminated Tektronix 1024x1024 pixels CCD chip for imag-
ing the program objects. The efficiency of back-illuminated CCDs is greater than
the front-illuminated ones. Thinning the substrate increases the sensitivity of back-
illuminated CCDs in blue which is required for the present program since the we
wanted to study the strong blue continuum in these starburst galaxies. However,

thinning reduces the sensitivity in the red.

The sample of galaxies for this thesis were observed at the Cassegrain fo-
cus of the 1.2 m telescope at Gurushikhar, Mt.Abu. The f-ratio of this telescope at
the Cassegrain focus is f/13 , giving a plate scale of 15"mm™" at the focal plane
of the telescope. There is a provision to operate the CCD at various sensitivi-
ties. We used two sensitivity settings: The high sensitivity setting, with a gain of
0.8¢© /ADU was used for observations between October 1996 and December 1996,
while the low sensitivity option with a gain of 4¢®/ADU was used for all subse-
quent observations. The resolution of the CCD is computed to be 0.317"pizel -1
On chip binning of 2x2 was employed keeping in mind the data storage require-
ments. The final resolution was 0.634”pizel~! and the typical seeing was between
1.2”-2" so, the point spread function (PSF) was sampled appropriately. The field of
view provided by the chip was 5'.2x 5.2. Broad-band UBV Johnson’s filters and
RI Kron-Cousins filters with diameters of 50 mm were used for the observations.
The response curves of the filters are given in Fig. 2.1. The response of the filters
was combined with the response of the CCD and the resultant response curves are
presented in Table 2.2. For Ha imaging, both on-band filters for sampling the line
emission and off-band filters for estimating the underlying continuum were used.

Narrow band filters with FWHM 80A4° were used for the on-band and off-band
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measurements.

2.3 Observing procedure

CCD images were obtained for the sample galaxies during several observing runs
between October 1996 and April 1997 through broad band UBV RI and narrow
band Ha filters. The observations were carried out under photometric conditions
with typical seeing of 1.5”. Each observation through each filter was broken up in
to 3 to 5 separate exposures. The exposure times for a single exposure ranged typ-
ically from 120 seconds to 300 seconds. The total integration times are presented
in Table 2.3 along with the dates of observation. Standard stars were observed
throughout the night sandwiched between galaxy observations to cover a large
range in airmass. The FWHM of the redshifted He filter was 80 A°, so contami-
nation by [NII] )\ 6548-84 emission was unavoidable. For obtaining the pure line
emission, the underlying stellar continuum has to be correctly estimated and sub-
tracted. For this, off-band observations were made in addition to the on-band ob-
servations. Bias frames were taken in groups of 25 frames at a time and combined
to construct the average bias. Combining a large number of frames reduces the
read noise by a factor of (1/(1/n)) where n stands for the number of frames com-
bined. Sky flats were taken every night during twilight for each observing run. A
minimum of 15 flats were taken in each filter. The exposure time was set so as to
get more than 10,000 counts per pixel. A master flat was constructed using all the

flats taken during the observing run which was typically 4-5 days.

2.4 Notes on individual galaxies

The appearance of the galaxies in the direct images is described below:

1. Mrk 14 : This SO galaxy appears smooth without any apparent signs of

distortions.
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Figure 2.1: The response curves of the U, B, V, R, I filters used. These represent the

response of the filters for this CCD+filter combination together.
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2. Mrk 87 : This is a barred galaxy with a ring surrounding the bar. A companion
is seen towards its NE.

3. Mrk 190 : The galaxy image appears smooth and nearly circular.

4. Mrk 213 : This SBa galaxy shows a thin spiral arm emerging from the south east-
ern end and curving around towards the north western side where it is attached to
an almost stellar condensation.

5. Mrk 332 : This spiral galaxy has been classified variously as barred and un-
barred in different catalogues. It shows two distinct and bright spiral arms with a
number of condensations in them.

6. Mrk 363 : This galaxy has been classified as a peculiar spiral.

7. Mrk 439 : This is a peculiar spiral galaxy.

8. Mrk 449 : This edge-on spiral shows a dust lane at an angle to the minor axis.
9. Mrk 602 : This is a spiral with a prominent bar.

10. Mrk 603 : This is a member of a nest of interacting galaxies.

11. Mrk 708 : This is an elongated spiral galaxy with many superimposed stars.
12. Mrk 743 : This peculiar E0 galaxy shows the presence of two nuclei surrounded
by a common envelope.

13. Mrk 781 : This is a barred spiral. It is the only flocculent spiral in our sample.
14. Mrk 799 : This barred spiral shows asymmetric and distorted spiral arms. A
superassociation exists at one end of the bar. A small satellite galaxy is seen near
the southern side of this galaxy.

15. Mrk 1002 : This E/S0O galaxy appears smooth. A foreground star is present
near its north eastern edge.

16. Mrk 1134 : This irregular galaxy lies at the end of one of the spiral arms of a
larger spiral galaxy forming a M51 type of system.

17. Mrk 1194 : This is a barred spiral with a high inclination to the line of sight.
18. Mrk 1308 : This is a small nearby galaxy of SO type extending about half an arc
minute. It has a small linear companion located at 30” towards the west.

19. Mrk 1379 : This galaxy is a VV object (Vorontsov-Velyaminov 1977), with nests

of interacting objects. It is a barred spiral galaxy.
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2.5 Data Reduction

The CCD data was reduced using various tasks in IRAF' on the IBM-6000 RISC
system at PRL, Ahmedabad. The bias frames and the flats were used to deter-
mine the read noise and the gain of the system in ¢®/ADU using the FINDGAIN
task within IRAF. All the data were reduced using the same basic procedure, a
detailed explanation of which can be found in Massey & Jacoby (1992). First, an
average bias frame was constructed using ZEROCOMBINE and subtracted from
all the frames to compensate for the bias level. Master flats were constructed in
each filter by combining and scaling the individual flats using FLATCOMBINE.
All the images were flat fielded using the task CCDRED. After correcting for bias
and flat-fielding, the images were cleaned of cosmic rays using the task COSMIC
in IRAF. The sidereal time of observation was computed using the UT and the
latitude and longitude of the observatory within the package ASTTIMES. The air-
mass was determined from these values and the co-ordinates (RA and DEC) of the
object. Corrections for the airmass were applied using the extinction coefficient

obtained from the transformation equations (see Section 2.6).

After the individual object and the standard star frames were processed
using CCDRED, the separate exposures were aligned. For observations taken at
a stretch on the same night, the frames were first aligned using IMSHIFT which
shifts the frames in the x and y direction using foreground stars in the frame. In
case of observations taken on different nights, the frames were first corrected for
small rotations that could have been introduced while remounting the instrument
on the telescope. This was done using GEOMAP, a task which computes the cen-
troids of the stars in the galaxy frame and then rotates and shifts the images ac-
cording to the given reference image. The IMCOMBINE task was then used to
median combine the images by filter, using average sigma clipping to remove bad

pixels. In cases where we had only two usable images in a filter, averaging of the

1IRAF is distributed by National Optical Astronomy Observatories, which is operated by the
Association of Universities Inc. (AURA).
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Table 2.3: Journal of observations.

Galaxy | Date observed Exposure time (secs)

Mrk U B \Y R I Ho
14 4, 5FEB97 2640 | 1380 | 660 | 480 | 600 | 2100
87 7APR97 1500 | 1200 | 360 | 360 | 360 | 1420
190 5APR97 1800 | 800 | 480 |360 | 720 | 1800
213 4, 5FEB97 3000 | 1500 | 720 | 660 | 660 | 2100
332 4NOV96 3600 | 1160 | 360 | 300 | 300 | 1800
363 6NOV96 1500 | 1020 | 360 | 360 | 320 | 1500
439 5MAR97 1400 | 510 | 360 | 360 | 360 | 1600
449 6APR97 1800 | 900 | 450 | 450 | 600 | 1800
602 9DEC96 1620 | 1320 | 360 | 240 | 600 | 2040
603 4FEB97 900 | 900 |200 |320 |240 | 1200
708 9DEC96 2400 | 2000 | 1200 | 1300 | 400 | 1500
743 7APR97 1800 | 800 | 450 |420 |360 | 1500
781 6FEB97 1200 | 800 | 600 | 520 |560 | 1200
799 27JAN,6FEB97 | 3000 | 3000 | 2400 | 1950 | 1800 | 2400
1002 4NOV9I6 2400 | 1200 | 550 | 300 | 300 | 1200
1134 8DEC96 1500 | 720 | 240 |360 |360 | 1320
1194 6APR97 2400 | 900 | 600 |300 |300 |1200
1308 6APR97 1800 | 800 | 450 | 360 |480 | 1800
1379 7FEB97 1320 | 1000 | 360 | 360 | 520 | 1200
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two frames was done. Co-adding of frames improves the signal-to-noise ratio of
the observations. The combined images were scaled by exposure and the mean
exposure times of the resultant images were noted. The sky background was com-
puted from the mode of the histogram of each image. Since the field of view was
large enough as compared with the program objects, the histogram was sky domi-
nated. After sky correction, the images were scaled to one second exposure before

transforming them to the standard system.

In case of Ha images, the off-band and the on-band images were also shifted,
combined and scaled to 1 second exposure using the same procedure as that for the
broad band images. To account for small changes in the transmission of the on and
the off-band filters, the mean ratio of the intensities of the foreground stars in the
on and off-band images was determined. About 5 to 6 stars were used for deter-
mining this mean value. This was used to scale the off-band image. This image
was then subtracted from the on-band image to give a pure emission-line image,
free of underlying continuum light. Care was taken to smooth the images to the
same PSF before subtraction to avoid spurious positive or negative regions in the
final image. A final image with properly removed stars i.e. with neither positive
nor negative residuals at the locations of stars is an indication of an accurate con-

tinuum subtraction.

2.6 Photometric Calibrations

Standard stars from Landolt (1992) were observed throughout the night for cali-
brating the broad-band data. In order to sample a wide range in magnitudes and
colours, care was taken to choose standard stars ranging from 8™.0 < V' < 15™.0
and —0.20 < (B —V) < +1.00, so that the colour dependence term in the transfor-
mation equations could be accurately calibrated. Fifteen stars were selected in this
way for each observing run. After performing the basic reductions of bias and flat

correction and cosmic ray removal, the airmass was determined as described in the
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previous section. These frames were ready for analysis. The standard stars were
first identified using DAOFIND. When there were many stars in the frame, this
was done interactively. The radial profile of each star was first plotted to confirm
that it had not saturated or drifted during the exposure. Aperture photometry was
performed on these stars using the PHOT task in IRAF. Apertures ranging from 3
x FWHM to 5 x FWHM were centered on the star and an annular region was taken
around the star for estimation of the sky background. The mode of the pixel values
in the sky annulus was determined and this sky level was subtracted from the total
counts in the aperture. A PHOT instrumental magnitude was computed using the

equation :
Mphot = —2.5log[E(C/t)] + mo (2.1)

where C are the residual counts within the aperture after subtracting the sky value,
t is the exposure time and my is the arbitrary zero point value which we set to 25.
The PHOTCAL package was used to set up the configuration file and the transfor-

mation equations. The form of the transformation equations is :

mu = U+ul+u2xXu+ud3*(U—B)+ud*(U—B)*Xu
mb = B+bl+b2xXb+b3+(B—-V)+bdx(B—-V)x*Xb
mv = V4oul+4+02*xXv+v3x(B-—V)+vd*(B-V)*xXv
mr = R+rl+rm2xXr+r3%x(V-—R)+rd4x(V—-R)*Xr
mi = I+il+2xXi+3x(R—-I)+id*x(R—-1I)*Xi (2.2)

where mu, mb, mv, mr, mi correspond to the instrumental magnitudes; u1,b1,v1,rl,
are constants; u2,b2,v2,r2,i2 are the extinction coefficients; Xu, Xb, Xv, Xr, X1
correspond to the airmass at which the observations were taken in U,B,V,R, I
respectively ; u3,3,v3, 73,3 are the colour dependent coefficients; u4, b4, v4,r4,14
are the second order colour terms which are very small and are assumed to be zero
in the present analysis. The upper cases stand for the standard values of magni-
tudes and colours. Least squares fitting was done to transform the instrumental

values to the standard values. The mean values of the coefficients are tabulated in
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Table 2.4: Transformation Coefficients

coeff 3-6Nov96 7-10Dec96 4-6Feb97 5Mar97 5-7Apr97

ul 4.07 6.36 6.40 6.65 6.79
u2 0.65 0.65 0.74 0.74 0.74
u3 -0.14 -0.12 -0.21 -0.16 -0.16
bl 1.77 4.07 4.05 4.26 4.29
b2 0.4 0.4 0.52 0.52 0.542
b3 0.04 -0.13 -0.05 -0.05 0.01
vl 1.36 3.54 3.56 3.78 3.84
v2 0.15 0.15 0.3 0.3 0.3
v3 -0.07 -0.07 -0.05 -0.04 -0.09
rl 1.29 3.45 3.39 3.60 3.66
r2 0.10 0.10 0.33 0.33 0.33
r3 -0.08 -0.10 -0.09 -0.05 -0.05
i1 1.55 3.73 3.73 3.99 3.97
i2 0.07 0.07 0.24 0.24 0.24
i3 -0.04 -0.08 -0.03 -0.06 0.14

Table 2.4. In Table 2.4, the coefficients obtained for the first run (3-6Nov96) differ
from the coefficients obtained in the subsequent runs because the CCD was oper-
ated at a different sensitivity setting during the first run as described in Section 2.2.
The dominant contribution to the galaxy images in the U band is from star forming
regions. Also, the extinction is high in U. Hence the U band images show a patchy
structure and were not used in deriving global properties and comparing with the
images at other wavelengths. The typical errors in the transformed magnitudes
are 0.03 in B, 0.03 in V, 0.02 in R and 0.04 in I. The Ha images were obtained only
for tracing the regions of massive star formation and to study the relative intensi-

ties of the emission with respect to the underlying continuum. Hence, no absolute

calibration was performed for these images.
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2.7 Interstellar Extinction and Inclination Corrections

The light suffers extinction as it travels through interstellar space in our galaxy
as well as within the program galaxy. The observed magnitudes are thus fainter
due to this extinction. Corrections for interstellar extinction have been made as
follows: The extinction within our galaxy is dependent on the galactic latitude (b)
of the object. The values for galactic extinction in B (Ap) and the reddening E(B-V)
were taken from Burstein & Heiles (1984). For galaxies which did not have values
tabulated, we calculated (Ap) using the following equation from Aaronson et al.

(1980).
Ap = 0.133[csc(b) — 1] (2.3)

The extinction in other wavebands can be calculated using this value and the stan-
dard extinction curve (Seaton 1979). The extinction within the program galaxy is

determined using the relation from Tully (1988).

T8€ecC 1

A‘B = —-2510g {f(]_ + e—‘rseci) + (1 - 2f)(1 —_ e""se(ﬂ) }

T =0.55; f =0.25 (2.4)

where ; is the inclination of the galaxy to the line of sight.

2.8 Photometry limits

The mean values of the sky was found by considering boxes of 5x5 pixels at vari-
ous locations of the blank sky. For each frame the sky brightness was determined
by averaging these mean values measured within several areas around the galaxy.
The typical values of sky brightness are 20, 19.5, 18.9, 17.3 mag/arcsec? in B, V, R
and I bands respectively. The rms noise in the sky sets the limits on the depth of
the photometry. The rms noise in the sky corresponded to 24.5, 23.9, 23.8 and 23.0

mag/arcsec? in the B, V, R and I bands respectively.
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Figure 2.2: Some of the sample galaxies depicting the varied morphologies. Left to
right: Top panel: Mrk 14, Mrk 439, Mrk 1308; Middle panel: Mrk 781 and Mrk 799;
Bottom panel: Mrk 1134 and Mrk 1379. North is at the top and East to the left.
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Chapter 3

Optical morphology

Summary

Optical CCD images of the sample of starburst galaxies from the Gurushikhar 1.2
m telescope are presented in the form of contour maps and colour images. The
emission line Ho images are also presented. We discuss the morphology of the
starburst region and the underlying host galaxy based on the analysis of the con-
tour maps, the colour and He images. We can broadly group the galaxies into
three types : S0’s/E’s, spirals and irregulars/peculiars based on their morphol-
ogy. The contours of most of the galaxies show some distortions in their isophotes.
The presence of young stars as traced by the colour maps is not confined to the
nuclear region alone but their distribution shows a variety of spatial distribution
in the form of blue rings, superassociations at the ends of bars and even global
star formation. The Ho emission shows a variety of morphologies and we classify
them into four basic types and describe the characteristics of the emission. We find
that in a few cases, the peak of emission is off-centered with respect to the optical

nucleus.
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3.1 Optical Morphology

Starburst galaxies are a very inhomogeneous morphological class of galaxies where
the common property is the dominant starburst component. Observations of star
forming galaxies reveal an obvious relation between the star formation rate and
dynamical features. The possible association between nuclear activity and galaxy
morphology has interested many workers (Sersic & Pastoriza 1967; Heckman 1978;
Simkin et al. 1980). The dynamical processes experienced by a galaxy get reflected
in its morphology. Thus the study of the morphology of a galaxy is basically a
study of its dynamical history. Since most of the visible light in a galaxy is pro-
duced by stars, the morphology traces the stellar populations and its appearance
varies at different wavelengths, depending on the stellar populations contributing
to the luminosity in that waveband. For instance, in the R and the NIR bands, a
spiral galaxy appears smooth, while in the U and B bands, the spiral arms look
thinner, ragged and show clumpy star forming regions. An inspection of a pho-
tographic atlas of barred galaxies reveals a variety of unique star formation prop-
erties - star forming knots concentrated along the bar or in spiral arms emanating
from the bar. Giant HII regions are often present at the extremities of bars or in
conspicuous hot spots in nuclear or resonance rings. The association of nuclear
starbursts with stellar bars strongly suggests that it arises as a consequence of a
bar-related phenomenon e.g. a resonance. The inner Lindblad resonance (ILR) in
particular, is expected to be the site of enhanced molecular cloud density and star
formation in the central region of barred spiral galaxies (Combes & Gerin 1985).
The location of the ILR depends on the form of the mass distribution and is ex-
pected to be closest to the nucleus in galaxies with the highest central mass con-

centration.

It has been observed that nuclear starbursts occur preferentially in early-
type barred spirals (Devereux & Hameed 1997). Elmegreen et al. (1990) present

evidence that radial mass-transfer and star formation during an encounter can
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change an unbarred late-type galaxy into a barred early-type galaxy. This might ex-
plain why nuclear star formation is so rare in late-type spirals. They give statistical
evidence to prove that galaxy interactions produce strong spirals, which because of
their torques lead to bar formation and a significant mass inflow in the disk. For a
prolonged encounter, the mass inflow can apparently change a non-barred galaxy
of intermediate Hubble-type Sbc-Scd, to a barred galaxy of early Hubble type SBa-
SBb by increasing the density in the inner region and by removing a significant
amount of the gas mass and star formation from the outer disk. The most spec-
tacular starbursts occur in tidally interacting galaxies and mergers. Interactions
with companion galaxies or merger processes leave their signature in the form of
peculiar structures like distortions in the galaxy isophotes, tails, bridges, double
nuclei, etc. Dynamical interactions and mergers can be responsible for periods of
enhanced star formation (Larson & Tinsley 1978; Sharp & Jones 1980). Theoreti-
cal models have added substantially to our understanding of the merger process,
in particular by demonstrating how it is possible to build up enormous concen-
trations of gas in the centers of merger remnants. The numerical simulations of
Toomre & Toomre (1972) were successful in reproducing the tails observed in the
Antennae by considering gravitational interactions and tidal forces. Numerical
simulations now reproduce many features seen in starburst galaxies, including
their disturbed morphologies and gas inflows fueling the starburst. Tidal forces
have bipolar symmetry in the perturbed galactic disk which represent the differ-
ences of attraction forces from the companion over the whole disk. An attraction
excess on one side and a corresponding lack on the other disrupt the disk. When
the two interacting galaxies have equal masses, the two internal spiral features
form a bridge, which will soon be accreted by one of the galaxies, the two external
spiral arms will spread out in the form of two antennae, which will subsist in 1
or 2 million years (Combes 1987). Two famous examples are The Antennae (NGC

4038-9) and The Mice (NGC 4676 A-B).

Though many of the optically selected starburst galaxies show peculiar mor-

phologies, there are many cases where neither apparent evidence of interaction nor
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the presence of non-axisymmetric structures like bars or oval distortions is evident
on visual inspection. A detailed morphological study of the underlying galaxy and
its structure is essential in addressing such cases and determining the cause of the
burst especially in such cases where no apparent signatures are seen. A spatially
resolved study of a sample of starburst galaxies will aid in understanding the un-
derlying structure of the galaxy hosting the starburst. The morphology of the star
forming regions can provide insights into the triggering mechanisms, while the
morphology of the underlying component gives an indication of the nature of the

gravitational potential well in which the starburst occurs.

3.1.1 Morphology of the sample objects

As mentioned in Chapter 2, we have selected the sample objects with a variety of
Hubble types. A visual inspection of the direct images reveals that the objects show
a number of morphological peculiarities. The early type galaxies generally show
smooth outer structure. Many of them like Mrk 190 and Mrk 439 appear circular in
long exposures. However, their inner regions show a variety of non axisymmetric
structures or clumpy central regions. These structures are clearly brought out in
the contour maps presented in Fig. 3.1a-s . A double nucleus is seen in one of
the galaxies, Mrk 743. Non concentric outer envelopes are also seen in many of
the objects belonging to this class. Such non concentric isophotes around galaxies
present the strongest evidence for perturbations resulting from tidal interactions
between galaxies. Using N-body simulations, Borne (1984) and Aguilar & White
(1986) have shown that strong asymmetric envelope distortions can result from
tidal interactions between galaxies. A displacement of the nucleus from the center
of its envelope will quickly decay away and thus, this must reflect recent tidal

perturbations.

Our sample contains 10 spirals. Of these, 8 are barred spirals. The spirals
generally show disturbed, asymmetric spiral arms or sometimes, as in the case of

Mrk 799, three spiral arms. Mrk 332 and Mrk 449 are the two spirals which show
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neither a companion nor the presence of a bar. The appearance of the isophotes
changes at different wavelengths. At shorter wavelengths, they appear clumpy
due to the presence of star forming regions and dust, while they have a smoother

appearance at longer wavelengths.

The irregulars/peculiars show highly distorted isophotes especially in the
central regions. Some objects like Mrk 1134 show a clumpy structure throughout

the body.

We discuss the morphological characteristics of each of the objects in detail

in Section 3.4.

3.2 Colour Maps

Colour maps are good tracers of the stellar populations in a galaxy. Broad band
photometry is relatively easy to obtain and gives an immediate impression of the
spectral energy distribution of the galaxy. The star formation rates at two different
epochs, namely a period about 10° years ago and the present time can be traced
by the B luminosity and the Ho luminosity respectively. Hence, a comparison of
broad band colour images like (B — V) or (B — I) and the Ha images can lead to
an estimation of how the recent star formation history of a galaxy has taken place
in different regions (Méarquez & Moles 1994). The UBV R colours are dominated
by the mixture of the intermediate mass main sequence stars (~ 5-10 M) and disk
giants (~ 0.8-3 M). Colotirs have been used to estimate the stellar population of
galaxies (Searle et al. 1973; Tinsley & Danly 1980; Frogel 1985; Peletier & Valentijn
1989; Silva & Elston 1994). The spatial distribution of colours can be used to trace
the locations of enhanced star formation activity, dust and stellar populations. The
spatial organization of the star forming complexes can be a clue to the mecha-
nism controlling the burst. A spatially resolved study through various passbands
will help us understand the physical processes controlling star formation in such

a dynamic environment. Previous studies by Hodge (1975) and Keel et. al (1985)
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indicate a tendency for star formation to be concentrated around the nuclear re-
gion in interacting galaxies, although there are cases where there is significant star

formation taking place at other locations.

3.2.1 Construction and interpretation of colour maps

The colour maps were constructed by dividing the intensity images in two bands
and calibrating them using the transformation equations described in Section 2.6.
To conduct a spatially resolved study of the stellar populations and the distribu-
tion of dust, we constructed (B — V), (V — R) and (B — I)) colour maps. The colour
maps were constructed after matching the PSFs in the two bands to avoid artifacts.
This was achieved by degrading the better of the PSFs in the two bands by using a
gaussian smoothing filter. The colour maps thus obtained were examined to iden-
tify features like star forming regions, dust lanes, etc. and study their photometric
properties and their locations with respect to the underlying galaxy. The (B — I)
colour map is presented in the fourth panel in Figs. 3.1a-s. The grey scales have
been chosen to maximize the contrast over the range of colour indices. Nearly all
the galaxies in our sample show a blue nucleus indicating relatively higher star
formation in this region as compared to the rest of the galaxy. In some cases, the
nucleus does not appear blue which may be due to obscuration by dust or a domi-
nant redder population, but the presence of massive stars in this regions can be de-
duced from the presence of Ha emission (which suffers lesser attenuation) in this
region. Mrk 363 and Mrk 1134 show global star formation while Mrk 332 shows
intense star formation in the spiral arms and Mrk 799 shows intense star forma-
tion at one end of the bar, in addition to the nucleus. In general, the galaxies show
more small-scale irregularities in the B band. This is due to two causes : (a) The
distribution of young stellar population, which is distributed imhomogeneously
in general and is more emissive in the blue and (b) the non-uniform distribution of
dust, more effective in producing blue extinction than red. The colour maps con-

vey two types of information whose combination can make interpretation quite
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complex. The redder regions correspond to either an older population or obscu-
ration by dust. Qualitatively, it is often possible to distinguish between these two
effects (Prieto et al. 1992a,b) using the results of the ellipse fitting analysis, which

will be dealt with in the next chapter.

3.3 Ha images

The Ha emission from giant HII regions is a good tracer of OB star formation. The
presence of Ha emission from gas is a sign-post indicating that at least one mas-
sive star has formed there recently. Massive stars emit Lyman continuum photons
which ionize the surrounding hydrogen. In the subsequent recombination process,
Balmer photons are emitted. Measurement of the integrated Balmer photon flux
provides a direct estimate of the Lyman continuum luminosity and the correspond-
ing OB star formation rate (SFR). These regions show Ha in emission, which has
been used extensively by Kennicutt (1983) to derive SFRs in spirals. The regions
of emission, thus delineate the location of star forming giant molecular clouds and
the gas involved in star formation. Their locations can be used to detect the effects
of perturbing forces which is supposed to be responsible for the anomalously high
gas densities , subsequently leading to the triggering of the burst. In particular, the
HII regions reflect the recent dynamic influence on the gas because of their short

lifetimes (Hodge 1975).

3.3.1 Spatial distribution of star forming regions

The sample of galaxies was observed with appropriately red shifted narrow band
filters which were centered at red-shifted He. The large scale patterns of star for-
mation were studied using continuum subtracted emission line images. A visual
inspection of continuum subtracted Ho images shows that all the galaxies except
Mrk 439 and Mrk 1194 show the nuclear region intensely in emission, signaling the

presence of massive stars in the central region. On the basis of the emission-line
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10"

Figure 3.1a

Figure 3.1: Top row : left: B isophotal contours, right: isophotal contours. Bottom row : left :
(B—1I), right : Ha isophotal contours. North is at the top and East is to the left. Contours are plotted
at intervals of 0™.25 with the faintest one at 30 of the background. The same order is followed in

the figures (a) to (s). 32



150

125

100

75

50

RS T R L LT I

25

gl vpa ey vopl e el lbeg pul

Ly gepi b gaidlop o] gy gop Lo sapl s

25 50 75 100 125 150

MRK 190

— 10"
e B S T B
150 -
125 3
L & 1
100 o ]
- -0‘;
50~ 3
5[ . L ]
I P L TS DR B T
2 50 75 100 125 150
T T

LoD G O B L 2 I B L (LR UL L

i D AT (T AT IO A Sl (R

Lo by v b v b by v n Ly

Figure 3.1b

33



MRK 603

Figure 3.1c
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morphologies, we have divided the sample into the following four subclasses.

1. Galaxies showing He emission in the central region only. Mrk 1308, Mrk 14,
Mrk 87, Mrk 449 and - Mrk 1002 belong to this class.

2. Galaxies showing extended Ha emission or galaxies with extranuclear emis-
sion, in addition to nuclear star formation. This includes most of the spirals
which show emission from either one or both the ends of the bar, or along the
bar (e.g. Mrk 213, Mrk 1379, Mrk 799 and Mrk 602), Mrk 190 which shows
extended emission in the nuclear region, Mrk 332 and Mrk 781, with emis-
sion in the spiral arms, are also included in this group. The ellipticals like

Mrk 743 and Mrk 603 also have extended regions in emission.

3. Galaxies with global massive star formation. Line emission is observed through-
out the body of the galaxy in Mrk 363 and Mrk 1134, indicating a global star-
burst. The fact that massive star formation in starburst galaxies is not always
confined to the nuclear region alone is best illustrated in these cases. Their
strong stellar continuum at longer wavelengths (R and I bands) points to
the fact that they are not young systems experiencing their first phase of star

formation, but are old systems with a younger burst of star formation.

4. The last class includes starburst galaxies with peculiar emission-line moz-
phologies. Mrk 439 and Mrk 1194 belong to this class. Mrk 439 shows ex-
tended Ha emission along a bar which is misaligned with the optical contin-
uum isophotes, while Mrk 1194 shows no emission from the central region

but clearly shows a circumnuclear ring of massive star formation.

The radial distribution of the Ha emission was studied by synthetic aperture pho-
tometry in the regions of emission. The central intensity was normalized and the
radial profiles thus obtained are shown in Fig. 3.2. A majority of the objects have a
Ho distribution that is centrally peaked and falls off at a more or less exponential
rate with increasing radius. A few cases like Mrk 1379 and Mrk 363 have Ho distri-

butions that show a different behaviour. The fall-off in the line intensity with radial
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Table 3.1: Characteristics of Ha emission

Galaxy Global pseudo E.W.  emission morphology
Mrk 14 0.909 extended

Mrk 87 - central

Mrk 190 0.537 central,resolved

Mrk 213 0.208 central,end of bar

Mrk 332 . 0.440 central,spiral arms

Mrk 363 1.127 global

Mrk 439 0.399 along a misaligned bar
Mrk 449 0.524 nuclear

Mrk 602 0.6918 central,along bar,ends of bar
Mrk 603 1.706 global

Mrk 708 0.812 nuclear, eastern end of bar
Mrk 743 1.374 extended

Mrk 781 1.374 central,spiral arms

Mrk 799 0.380 central,end of bar

Mrk 1002 0.565 central

Mrk 1134 0.490 global

Mrk 1194 0.709 along a ring

Mrk 1308 0.812 nuclear

Mrk 1379 1.025 central,end of bar

distance is much smoother in Mrk 1379, while in Mrk 363, the peak is off-centered

from the nucleus.

3.3.2 Pseudo equivalent widths of Ha

To study the regions of current star formation relative to the underlying continuum
contributed by old stars, a pseudo equivalent width (p E.W.) of Ha was computed.
This was done by dividing the Ha intensity by the stellar continuum intensity
estimated from the scaled off-band continuum image. This is not a true equivalent
width, however, it can be used to compare relative levels from galaxy to galaxy. It
provides a measure of the current star formation rate relative to the recent past star
formation rate, since the line emission is due to massive stars with ages <10" years

while the stellar continuum at these wavelengths is due to G and K giants which
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are typically a few billion years of age (Huchra 1977b; Kennicutt 1983). Since we
are interested only in the relative contributions, the units are arbitrary. Bushouse
(1986) uses a similar approach to derive pseudo equivalent widths for a sample
cf interacting galaxies. However, he uses the total flux in the R band while we
use the flux in the scaled off-band images. Global and radially dependent pseudo

equivalent widths were derived by the following procedure :

Synthetic aperture photometry was performed on the continuum subtracted
Ho images to derive the brightness distribution through concentric circular aper-
tures. The apertures were centered on the nucleus, the position of which was de-
termined from the R band images. This convention was maintained irrespective of
whether or not the Ha peak emission coincides with the R band peak. The radial
profiles of the line emission intensity were derived in this manner. Circular aper-
tures were considered up to the radius where the signal falls to the 3o level of the
background value in the line images. The same scaled images that were used for
continuum subtraction served to derive a similar radial profile for the continuum
in the emitting region. The ratio of the two intensities gives the radial distribu-
tion of the pseudo equivalent width. The global equivalent width was obtained
by dividing the total line intensity by the total scaled continuum intensity over the
emitting region. Table 3.1 lists the global pseudo E.W. and the locations of the He
emission. In Mrk 87, the signal to noise ratio in the Ha image was poor, so we did
not deduce the global pseudo E.-W. for this galaxy. The radial dependence of the
intensity distribution normalized to the central intensity plotted on a logarithmic
scale and the radial dependence of the pseudo equivalent width (p E.W.) are pre-
sented in Fig. 3.2 for a few representative cases. The intensity is maximum at the
center and falls of smoothly outwards. Many of the galaxies show an exponential
decline in the Ha intensity. Mrk 332 is an exceptional case in which the intensity
shows a marked increase at 10”, corresponding to the star forming regions along
the spiral arms. It was noted that the radial distribution of pseudo E.W. does not
follow the same behaviour as that of the intensity profiles. The radial dependence

of the pseudo equivalent widths can be grouped into the following types :
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¢ Peaking in the central region and falling off steadily outwards as in Mrk 14,
Mrk 213, Mrk 743.

e Peaking near the nucleus, but off-centered from it as in Mrk 1379, Mrk 1308,
Mrk 439, Mrk 603 and Mrk 363.

¢ Showing multiple peaks as in Mrk 1002, Mrk 332. One of the peaks is close

to the nuclear region and the other at a large distance from the center.

The global pseudo E.W. listed in Table 3.1 was compared with the pseudo E.W.
in the central region. It was found that the central pseudo E.W. was higher than .
the global value in nearly all cases. This suggests that the star formation is more
enhanced with respect to the underlying population in the central regions of these
starburst galaxies. A few cases like Mrk 363, Mrk 439 and Mrk 332 showed that the
ratio of the central pseudo E.W. to its global value was less than unity. All these

three galaxies show a considerable amount of extranuclear star formation.

3.4 Individual galaxies

The sample can be divided into three broad morphological types : early type galax-

ies namely SO0’s and E’s; spirals; and irregulars and ellipticals.

3.4.1 SOsandE’s

The isophotal contours and colour maps of the galaxies belonging to this group are

presented in Fig. 3.1a-f.

o Mrk14:
This galaxy has been classified as likely to be an SO by Huchra (1977a) while
it forms a part of the sample of distant irregulars in a study conducted by

Hunter & Gallagher (1986). The contours in the outer regions look disturbed
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(Fig. 3.1a). Keel & van Soest (1992) find no candidate companions near this
galaxy. The only significant feature in the colour maps is the blue nucleus.
The (B — I) colour map does not show any features like dust lanes. On the
whole, the colours get redder outwards. A sharp change is seen in the inner
8”; (B — V) changes steeply from 0.15 to 0.75 in this region. Beyond this, the
change is more gradual. The Ha image shows extended emission peaking in
the nuclear region. The pseudo E.W. also shows a peak in the nuclear region

and falls off smoothly with radial distance.

Mrk 190:

This galaxy has been classified as SO0/E. The outer contours appear smooth
and almost circular (Fig. 3.1b). The isophotes in the B band show the pres-
ence of an inner structure lying along east-west and a faint indication of spi-
ral arms in the north-south direction. van den Bergh (1980) describes it as
a very small face-on spiral with a bright core of extent 8” and a disk 29” in

diameter. The U band contours show a double structure in the central region.

Towards longer wavelengths, the contours become smoother and are nearly
circular. The colour maps show a blue ring straddling the nuclear region, 400
pc wide with a (B—V)~0.5 which is bluer by 0™.2 as compared to the nuclear
region. Li et al. (1994) have found from aperture synthesis observations of
HI and CO that it does not show a central HI depression or an inner/outer
HI ring. Most of the HI emission is within the de Vaucouleur’s radius. They
find no indications for the nuclear burst to be a recent merger or interaction
and suggest that it could be occurring periodically. Our Ha image shows that
the emission is extended, consistent with Wrobel & Heeschen (1991) finding

extended radio emission in Mrk 190.

Mrk 603 :

Mrk 603 along with its two companions forms a triple system. It has been
studied extensively by Petrosian & Burenkov (1993). They deduce the pres-
ence of about 3x10° OB stars which photoionize the gas. They also detect
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The left panel shows the radial variation of the normalised Ha intensity plotted on a logarithmic

scale and the right panel shows the radial variation of the pseudo equivalent width (p E.W.)
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ongoing star formation in the host galaxy at a smaller rate as compared to
that in the nucleus. We find that the contours are stretched out along the
north-western side (Fig. 3.1c). The (V — R) colour image shows a blue nu-
cleus surrounded by a red clumpy region. The two companion galaxies also
appear blue. This system shows global Ha emission, in the galaxy as well as
in the companions, with the peak emission in the nuclear region of the galaxy.
However, the pseudo E.-W. is found to peak 4” away from the nucleus. It falls

off steeply up to 10” and the fall is much smoother beyond 10”.

o Mrk 743:
Mrk 743 is classified as a peculiar E0 galaxy in the Markarian catalogue. It
forms a part of the sample of galaxies with double nuclei studied by Maz-
zarella & Boroson (1993). An inspection of the contour plots in the four
bands reveals the presence of two nuclei surrounded by a common envelope
(Fig. 3.1d). The envelope is asymmetric in the outer regions. Both the nuclei
have comparable fluxes in the V band. The western nucleus appears brighter
at longer wavelengths, while the eastern component becomes dominant at
shorter wavelengths.' Mrk 743 is one of the few HI sources among early type
galaxies in which the HI distribution shows a central concentration, rather .
than the usual depression (Burstein et al. 1987). The HI distribution is in the
form of a disk nearly as large as the galaxy diameter (van Driel & van Woer-
den 1991). Wrobel & Heeschen (1991) detect unresolved radio emission at 6
cm from this object. Ha shows an extended structure with its peak coincid-
ing with the eastern nucleus. For deriving the variation of the line intensity
and the pseudo E.W.,, the center was taken to be fixed on the eastern nucleus.
The line intensity variation with radial distance follows a more or less expo-
nential form, with its peak in the center.The pseudo E.-W. remains constant in

the central region up to a radius of 4” and then falls slowly outwards.

e Mrk 1002:
This galaxy is classified as SO by Mazzarella & Balzano (1986) and as E1 in
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the Markarian catalogue. The direct image appears smooth. On probing the
contours we find that the central contours appear elliptical (Fig. 3.1e). At
about 6”, they start deviating from perfect ellipses and seem to give a faint
indication of spiral arms. Beyond 12”, they regain their elliptical nature. The
colour maps show an interesting structure. We detect a S-shaped blue struc-
ture in the form of a spiral crossing the nucleus in the colour maps. Pogge &
Eskridge (1993) have reported Ho emission in the nuclear as well as clumps
of emission in the circumnuclear region in this galaxy. Our studies show
that the line emission does not follow the structure seen in the colour maps
but just shows extended emission in the central region. The He emission is
peaked in the center and falls of smoothly. However, the radial distribution
of pseudo E.W. shows a lot of structure. It peaks in the center and falls off till

2” and then rises again to peak at 4”, before falling off smoothly outwards.

Mrk 1308 :

This is a small nearby galaxy of SO type extending about half an arcminute. It
has a small linear companion located at 30” towards the west, which has been
confirmed to be a physical neighbour (Doublier et al. 1997). The contours in
the B and I filter bands appear smooth (Fig. 3.1f). Besides the blue nuclear
region, there are no other features detectable in the colour maps. The (B—V)
colour for Mrk 1308 is 0.05 in the central regions and gets redder outwards,
reaching a value of 0.7 near the periphery. The companion is a red object
having a mean (B — V) of 0.9. The colour and the Ha images show that the
star formation activity is confined to the nuclear region. Radio imaging at 6
cm (Neff & Hutchings 1992) shows that the emission at 6 cm is in the form of
a ring-like structure of diameter ~ 3”. Our Ho image shows emission in the

central region. The pseudo E.-W. peaks 3” away from the nuclear region.
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3.4.2 Spirals

The sample contains 10 spirals. The isophotal contours and colour maps of these

galaxies are given in Figs. 3.1g-p.

e Mrk87:
Mrk 87 is a barred spiral with a prominent ring surrounding the bar as is
clear from Fig. 3.1g. It is paired with the SBa galaxy KPG 160B. The ring
appears more prominently in the B band and the (B — I) colour map and
starts merging with the underlying galaxy at longer wavelengths. Rings of
stars and gas are oftep seen in barred spiral galaxies. They are believed to be

formed by gas accumulation at the bar’s Lindblad resonances. They are blue

in colour and are the sites of enhanced star formation (Buta 1986). Arsenault -

(1989) has shown that the bar and ring features occur with a higher frequency
in starburst galaxies as compared to normal galaxies. The Ha image shows

emission only in the nuclear region and in the companion galaxy.

o Mrk213:
This is a barred spiral galaxy. A faint arm is seen emerging from the south
eastern end and curving around towards the north western side where it is
attached to an almost stellar condensation (Fig. 3.1h). The contour plots of
Mrk 213 in both B and I bands clearly show that the contours in the inner
regions have a position angle different from that of the outer region. The
contours in the central region appear elliptical. The (B —I)) colour map shows
that this galaxy gets bluer outwards. The colour map also shows a dust lane
starting from the nucleus, curving around it before proceeding towards the
NW direction. Line emission is present in the nuclear region and at the ends
of the primary bar. The isophotal contours in the Ha image show that the
emission in the central region follows the contours seen in the direct images.

The pseudo E.W. shows the same trend as the intensity profile.
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e Mrk 332:
The galaxy shows a bright nucleus and two spiral arms (Fig. 3.1i). A faint
secondary arm-like structure starting from the eastern tip of the eastern spi-
ral arm and going towards north is also seen. Though this feature is not
apparent in the isophotal contours shown in the figure, it can be seen clearly
in the direct images of Mrk 332. Inspection of the images shows that the spi-
ral arms are embedded in a diffuse envelope. A number of knots are seen
along the spiral arms especially in the U, B and Ho images. The R and
images appear much smoother than the U and B images. The U and B im-
ages do not show any indications of a bar but the isophotes at longer wave-
lengths show faint indications of a bar or a central oval distortion. This is
discussed in detail in Chapter 4. The U and B band images show a number
of knots tracing the inner boundary of the spiral arms and forming a ring.
Towards the longer wavelengths, these images get smoother gradually and
the I band isophote is devoid of any distinct knotty structure. The contin-
uum subtracted He image also exhibits structure similar to that observed in
the U and B bands confirming that these are knots of enhanced star forming
regions, forming a ring at about 2.1 kpc from the nucleus and not a result
of patchy extinction. Mrk 332 is a spiral galaxy with two spiral arms which
show a number of clumpy star forming regions at shorter wavelengths. The
nucleus appears highly reddened. The (B — V), (B — I) maps shows a blue
region associated with the nucleus, which is a little off-centered with respect
to the nucleus, surrounded by a much redder region on the inner side of the
ring. The diameter of this ring is deduced to be ~ 4.2 kpc with a width of ~
600 pc; from the (B — I) image. The nucleus is the highest surface brightness
region in all the bands. The nuclear region shows a disturbed morphology in
the emission-line image. The contours are not smooth and He is brightest in
a region which is off-centered from the nucleus, similar to the structure seen
in the (B — I) image. In He, two of the brightest condensations seen along

the spiral arms are comparable in brightness with the nucleus.
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o Mrk 449:
Mrk 449 is the most inclined galaxy in our sample. We derive an inclina-
tion of 75° for this galaxy. In the direct image, this galaxy appears lenticular.
The contour maps (Fig. 3.1j) show the presence of a central elongated nu-
clear region with another bright region lying towards the west separated by
a constriction from the nuclear region. The constriction becomes shallower at
longer wavelengths leading us to believe that it is probably caused by extinc-
tion due to dust. An inspection of the colour maps shows a reddened vertical
band in this region. We infer that this is due to a dust lane. This dust lane
lies neither along the major axis of the galaxy, nor along its minor axis, but
is at an intermediate angle. Hawarden et al. (1981) observed such “skew”
dust lanes in a small fraction of early type galaxies. They suggest that the
properties of the galaxies with such “skew” dust lanes are best attributed to
the accretion of cool material at a fairly recent epoch. The signature of this is
also seen as a reddened region in the colour image. A cut across the dust lane
taken at a position angle 97° is presented in Fig. 3.1j which clearly shows the
extent and the reddening in (B — R) due to the dust lane. (B — R) changes
from 0.8 in the nuclear region to 1.5 at the location of the dust lane. The Ha
emission is confined to the central region and the distribution is elongated in -

the East-West direction.

o Mrk 602:
This is a galaxy with a strong bar. It has been classified as SBbc. The northern
spiral arms is forked and a small companion galaxy is seen 52” to its north.
The colour map shows a blue nucleus and blue regions at the ends of the bar.
The Ho image shows intense emission from the nuclear region and some
faint emission along the bar, in addition to two blobs of emission located at

the ends of the bar.

e Mrk 708:
This galaxy has been classified as possibly being a barred spiral in the UGC
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and the RC3 catalogues. The UGC catalogue describes it as a spiral with very
broad ill-defined arms and with 3 or 4 stellar objects superimposed on it. The
colour image (Fig. 3.11) shows a reddened central region and the galaxy gets
bluer outwards. The Ha image shows strong emission in the central region
and a faint blob of emission on the north-eastern side. The central reddening
in colour could be either due to dust obscuration or due to a dominant redder

population. This will be discussed in Chapter 4.

Mrk 781 : '

Mrk 781 is a barred, flocculent spiral. The contour map in the B band looks
ragged while that in the R band appears much smoother (Fig. 3.1m). The
colour map reveals the presence of a blue nuclear region ((B — V)~ 0.6),
surrounded by a much redder region with (B—V) ~ 0.8 in the bar region. The
colours get bluer again at the spiral arms. The Hor image also shows strong
emission in the nuclear region. The starburst activity is mainly confined to

the nuclear region in Mrk 781.

Mrk 799 :

Mrk 799 is a barred spiral galaxy. The UGC catalogue describes the galaxy
as having a very broad, slightly curved bar and three arms, one of which
is off center. It contains an extremely luminous HII region showing very
strong Wolf-Rayet emission features (Contini et al. 1997) at one end of its
bar. In Fig. 3.1n, this region lies to the SE of the nucleus and is at a distance
of 20” from it. It is clear from the colour image shown in Fig. 3.In that
this superassociation is the bluest region in the galaxy. Contini et al. (1997)
also find that the nuclear region is dusty and they detect a circumnuclear
ring of semi major axis length 3”.5. The colour image shows a blue nuclear
region surrounded by a reddened region. Curved dust lanes are also seen
in the colour image. The Ha emission in the nuclear region shows a double

structure. The strongest Ha emission is seen in the superassociation.

65



e Mrk 1194:
Mrk 1194 is an edge-on barred spiral. The contours in the inner regions are
misaligned with the outer contours (Fig. 3.10). The central region shows
different structures in the B and the I bands. The I band shows a well de-
fined nucleus while the nuclear region appears elliptical in the B band. The
(B — I) colour map shows two blue blobs along the NS direction and a dust
lane curving around it. The colour map and the Ha image shows that star
formation is concentrated in a circumnuclear ring of diameter 4 kpc. Contini

et al. (1995) have reported the detection of this ring.

e Mrk 1379:
Mrk 1379 is a VV object (Vorontsov-Velyaminov 1977), with nests of inter-
acting objects (Fig. 3.1p). The nucleus is blue in colour with (B — V) ~ 0.4,
surrounded by a redder region with (B — V) ~ 0.8. Strong Ha emission is
seen in the nuclear regién and diffuse emission is seen along the bar. Blobs
of emission are seen at the ends of the bar and in the companion galaxies.
The companion is the bluest with (B — V) between 0.2 and 0.3. The (B — I )
image shows nuclear star formation in the form of a ring as well as extranu-
clear star formation. Knots of star formation are seen in the nuclear region
as well as along the western periphery of the galaxy at the point where the
spiral arms start. In addition to this, global star formation is detected in both

the companions lying to the East.

3.4.3 Irregulars and Peculiars

Three galaxies namely Mrk 363, Mrk 439 and Mrk 1134 are classified under irregu- '
lars/peculiars. Refer to Fig. 3.1q-s for the isophotal contours and the colour maps

of these three galaxies.

o Mrk 363:
This peculiar Sc type galaxy has been classified by Geller & Huchra (1983)
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as belonging to a group made up of seven galaxies, based on their prox-
imity in space and their radial velocities. A neutral hydrogen mapping by
van Moorsel (1988) shows a central concentration of HI. Radio emission ex-
tended over the galaxy has been observed by Wrobel & Heeschen (1988). An .
inspection of the contours in the B and the I band (Fig. 3.1q) reveals that the
morphologies are quite different in the two spectral windows. The blue con-
tinuum has an extended structure in the central region with no well defined
nucleus while the I band image shows a well defined nucleus in the central
region. The contours appear highly disturbed and asymmetric in both the
bands, though they are more so in the B band. The contours in the B band
are stretched out in the north more than those in the I band suggesting the
presence of dust in the region at ~ 9” from the nuclear region. The (B —1I)
map (Fig. 3.1q) clearly shows a highly reddened region coinciding with this
feature. This region has a mean (B — V) of 0.7 while the nuclear region has
a mean value of 0.3. The I band image shows a pointed structure starting
from the nuclear region and extending upto 4” along the SE direction. There
is another pointy structure starting at 6” and extending upto 12” along the
southern direction. Ho emission is global but the morphology of the emis-
sion is quite disturbed and clumpy. The peak of Ha emission is off-centered
by 3” with respect to the optical nucleus and lies on the NE side of the nu-
cleus. The clumpy nature could be due to the presence of dust and this will

be explored in detail in Chapter 4.

Mrk 439 :

This galaxy is classified as S0/Sa in the Markarian catalogue. The outer con-
tours of the galaxy in the R band appears smooth and nearly circular. How-
ever, the inner region of the galaxy shows a very complex light distribution
with clumps and drawn out plumes (Fig. 3.1r). The central region is elliptical
and is elongated in the NS direction. Two distinct plumes are seen emerging
- one along the NW direction and the other along the West. Faint indications

of spiral arms in the NE direction are seen in the isophotal maps as well as
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the colour image. The contour maps show indications of a bar-like feature
along the NW-SE direction, the signature of which becomes progressively
prominent at shorter wavelengths. Wiklind & Henkel (1989) report the de-
tection of a molecular bar in the central region in this galaxy. The colour
maps show a blue elongated bar-like feature corresponding to that seen in
the isophote map. Many galaxies with weak stellar bars have been found to
contain strongly bar-like gas distributions similar to the one found in Mrk
439 e.g. the center of the nearby Scd galaxy IC 342 harbors a bar-like molecu-
lar gas structure about 500 pc in extent and a modest nuclear starburst about
70 pc in extent. (Lo et al. 1984; Ishizuki et al. 1990; Turner & Hurt 1992) In
addition, there is another blue clump present at the south-eastern end of the

bar. The nucleus is the bluest region with a (B — V)~0.3.

The continuum subtracted Ha image shows an elongated bar corresponding
to the one seen faintly in the contour maps and the colour maps. Ha emission
is seen along the bar in the form of clumps. Emission is most intense at the
ends of the bar, though it is found to extend throughout the body of the
galaxy. A comparison of the broad band images and the Ho emission-line
image shows that the regions that are bright in the continuum are spatially

separated from the regions that are bright in the emission-line image.

Mrk 1134 :

This galaxy has been classified as an I0 galaxy. It is a small object and is
paired with the larger Sc galaxy NGC 7753. The western arm of the spiral
is connected to this galaxy by a bridge. The contours show an off-centered
nucleus (Fig. 3.1s) with its center lying towards the region where the bridge
from the larger spiral touches this galaxy. The large Sc galaxy and the bridge
are not seen in this figure as we have only displayed the region covered by
Mrk 1134. An image of the interacting system is given in Fig. 2.2. The colour
image shows the bluest region to be coincident with the nucleus in B. A
reddened region is seen to the South of this blue nucleus. The emission line

image shows global massive star formation in this galaxy, with the peak of
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Ha emission coinciding with the optical nucleus. The contours in the central
region are elliptical with a slight protrusion towards the southern side. An-
other blob of emission is seen towards the western end of the galaxy. There
is no structure corresponding to this blob in either the colour image or the

isophotal contours.

3.5 Discussion and Conclusions

Analysis of the galaxy ima'ges and their isophotes reveals that the sample of star-
burst galaxies can be split up into three major morphological types: the S0’s and .

ellipticals; the spirals; and the irregulars and peculiars.

The SO0’s and ellipticals forming the first class of starburst galaxies gener-
ally show smooth outer isophotes. However, distortions are seen in the form of
disturbed inner isophotal contours or outer isophotes being off-centered with re-
spect to the nucleus. They are generally isolated and do not show the presence of
companions except in a few cases like Mrk 603 which is a clearly interacting sys-
tem. Only one other galaxy, Mrk 1308 shows the presence of a companion nearby
which could be responsible for triggering the starburst in Mrk 1308 due to tidal in-
teraction with it. On probing the inner regions, we find structures like faint spiral
arms as in Mrk 1002 and Mrk 190 or double nuclei as in Mrk 743. The contours in
the inner regions of many of these galaxies appear more disturbed than the outer
regions. Star formation is seen only in the central region with an extent of a few '
arcsecs in all the S0’s/E’s except in the interacting galaxy, Mrk 603 where the star
formation activity is present globally. The companion galaxies of Mrk 603 also
show global enhancement in star formation. The pseudo E.-W. peaks at the nucleus

or within 3” of the nucleus.

The sample contains 10 spirals. Out of these 10 galaxies, 8 are barred spi-
rals. Star formation enhancement is seen in the nuclear region and at the ends of

bars in most cases. Mrk 332 and Mrk 449 are the two objects where there are no
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clear indications of the presence of a bar. In case of Mrk 332, intense star forming
activity is seen along a ring like structure tracing the spiral arms. The arms show
a disturbed morphology are are embedded in a smooth outer envelope. Structural
analysis of Mrk 332 (Chapter 4) shows faint indications of a bar. Mrk 1194 and Mrk
213 show indications of a nuclear bar misaligned with the primary bar. Only one
spiral, Mrk 1379 is part of an interacting system. As in Mrk 603, star formation

activity is enhanced globally in the companion galaxies.

We classify three galaxies viz. Mrk 363, Mrk 439 and Mrk 1134 under ir-
regulars/peculiars because of their highly disturbed isophotal contours. Mrk 363
and Mrk 1134 exhibit a global starburst while the third galaxy, Mrk 439 though not
a global starburst, nevertheless shows extended Ha emission. The Ha isophotal
contours do not trace the optical contours and the peak of Ha emission also does

not coincide with the optical nucleus in Mrk 363 and Mrk 439.

The colour maps show that star formation is generally concentrated in the
central region in all galaxies. Some galaxies like the irregulars Mrk 363 and Mrk
1134 show global enhancement of blue colour. On the basis of the colour maps and
the emission line images, it is evident that the star forming regions show a wide
variety of morphologies and locations like spiral arms, ends of bars, along the bar,
in the circumnuclear region in the form of clumps or rings. Cases discussed in
the present study show that the star formation though predominantly found to
occur in the central region, is not always confined to the inner few kpc. In general,
the regions with intense Ha emission correspond to the bluest regions seen in the
colour maps. However, it is found in certain cases like Mrk 439 that rather blue
areas do not show Ha emission. This probably indicates that the HII region seating

there in the relatively recent past was turned off.

Simulated concentric aperture photometry of the Ho images shows that the
line emission peaks in the central region and falls off nearly exponentially out-
wards in almost all cases. However, the radial distribution of pseudo E.-W. does

not show a uniform behaviour. This seems to indicate that though the intensity
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is maximum at the center, the relative star formation shows different trends. The
nuclear pseudo E.W. is higher than the global pseudo E.W. in most of the galaxies.
In a few cases like Mrk 363, Mrk 439 and Mrk 332 which show intense extranu-
clear star formation, the m.lclear pseudo E.-W. is lower than its global value. This
suggests that the induced star formation relative to the underlying population is
higher at locations other than the nucleus in these cases. In Mrk 1308, the pseudo
E.W. peak is off-centered by 3”. The pseudo E.W. traces the efficiency of star for-
mation with respect to the underlying old population. In Mrk 1308, the efficiency
is maximum at 3” from the center and is about 30% higher than that in the central
region. This suggests that the physical conditions in this region are conducive to
conversion of gas into stars. Radio observations of Mrk 1308 also reveal a molecu-
lar ring of the same size around the nucleus. Based on their study of isolated spiral
galaxies, Hodge & Kennicutt (1983) concluded that the radial distribution of star
formation in isolated spirals approximately follows the integrated light of the stel-
lar disk. This would imply a more or less constant radial distribution of equivalent
width, which is not consist.ent with the distribution of pseudo E.-W.s found in the
sample of starburst galaxies in the present study. A study of interacting galaxies
by Bushouse (1986) also does not show a constant radial distribution of E.-W.s and
they conclude that the interaction induced star formation usually does not follow
the same pattern of pre-interaction star formation, but occurs preferentially near
the nuclear regions. In our sample, we find that the E.W. is generally maximum at

the center or near the center.
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Chapter 4

Structural properties

Summary

The structure of the galaxies in the sample has been studied using ellipse fitting
techniques. Based on the radial variations of the luminosity, the ellipticity and
the position angle, we discuss the various structural details of the starburst galax-
ies. The presence and the extent of features such as bars, isophotal twists etc. is
studied. The colour profiles derived from the isophotal analysis have been exam-
ined to shed light on the radial distribution of the stellar population. We have
also constructed smooth models from the isophotal analysis results to extract the
underlying fine structure which provides useful information about the processes
which could have triggered the starburst. Structural parameters such as half-light

radii, disk scale lengths and central disk brightnesses have been derived.
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4.1 Luminosity profiles of galaxies

One of the primary tools for studying the structure of galaxies is surface photome-
try i.e. the measurement of the two-dimensional brightness distribution. At visual
and near-infrared wavelengths, most of the galaxy’s light is produced by stars;
thus the spatial distribution of light represents the spatial distribution of stars in
the galaxy. The two-dimensional intensity map obtained by imaging can be ex-
ploited to give a lot of useful information like distribution of different stellar pop-
ulations, gas and dust distributions, structures like bars, oval distortions, etc. in
the galaxy. Photometric decomposition has long been used to describe the struc-
tural properties of galaxies like scale lengths, half-light radii and isophotal twists.
Reynolds (1913) was the first to give a quantitative analysis of the photometric
contributions when he studied the center of M81 and proposed é formula, subse-
quently applied to ellipticals by Hubble (1930). de Vaucouleurs (1953) introduced
the r'/4 law for spheroidal systems. Later, de Vaucouleurs (1959) noticed the expo-
nential form of the disk luminosity profile. In the 1940’s Baade (1944) introduced
the concept of stellar populations. Population I consists of young stars (ages < 10°
years) in general, associated with dust and clouds of ionized or molecular gas and
are mainly found in the disk. On the other hand, Population II stars are redder,
older, metal poor and usually associated with the bulge. These observations were
further refined in the 1960’s and the 1970’s with the recognition of populations with
various ages and dynamics in both the disk and the bulge. Hence, now stars are
classified into the young, intermediate and old disk populations and the metal-rich
and metal-poor spheroidal populations. Of these, the old disk population contains
most of the mass and produces most of the light in late-type spirals. For instance,
in the Galaxy the old disk population is found to contain more than 95% of the
disk’s luminous mass and produces 80% of the total light (Freeman 1987; Gilmore
et al. 1990). For such studies, earlier researchers used an intensity profile, gener-
ally obtained by taking a cut along the major axis or the minor axis of a galaxy.

With the advent of computers, it became possible to average the intensity along
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isophotes and study the overall nature of the light distribution. The radial profiles
of elliptical galaxies can be fit very well by the de Vaucouleur’s ri/4 law while the
luminosity profiles of disk galaxies can be decomposed into a bulge following a
de Vaucouleur’s law and an exponential disk profile. The light distribution of disk

galaxies can be represented by a sum of the following equations:

) r\ 1/4
W) = gy —83270(5) 1] (41)
ulr) = uo+1.086<%). 4.2)

where u(r) represents the surface brightness at a distance r from the center, the
effective radius r. is the radius of the isophote enclosing half of the total luminosity,
ties s is the surface brightness at r., po is the central disk surface brightness and 4 is
the scale length. However, it was soon realized that less than half the spirals could
be fit perfectly with this two component model alone (Boroson 1981). Indeed, the
presence of components like bars, lenses, star forming regions, dust, etc. hamper a

simple two component decomposition.

4.2 Ellipse fitting

In order to study the nature of the galaxy hosting the starburst and to provide a
quantitative description of the morphological aspects of these objects, we explored
the sample galaxies to look for structures known to be associated with or respon-
sible for fueling the starburst. Our analysis is based on techniques previously uti-
lized by other workers to study elliptical (Bender & Mollenhoff 1987; Bender et al.
1988 ) and spiral galaxies (Wozniak et al. 1995; Jungweirt et al. 1997 ) in more recent
years. The procedure consists of fitting elliptical isophotes to the galaxy images
and deriving one-dimensional, azimuthally averaged radial profiles for the sur-

face brightness, ellipticity and the position angle of the galaxies. The ellipse fitting
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technique is a powerful technique to probe the structural properties of the galax-
ies. The ELLIPSE task within the ISOPHOTE package in STSDAS' was used to
derive the luminosity, position angle and ellipticity profiles for the sample galax-
ies in each filter. This method is based on Jedrzejewski’s algorithm (1987a) and
uses an iterative least squares fit to a Fourier expansion. The image is measured
using the iterative method described by Jedrzejewski. Using the approximate val-
ues for the semi-major axis length, the X and Y axis center, th ellipticity and the
position angle of the semi-major axis specified by the user, the image is sampled
along a first-guess elliptical path, producing a 1-dimensional intensity distribution
as a function of the ellipse eccentric anomaly E.

I=1I+ i(A,,sin(nE) + Bpcos(nE)) (4.3)

n=1

where I, is the mean intensity along the ellipse, E is the ellipse eccentric anomaly
and A, Bn(n = 1,2,...) are harmonic amplitudes. If the isophotes are ideal ellipses,
the first four coefficients namely, A;, B, Az, B2 are non-zero. All other higher co-
efficients are zero. As, Bs, A4, By determine the deviations of the isophotes from
perfect ellipses. A positive value of the By coefficient indicates the presence of a
disk while a negative value of B, indicates boxiness. This method has widely been
used in fitting the surface brightness profiles of elliptical galaxies. Jedrzejewski
(1987b) has discussed isophotal shapes in detail. The contribution of the various
terms in the Fourier series indicates the nature and the extent of the deviation of
the isophote from ellipticity and helps in detecting the presence of bars, dust, star
forming regions, spiral arms, disk components, etc. In recent years, Wozniak et -
al. (1995) have used this technique to study spiral galaxies and they have been
successful in detecting hitherto undetected bars in some galaxies. Heraudeau et al.
(1996) have also been successful in detecting bars in the central regions of galax-
ies from NIR surface photometry. We have applied this technique to our sample
of starburst galaxies to study the properties of the underlying galaxy. The fitting

procedure requires the following initial guess parameters : the center (x and y) of

1The Space Telescope Science Data Analysis System STSDAS is distributed by the Space Tele-
scope Science Institute.
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the guess ellipse, its positi;)n angle, ellipticity as input parameters. In our fitting
procedure, the centers, position angles and the ellipticity of the ellipses were al-
lowed to vary for all galaxies except Mrk 743 and Mrk 190. Mrk 743 shows the
presence of two nuclei in the central region so ellipse fitting procedures would fail
for this galaxy. Mrk 190 is a face-on galaxy. Hence its ellipticity is close to 0.0. In
such a case, the ellipse fitting procedure does not give additional information. For
these two galaxies, the luminosity profile was derived using concentric circular
apertures. Details for individual galaxies are given in Section 4.5.1. We increased
the semi-major axis length by 10% for successive ellipses. The top 10% intensity
pixels were clipped off to avoid spurious values. Foreground stars were masked
out with a circular mask before the fit was started. Also, in cases like Mrk 603 and
Mrk 1379 which are a part of an interacting system of galaxies, we masked out the
companion galaxies to avoid the light of the companions from contaminating the

ellipse fitting procedure.

4.3 Colour index profiles

The radial distribution of the colour can be derived from the luminosity profiles.
The colour index is a useful indicator of the spatial distribution of the stellar pop-
ulation in the galaxy, as has been discussed in detail in Chapter 3. Its distribution
is a pointer to the location and extent of star forming regions, dust lanes, rings and
other structures in the galaxy. Aperture photometric studies of Markarian star-
burst galaxies by Huchra (1977b) show that these galaxies get bluer towards their
centers. For the present sample of starburst galaxies, we find that in most cases,
they generally get bluer towards the center as found by Huchra (1977b), however,
these profiles are modulated by the presence of other star forming regions and
together with the luminosity, ellipticity and position angle profiles, they can be
exploited to yield valuable information about the underlying structures as well as

the photometric properties of the starburst regions.
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4.4 Detection of fine structure

Fine structure such as shells, rings, dust lanes, etc. which are embedded in the
galaxy may be hidden due to the much higher brightness of the galaxy. Mergers
are believed to induce fine structure in galaxies. Schweizer & Seitzer (1988,1992)
quantify such fine structure in E and SO galaxies. The detection and the enhance-
ment of these structures can give information about the dynamical processes un-
dergone by the galaxy. We describe below the technique we used for extracting
the underlying fine structure in our sample galaxies and some important results
obtained. Fatindez-Abans & de Oliveira-Abans (1998) describe a number of tech-

niques useful for extracting fine structure.

4.4.1 Model construction and residual maps

A smooth model of the galaxy was obtained by interpolation of the surface bright-
ness, the ellipticity and position angle profiles of the fitted isophotes. As this is an
averaged image, it would contain information about the axisymmetric structures
only. This model image is subtracted from the original image and the residual
image thus obtained was examined for clues to the non axisymmetric structures
and other features like shells, ripples, vestiges of mergers, etc. The residual map
contains a wealth of information which has been used by a number of workers
to derive information about the underlying galaxy. Kenney et al. (1996) have
reported the detection of banana-shaped isophotes , shell-like features and other
structures generally associated with mergers and accretion events in the peculiar
Virgo cluster galaxy NGC 4424. Based on a study conducted on the pair of inter-
acting galaxies AM 0327-285, de Mello et al. (1995) have reported the detection of
a rudimentary spiral pattern in one and shells in the other galaxy in the pair. Sim-
ulations by Hernquist (1992,1993) predict X-shaped structure with boxy isophotes

for merger remnants. We have constructed residual images based on the results
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of the isophotal analysis and have detected complex fine structure in the galax-
ies. In the barred spiral Mrk 213, we find indications for the presence of a central
bar or oval distortion. This central structure is not aligned with the primary bar.
The residual image of Mrk 1002 shows a X-shaped structure crossing the central re-
gion. A detailed discussion on the residual maps for each galaxy is given in Section
4.5.1. Residual maps for the galaxies showing interesting features are presented in
Fig. 4.2. The residual imag;es obtained using the R band images are shown for the
galaxies : Mrk 213, Mrk 363, Mrk 439, Mrk 449, Mrk 1002, Mrk 1194, Mrk 1308 and
Mrk 1379.

4.5 Results of isophotal analysis

The results of the isophotal analysis are displayed in Fig. 4.5 showing the averaged
radial luminosity profiles in units of mag/sq.arcsec, the ellipticity (eps) and the po-
sition angle (P.A.) in degrees, of the major axis of the isophotes as a function of the
semi-major axis length (a). The fitting was stopped at the point where the errors
in the magnitude reached 0.2. Hence, the maximum errors on the surface bright-
ness profiles are of this order. The figures are arranged in the increasing order of
the Markarian number except for Mrk 743 and Mrk 190. Only the luminosity pro-
files are plotted for Mrk 190 and Mrk 743 since for these galaxies, the luminosity
profiles were derived using concentric circular apertures. We derived the distri-
bution in colour from the surface brightness profiles and Fig. 4.6 shows the radial
behaviour of (B — V), (B — R) and (V — I) in the galaxy. The position angle is
defined as the angle between the North and the major axis of the fitted ellipse, in
an eastward sense. In Table 4.1, we list the position angles for each galaxy through
each filter, calculated by averaging the values obtained from the three outermost
elliptical isophote fits. The disk ellipticities of each galaxy through each filter are
also presented by averaging in a similar manner. The inclination of the galaxy is
derived from the ellipticity of the outermost isophotes using Tully’s (1988) formula

viz.
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assuming that edge-on systems would have (b/a) = 0.2. The correction constant 3°
is an empirical value (Aaronson et al. 1980). As discussed in the previous chap-
ter, a red colour in the colour maps can be either due to reddening by dust in that
region or due to a redder stellar population. It is possible to separate thesé two ef-
fects, at least in a qualitati\}e manner by comparing the ellipticity profiles derived
for images through different band passes (Prieto et al. 1992a,b). Dust would af-
fect the shorter wavelengths to a greater extent and the isophotes at the shorter
wavelengths would tend to be rounder. This would be accompanied by a reduc-
tion in the surface brightness in this region at shorter wavelengths. A reddening
of colours accompanied by a decrease in surface brightness therefore, signals the
presence of dust while a reddening of colours accompanied by an increase in the
surface brightness indicates a redder stellar population in that region. In some
cases, star forming regions at the ends of bars would contribute at shorter wave-
lengths and the isophotes would be more elliptical at shorter wavelengths, along
with an increase in the surface brightness. Hence, from the trends observed in the
surface brightness and the ellipticity profiles as we progress from shorter to longer
wavelengths, it is possible'to detect the presence of dust and redder stellar popu-

lations. Such a thing is not possible using colour maps or colour profiles alone.

4.5.1 Individual galaxies

The detailed study of each galaxy based on ellipse fitting was done. The behaviour
of the luminosity, ellipticity and the position angle profiles and the results obtained

are described below.
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Table 4.1: The position angle (P.A.) in degrees, ellipticity (eps) in each filter and the inclination in
degrees (i) of the galaxy to the line of sight.

Galaxy PA. eps i
Mrk B \ R I B \4 R I '
14 3 21 7 321017 017 017 018 |38
87 60 62 60 62 |040 053 051 050 |64
190 - - - - - - - - |-
213 148 142 141 133 | 060 059 055 051 |69
332 67 78 84 81 (011 011 014 012 |32
363 168 164 177 178 | 030 027 0.15 0.19 |43
439 99 121 18 21 {0.03 0.06 005 0.1 |23
449 83 82 82 82 (069 071 070 064 |78
602 31 39 30 34 (027 022 021 01943
603 160 147 150 170 | 043 0.38 038 0.36 | 56
708 73 75 75 80 (068 0.63 064 06275
743 - - - - - - - - |-
781 18 28 29 161|014 0.16 0.18 016 |37
799 163 180 180 182 | 0.33 041 041 040 |57
1002 3 .1 3 16 | 023 024 022 01341
1134 9% 95 94 95 {052 050 052 046 |65
1194 78 84 8 89 [037 032 035 038 |54
1308 19 20 25 15 013 009 008 0.09 |29
1379 60 57 53 57 |051 045 045 034 |60

S0’s and ellipticals

Ellipticals were believed to be old systems devoid of gas and dust and supported
by the velocity dispersion of the stars in them. However, the detection of fea-
tures like dust lanes, shells, ripples in some ellipticals gave indications that these
were not uninteresting oblate or prolate spheroids but had a wealth of informa-
tion hidden in them. Liller (1960,1966) noticed isophotal twisting in some ellipti-
cals. Isophotal twisting was rediscovered by Barbon et al. (1976); King (1978) and
Williams & Schwarzchild (1979). Isophotal twists are a signature of non-circular
motions of gas, increasing the rate of collision as well as the radial transport of gas
towards the galactic center. Kormendy (1982) argues tht some of the twists may
be tidal in origin. Scoville & Hersh (1979) suggest that this mechanism could be
responsible for enhancing the gas density in the nucleus and triggering star forma-
tion there. A number of features discovered subsequently like faint shells (Malin

1979), kinematically decoupled cores (Franx & Illingworth 1988), anomalous blue

80



cores (Zepf et al. 1991), counter rotating dust lanes and gaseous disks (Bertola et
al. 1985), all point to a history of cannibalism and merging for these present day
ellipticals. Binney & Petrou (1985) propose that boxy isophotes are created by the
slow cannibalism and orbital decay of a low luminosity galaxy into a host bulge
or elliptical. The high orbital angular momentum of the stars initially associated
with the cannibalized galaxy causes them to overpopulate the box orbits in the
host giving rise to boxy isophotes. de Vaucouleurs & Capaccioli (1979) noticed the
existence of faint systematic deviations (ripples) in the light profile of the classic
elliptical NGC 3379. They suggested that these deviations could be the photomet-
ric signature of a faint underlying structure which was later identified as a weak
disk. Isophotal shape analysis is a powerful method for studying such weak fine
structure in galaxies. A large number of ellipticals have been studied and the fine
structure interpreted to give valuable information about the structure and hence

the dynamical and evolutionary history of those ellipticals.

Our sample contains 6 early type systems that have been classified differ-
ently in different catalogues as SO/E. A detailed description of each galaxy is pre-

sented below.

e Mrk14:
The luminosity profile (Fig. 4.5) is made up of two components. An inner
part steeply rising towards the center and an outer exponential part. Elliptic-
ity is highest in the central region in all the filters, with a maximum of (~0.35)
in the B filter. It drops to a value of 0.1 at 9” . Beyond 9”, the ellipticity rises
again, showing a number of peaks before reaching a value of 0.2 in the out-
ermost region. The isophotes show a continuous twist (40°) from the central
to the outer regions. The contours in the inner 8” show a boxy nature while
beyond 10”, they become pointy, indicative of a disk; as is seen from the neg-
ative and the positive values respectively of the coefficient B, of the cos(4E)
term in Fig. 4.1. A strong isophotal twist and boxiness of the isophotes are

indicative of possible interaction in the past. Similar inferences have been
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drawn by Nieto & Bender (1989) and Bender & Mollenhoff (1987) for other
early type systems. This is the most likely cause for triggering the central
starburst in Mrk 14. The colour profile (Fig. 4.6) shows a very blue (B -V
= 0.2) nuclear region, with the colour getting redder outwards. The residual
image constructed with the model light distribution subtracted from the di-

rect image fails to reveal any other structure besides a bright nuclear region.

Mrk 190 :

This SO galaxy is nearly face-on and the ellipticity remains more or less con-
stant near 0. In this case, the luminosity profile was extracted using con-
centric circular apertures and we do not derive any information about the
variation of the position angle. The luminosity profile shows an inner steep
part and an outer exponential form. The colours for this object also get red-
der outwards, however, the bluest region is seen to be off-centered from the
optical nucleus by about 3. We do not detect any structures in this galaxy

except that the residual image shows a double structure in the central region.

Mrk 603 :

Mrk 603 forms a part of an interacting system of galaxies. The two compan-
ion galaxies were first masked out before starting the fitting to avoid con-
tamination of the results by the luminosity of these galaxies. The luminosity
profile is made up of two components similar to that seen for Mrk 14 and
Mrk 190. The ellipticity gradually increases as we move outwards from the
center. The ellipses are boxy in the inner 13" as shown by the negative value
of B, in Fig. 4.1. The position angle shows a steep change of 30° between 6”
and 9”. The colours get bluer outwards for Mrk 603. The residual image in
R shows clumpy structure in the inner 6" lying along the major axis of the
fitted ellipses. Towards shorter wavelengths, these clumps start reducing in

intensity.

Mrk 743 :

This galaxy is made up of two nuclei surrounded by a common envelope,
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so we have not used ellipse fitting techniques for this object. The luminosity
profiles were derived in a manner similar to that used for Mrk 190. In this
case, since the relative intensity of the nuclei was wavelength dependent as
discussed in Chapter 3, we kept the center fixed at a point midway between
the two nuclei. This was maintained for all filters. The luminosity profile
shows a two component nature. The central region is the bluest and the
galaxy gets red outwards till about 10” and beyond that there is a mild trend
towards the bluer side. Since Mrk 743 shows such a peculiar morphology,
we cannot comment on the nature of the underlying galaxy. However, the
presence of double nuclei with star formation enhanced in only one and the
. presence of an asymmetric outer envelope seem to indicate that this galaxy is
a result of the merger of two galaxies which may be responsible for the burst

of star formation.

Mrk 1002 :

The surface brightness profile shows, more or less, a smooth nature. The po-
sition angle jumps abruptly by 70° between 3 and 10”. This is accompanied
by a sudden sharp increase in ellipticity from less then 0.1 in the central re-
gion to 0.3 at 10”. This jump can be attributed to the spiral arm like features
seen in the isophotal contours and the colour maps in Fig. 3.1e. Between
5 and 10”, there is a twisting of isophotes, accompanied by boxiness of the
isophotes in this region, as seen from the negative values of the B, coefficient
in Fig. 4.1. The colour profiles show that the bluest region in this galaxy is
off-centered from the nucleus by about 3”. The residual image (Fig. 4.2) also
shows a X-shaped structure crossing the nuclear region. The isophotal twist-
ing, boxiness and the X-shaped residuals indicate that the enhancement in

star formation in this galaxy is result of a past merger.

Mrk 1308 :

Mrk 1308 exhibits two component surface brightness profiles, similar to those

discussed above. We detect a very strong systematic twisting of isophotes
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in this galaxy. Though the ellipticity shows a small variation of less than
0.1 beyond the inner 3”, there is a continuous variation in the position an-
gle. Within the inner 10” , the position angle changes by nearly 180°. Mrk -
1308 exhibits strong isophotal twisting between 5” - 10”, and non-concentric
isophotes in the outer regions. The B, coefficient (Fig. 4.1) oscillates around
zero and shows no clear trends.The residual image (Fig. 4.2) shows faint in-
dications of tiny spiral arms in the central region. The isophotal twisting and
the faint signature of spirals in the residual image could be due to gravita-

tional interaction of this galaxy with its companion.

Spirals

In recent years, the techniques of ellipse fitting have been utilized for studying not
only ellipticals, but also spirals. Studies by Wozniak et al. (1995) and Jungwiert
et al. (1997) on samples of spiral galaxies using this technique have been useful
in detecting underlying structures like bars which were hitherto undetected, oval
distortions, shells and rings. This technique can be used to study the underlying
structure of starburst galaxies in a similar manner. Barth et al. (1995) have used
these techniques to study a sample of emission line southern starburst galaxies.

Individual cases are discussed below.

o Mrk87:
The luminosity profiles in this strongly barred spiral are composed of three
distinct components. In addition to the two components seen in the above
early type galaxy, a plateau is seen between the inner and the outer com-
ponents. This is due to the bar in Mrk 87. Isophotal twisting is seen in the
inner region. The ellipticity gradually increases outwards. Beyond 5”, the
behaviour of the ellipticity and position angles is similar in all filters. The
ellipticity profile shows a slight discontinuity at 8” . Between 5” and 10",

the position angle is nearly constant at 75° and then slowly changes by 15°
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Figure 4.1: The variation of the Bj coefficient as a function of the radial distance.
Mrk 14 and Mrk 603 show inner boxiness and Mrk 1002 shows boxiness in the
outer regions. For Mrk 1308 the B; coefficient fluctuates about 0.0
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before reaching the final value of 60° . The presence of the blue ring is clearly
seen in the colour profiles in Fig. 4.6. The signatures of the bar are seen very
clearly in the ellipticity and position angle profiles. The strong bar in Mrk 87

may be responsible for triggering the starburst in this galaxy.

Mrk 213:

The surface brightness distribution is multi-component: a central steep part,
a plateau corresponding to the bar and an outer disk. The ellipticity profile
in the inner region shows a peak at 4” and then falls to a value of 0.3 at 8.
Beyond 8, the ellipticity rises again to the disk ellipticity of 0.6. The position
angle curves show a constant value ~ 130° in the inner 8” . We attribute these
features to the presence of a nuclear bar or an oval distortion of length 16”.
Beyond 8”, the P.A. rises and stays at nearly a constant value beyond 10”.
This shows the presence of the primary bar. This indicates that the inner bar
is misaligned with the primary bar by 20° and corresponds to the feature seen
in the central region in the isophotal contours. These bars are believed to be
an efficient mechanism for driving gas into the nuclear region and fueling
the starburst. The position angle changes by 25° between 8” and 10”. The
residual map (Fig. 4.2) shows the signature of the central bar-like structure
in the form of a linear feature in the inner region. This galaxy is a peculiar

case of a bar within bar.

Mrk 332:

The surface brightness profiles of this spiral galaxy show a sharp rise in in-
tensity in the inner region. Between 6” and 10”, the luminosity profiles show
a strong wavelength dependence. This is seen as a rise in the intensity, which
is most prominent in the B band and disappears in the I band luminosity
distribution. The ellipticity shows a corresponding rise in this region. The
ellipticity also shows a strong wavelength dependence with the peak ellip-
ticity maximum at 0.75 in B and falling to a value of 0.4 in the I band. The

increase in intensity at 10” in the B band accompanied by a highly elliptical
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region indicate the presence of a star forming region at this location. The
colour profiles also show the bluest region to be situated at 10” from the cen-
ter, which confirms that the maximum in ellipticity is due to the star forming
region present at this location in the galaxy. One interesting feature seen
. is that the change in position angle in the inner region upto 10” reduces at
longer wavelengths. This is an isolated galaxy which does not show any kind
of interaction. The ellipticity and position angle at longer wavelengths, es-
pecially in the I band are indicative of the possible presence of a bar, which
may be responsible for triggering the starburst. Imaging at near infrared
wavelengths would be useful in checking for the presence of a bar in this
galaxy. Beyond 10”, the position angle changes abruptly signaling the region

where the ellipse fitting program has hit the spiral arms. ‘

Mrk 449 :

The surface brightness profile is made up of two components. The most
prominent feature in the surface brightness profile is the dip at 10”7, which
becomes shallower at longer wavelengths. This dip is a consequence of the
depression in the intensity in this region due to the presence of the dust lane
seen clearly in the (B — I) image in Fig. 3.1j. The position angle remains
constant throughout except for a small dip in the central region. The very
high inclination of this system makes it difficult to interpret the results of the
ellipse fitting uniquely. The residual image (Fig. 4.2) shows that an excess
luminosity is presen{ in the nucleus as well as in the region to the east of
the dust lane. However, no structure is seen in the region to the west of the

nucleus.

Mrk 602 :

The most prominent feature in the surface brightness profile is the plateau, a
signature of the presence of a bar. The plateau region shows a small increase
in brightness between 8” and 10” in the B band. The ellipticity rises to its

maximum value at ~16”. Beyond this, the ellipticity falls to a value between
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0.2-0.3 which is filter.dependent. The P.A.is nearly constant between 4” and
16”. From the ellipticity and position angle profiles, we estimate the total
length of the bar to be 32”, which corresponds to a linear scale of 5.8 kpc.
The ellipticity peak is wavelength dependent showing a higher ellipticity
at shorter wavelengths, indicating the contribution of star forming regions
situated at the end of the bar. This is supported by the colour profiles too as

a local minima at the end of the bar.

Mrk 708 :

The luminosity profile appears to be made up of three components similar
to that seen in Mrk 87. There appears to be a break in the luminosity pro-
file at 15”. The P.A. changes gradually from the central region upto 15” and
then jumps abruptly between 15” and 20”. This change is largest in the B
band. Beyond 20”, the position angle reamins nearly constant. The elliptic-
ity profiles show a gradual increase in ellipticity from the center outwards.
A number of peaks are seen in the ellipticity profiles. The most prominent
peak which is seen in all bands is at 15”. The ellipticity in this region is fil-
ter dependent with the ellipses being rounder at longer wavelengths. The
colours are highly reddened in the inner region of this galaxy and they get
bluer outwards. However, Ha emission is found in the central region of this
galaxy. The isophotal analysis fails to detect the presence of dust in the inner
region. Therefore we infer that the older, redder population dominates the

colours in the inner regions of this galaxy.

Mrk 781 :

The surface brightness falls sharply upto 10” and then remains steady up to
30”. The ellipticity rises gradually and reaches a maximum of 0.7 in B and
0.6 in I at 30”. Beyond 30", it shows a sharp decrease in all the bands. The -
position angle remains nearly constant within a radial distance of 30” except
for the large fluctuations seen in the inner 4”. The luminosity, nature of the

ellipticity and position angle all show the presence of a bar. We estimate
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the total extent of the bar to be 60” which corresponds to 11 kpc. However,
there is a systematic shift in the peak ellipticity from B to I with the shorter
wavelength peak showing a larger ellipticity. This is due to the star forming
regions at the end of the bar, in the spiral arms. Faint signatures of the ring
detected in the colour maps are also seen in the ellipticity and the colour
profiles. However, imaging at a higher resolution is required to study the

details in the ring.

Mrk 799:

The luminosity profile of Mrk 799 is made up of three distinct components. In
the innermost 5”, it shows an exponential behaviour, between 5” and 15” the
profile shows a plateau with the luminosity remaining more or less constant
and in the outer region beyond 15”, it falls gradually. Correspondingly, the
the ellipticity falls sharply from the center up to 5, accompanied by a large
change in the position angle. Between 5” and 22”, the ellipticity increases
sharply and reaches a maximum value of 0.55 showing a broad peak. This is
accompanied by a ne.arly constant position angle between 10” and 25”. From
the profiles, we infer the presence of a bar and we estimate the extent of the

bar to be 50” which translates to a linear scale of 9.1 kpc.

Mrk 1194 :

The luminosity profile is complex in nature and appears to be made up of
at least three distinct components. The ellipticity profile shows a sharp de-
crease in the inner 4”, then a gradual rise reaching a maximum near 20” in
all the bands. Another small peak is seen near 6” in V, R and I bands. The
position angle shows a small plateau between 3”-7” which becomes clearer
at longer wavelengths and then jumps abruptly and again shows a constant
value between 10”-25”. These features along with the nature of the isophotal
contours are indicative of the presence of a bar or an oval distortion in the
inner region. Moreover, this distortion is not aligned with the primary bar

of the galaxy. The position angle of these two differs by 50°. We estimate
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the inner bar to be about 12” (3.67 kpc) long and the primary bar to have an
extent of 44” (13.46 kpc). The colour profiles in Fig. 4.6 get redder outwards.
The bluest region in the colour profiles has a diameter of about 6” (1.83 kpc)
and corresponds to the ring seen in the Ha image. The residual image (Fig.
4.2) shows two lobes lying along the primary bar and another short bar-like

feature in the inner regions.

Mrk 1379 :

Mrk 1379 forms a part of a system of interacting galaxies. The irregular
galaxy lying towards the eastern edge of Mrk 1379 was first masked out to
prevent the results of the ellipse fittiﬁg to be influenced by its luminosity. The
luminosity profile appears to be made up of two distinct components with
small superimposed features at 16” and 22”. The position angle increases to
75° between 5” and 8”, accompanied by a kink in the ellipticity profile be-
tween these points. We detect two peaks in the ellipticity profiles, the ellip-
ticities of which are wavelength dependent. The first peak corresponds to the
blue structure seen in the colour image (Fig. 3.1p) lying at 13” to the west of
the nucleus. Also, the local minima at 19” between the two maxima becomes
more prominent at longer wavelengths. There is no appreciable variation
in the position angle'in these two regions. However, the surface brightness
profiles have a small kink at this position in all the filters, the most promi-
nent being in the B band. In the inner 10”, the blue isophotes are rounder as
compared to the red ones. The colour profiles in Fig. 4.6 show a sudden red-
dening between 2” and 8”. Hence we infer that the reddening of colours seen
in the inner 10” is due to the presence of dust in this region. Between 10” and
15”, the ellipticity profiles do not show any wavelength dependence. Beyond
15” the trend reverses and the I band isophotes are rounder. BeYond 307, the
contribution to the blue light is predominantly from the spiral arms while
the light distribution at longer wavelengths is smoother and in the form of a

common envelope, which accounts for the wavelength dependent behaviour
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of the ellipticity profiles in this region. The residual maps vary in their ap-
pearance in the B and the I bands. Enhancements in luminosity are seen in
the nuclear region, in the blue knot to the west and along a curved spiral arm
which appears to start from the nucleus. Spiral arms with two bright blobs

connected to this linear structure are also seen.

Irregulars and Peculiars

e Mrk 363:
In case of Mrk 363, the luminosity profile seems to be made up of a single
exponential part. A small kink is seen in all bands, but it is more prominent
in the R band. The ellipticity in the central region is close to 0.2 for V, R
and I. Close to the nucleus, the ellipticity profile shows a small kink in these
three bands. It rises to a value of 0.4 at 10”. The P.A. in the B band remains
nearly constant at 145° in the inner 6” and then gradually increases reaching
a value of 175° at 11”. The P.A. shows strong wavelength dependence. In V,
R and I, the P.A. value slowly decreases in the inner 5” and then gradually
rises to reach a value of ~ 175° as in the B band. Beyond 127, the position
angles in different filters show different behaviours. Twisting of isophotes
is seen in this galaxy. The ellipticity profiles do not show any clear trends.
This galaxy shows global star formation and the colours do not show an ap-
preciable change. The residual image obtained by subtracting the smoothed
image from the direct image revealed complex fine structure (Fig. 4.2). A
bright nucleus, with spiral arms lying along the NS direction and extending
right upto the nucleus are seen. Another small arm is seen emerging from
the nucleus from its western side. As this galaxy belongs to a group of seven
galaxies, tidal interactions with the other galaxies of the group are a likely

cause of the enhancement in star formation activity in this galaxy.

o Mrk 439:

Fitting isophotes to the images reveals changing ellipticity and position angle
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throughout the body of the galaxy. The luminosity profile is smooth except
for small features at 5” and 10”. The ellipticity profile shows a double peaked
structure in the inner region. The ellipticity of the first peak is wavelength
dependent, the isophotes at shorter wavelengths being rounder. The colour
map also shows a redder region at this location. We infer the presence of dust
in the inner 4” of this galaxy. The other peak occurs at 5” which corresponds
to the brightest region seen in Ha. Beyond 5”, eps drops to a low value (~0.1)
at 15” and remains at a low value beyond that in all filters. The position angle
is nearly constant in the inner 10”. The contours are boxy in the inner 6.
Beyond 6”, the galaxy contours show. the presence of a disk structure which
is nearly aligned with the major axis. The residual image (Fig. 4.2) shows the
presence of the bar that is seen clearly in He as discussed in Chapter 3. It

also shows a number of shell like features.

Mrk 1134 :

The luminosity profile in this irregular galaxy shows a behaviour similar to
that seen in Mrk 363. A small kink is seen at 5” in the luminosity profile in the
B band and it flattens out at longer wavelengths. The ellipticity in the inner
region upto 5” shows a peculiar bahaviour. Upto 5, the ellipses are rounder
in B as compared to V and R, indicating the presence of dust in the inner
region s. The P.A. profiles show a peculiar behaviour in the inner region upto
10”. The change in P.A. in the B band is in an opposite sense as compared
to that in the other three bands. This means that the spatial distribution of
young stars is oriented differently as compared to the older stars. Beyond
107, the ellipticity remains nearly constant throughout the body of the galaxy.
However, the isopho’tes twist by nearly 20 ° from 10” to the outer regions.
The colour profiles (Fig. 4.6) are bluest at the center and generally get redder -
outwards though they show a multiple peaked behaviour in (B —-V) and
(B - R).
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Figure 4.2: Residuals of the images in the R band. From left to right in the top row
: Mrk 213, Mrk 363, Mrk 1308; middle row: Mrk 449, Mrk 1194; bottom row: Mrk
1002, Mrk 439, Mrk 1379. North is at the top and East to the left.
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4.5.2 Discussion

Based on the reslts of the isophotal analysis discussed in Section 4.5.1, we find the
following. The central starburst dominates the profiles in the inner regions and all
the luminosity profiles exhibit a steeply rising part towards the central region. The
colour profiles show the same general trend, blue in the central region and getting .
redder outwards. The presence of star forming regions and dust affect the profiles
and they get duly modulated. A typical example is Mrk 449 where the dust lane
shows up as a depression in the luminosity profile, as discussed in Section 4.5.1.
However, inspite of the differences in the colours in the inner regions, the outer
regions of the colour profiles show similar colour indices in most of the galaxies;
typical of a G or F type stellar population (Bessell 1990). Since the ages of this stellar
population are of the order of 10° years, it indicates that the starburst galaxies are
not young systems but have an underlying older population in addition to the

burst which has taken place at a later stage in its evolution.

All the galaxies grouped under S0/E show luminosity profiles made up of
two components : the inner steep part where the burst dominates and the outer
exponential part which is the underlying disk. Star formation is confined to the in- '
ner region in these galaxies. The colours get redder outwards. The only exception
is Mrk 603 which is a part of an interacting system and shows global star forma-
tion. Strong isophotal twisting is observed in most of these galaxies. A few show

boxiness in the inner regions.

The spirals in our sample are predominantly barred. The luminosity pro-
file is made up of three components : The steep innermost part, an intermediate
plateau indicating the presence and extent of the bar and an outer exponential disk.
In addition to the nuclear region, star formation is also found at various other loca-
tions like the ends of bars (Mrk 213, Mrk 799), along rings (Mrk 1194, Mrk 1379)and
in spiral arms (Mrk 332). The colour profiles are modulated by the presence of the

star forming regions as well as by dust. Many of these galaxies show a double
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peaked ellipticity profile. One of the peaks is generally wavelength dependent
and can be attributed to the presence of dust or star forming regions according to
the trend seen from shorter to longer wavelengths. In one case namely Mrk 213,
we detect the presence of an inner bar or oval distortion misaligned with the pri-
mary bar. Mrk 1194 also shows the presence of such an inner feature misaligned
with the primary bar. The irregular/peculiar galaxies show a smooth luminosity

profile.

We note that although the colour index profiles generally do get bluer in-
wards for all the sample objects, the bluest regions are not always the nuclear
regions. Most profiles reach their bluest colours at about 2” outside the central
region. Besides the general trend discussed above, the colour profiles also show
signatures of dust lanes, star forming regions, etc. and can be used to study the
stellar populations in those regions. For Mrk 363 which shows global star forma-
tion, the colours do not change much throﬁghout the galaxy. Mrk 603 and Mrk 708
show the opposite trend and get bluer outwards. In a study conducted by Barth
et al. (1995) on a sample of emission-line MBG starbursts, they find that the MBG
starbursts get bluer outwards which they attribute to contamination by the promi-
nent bulge in these early-type systems. In the Markarian sample also, more than
half the starburst nuclei are early-type (Balzano 1983). However, barring a few
exceptions, the Markarian starburst galaxies get redder outwards. The burst dom-
inates the luminosity in the central region in these galaxies. We detect the presence
of dust in certain regions in Mrk 439, Mrk 1134, Mrk 1379 and a dust lane in Mrk
449.

4.6 Structural parameters

The decomposition of a galaxy profile into a bulge and a disk component requires
the profile to be fitted by the sum of two empirical laws. As illustrated in the

above sections, the luminosity profiles show a variety of types. The presence of
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structures like bars, dust lanes, lenses and rings render such a straightforward two
component fit very difficult. The luminosity profiles of the program galaxies are
complex in nature. The burst of star formation in the central region manifests itself
as a sharp rise in intensity in this region. The burst luminosity completely dom-
inates the light output in this region and the estimation of the bulge component
becomes nearly impossible. To characterize the light distribution of the sample in
a homogeneous manner, standard parameters are necessary. In order to allow inter
comparison of the sample galaxies and for uniformity, we derive the half-light ra-
dius, the disk scale lengths and the central disk surface brightness. This approach
has been used by Kent (1984) and is especially useful in characterizing galaxies

which belie a simple two component decomposition.

4.6.1 Half-light Radius

The half-light radius a. is the radius within which half of the total light of the

galaxy is contained.
My = Myotal + 0.752 (4.5)

a. is generally derived from the growth curve. However, if the image suffers from
a poor signal-to-noise ratio in the outer regions, it could lead to an underestimation
of the total light and hence an underestimate in the half-light radius. To minimize
the errors, we derived the total light of the galaxy in each band by fitting an ex-
ponential disk to the outer .part of the galaxy and extrapolated this disk to infinity.
The light contained in the extrapolated profile is added to the apparent magnitude
derived to get the total magnitude of the galaxy in each band. Since the fitting pro-
cedure is done over a range of radii, errors in calculating the total magnitude are
reduced. The results are tabulated in Table 4.2. Fig. 4.3 shows the relation between
the half light radius in B and that in R. It is seen that the S0’s/E’s have smaller
half-light radii in B (a.) as compared to that in R (a.,). This suggests that the blue
light distribution is more concentrated towards the central region as compared to

the redder bands for the early type galaxies in our sample. The only exception is
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Mrk 603 for which the a; is marginally greater than a.,. However, this is the only
early type galaxy which sﬂows a global starburst. Hence, the contribution to the
blue light from the extranuclear regions is evident. The spirals in the sample have
acp>a.r in general, as many of these objects show strong extranuclear star forma-
tion which contributes to the total blue light in the galaxy. Mrk 781 and Mrk 1194
deviate from this behaviour. They have a.<a.,. This is expected since the star-
burst in seen in the inner regions of these galaxies and the outer spiral arms do not
show any substantial star formation. The three peculiar galaxies (Mrk 363, Mrk

439 and Mrk 1134) show a behaviour similar to the early type galaxies.

4.6.2 Disk scale lengths and central disk brightnesses

In the Markarian starburst galaxies, the luminosity profiles are complex in nature
showing two or in some cases three different components. In the inner region, the
profile falls steeply upto about 10”, where the light is completely dominated by the
burst component. The outer parts of the luminosity profile can be well described

by an exponential scaling law described in Eqn. 4.2,

u(r) = po+ 1.086(%)

The outer exponential nature is also seen in case of dwarf ellipticals dwarf irreg-
ulars and HII galaxies, (Telles 1995). This outer part is likely to represent the old
underlying population of the parent galaxy. Structural properties like scale lengths
and central disk surface brightnesses can be derived from these profiles. We fit an
exponential law to the outer part of the profile down to where the signal falls to
3o of the background noise level. Figs. 4.7 depict the fits to the outer regions. The
results of exponential fits to each filter are tabulated in Table 4.2. A plot of the
scale length in B (hy) versus the scale length in R (h,) (Fig. 4.4) indicates that the
blue scale lengths are comparable to the red scale lengths in most cases. The scale
lengths were derived using the outer exponential part of the luminosity profiles.
Hence, galaxies in which enhanced star formation is present in the outer regions

on the disk would tend to show a contribution from these star forming regions to
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Table 4.2: Distribution of half-light radii (a.), scale lengths (h) and the central disk surface bright-
nesses (po). The subscripts b, v, r, i denote the filters for which the values are presented. The half-
light radii and scale lengths are in kpc and the surface brightness in mag/sq.arcsec. The first row
gives the derived values and the second row gives the errors on the corresponding quantities
Mrk  ae CQey Qer Qej hy hy hy hi Hob Hov Hor Hoi

14 099 134 147 147 113 137 129 127 2076 2039 19.68 19.10
004 002 003 004 008 003 004 007

87 28 24 21 25 766 589 487 410 2192 2104 2022 19.39
123 122 042 022 007 014 007 005

190 039 045 057 055 044 046 068 059 1985 1928 1890 18.25
0.003 0.004 0.014 0008 001 001 002 0.02

213 338 275 228 303 277 275 260 274 2009 1961 19.01 18.54
046 035 042 032 019 015 019 015

332 225 214 214 236 168 183 181 214 1991 1955 19.01 18.82
006 011 009 010 007 009 008 006

363 159 171 1.84 171 092 099 093 085 1920 1877 1821 17.83
001 001 001 001 004 003 003 002

439 051 059 066 062 097 08 084 071 21.01 1992 1946 18.54
014 003 002 003 021 006 006 008

449 133 133 121 146 071 073 069 066 1918 1849 17.89 17.19
003 002 002 002 008 006 005 007

602 33 299 299 278 279 228 219 209 2107 1994 19.27 18.55
018 010 010 006 005 004 003 003

603 156 142 142 135 140 139 124 112 1999 1935 1852 18.26
003 001 002 001 002 001 002 002

708 590 512 4.88 423 570 401 374 347 2212 2113 2069 20.06
096 031 027 017 008 007 006 005

743 035 049 040 054 047 045 048 057 21.10 2002 19.60 19.25
002 001 001 001 007 006 004 003

781 530 600 583 585 314 307 296 247 2144 2071 2011 19.32
054 021 018 .14 004 003 003 003

799 431 410 410 410 173 251 296 262 1923 1941 19.08 17.69
032 013 014 016 030 010 014 016

1002 228 228 251 251 179 178 185 179 2006 1939 1886 18.38
004 014 010 009 016 011 010 011

1134 244 250 250 263 181 199 211 349 1989 1947 1895 18.87
014 013 013 022 022 017 015 010

1194 209 236 247 214 270 276 396 374 1989 1944 19.63 1931
: 080 031 069 052 043 044 043 033

1308 038 053 056 065 036 039 040 043 2002 1944 1895 18.45
001 001 001 001 004 003 004 003

1379 232 263 239 283 194 181 172 166 2017 1937 1872 17.96
007 005 005 005 005 004 005 004
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the scale lengths. From Fig. 4.4 it is seen that three galaxies, namely Mrk 602, Mrk
708 and Mrk 87 deviate substantially from the hy=h, line. Mrk 602 and Mrk 708
are two galaxies in the sample which get bluer outwards. Mrk 87 has a blue ring
in the outer regions. Hence, for these three objects we derive the blue scale lengths

to be greater than the red scale lengths.

4.6.3 Comparisbn with other samples

The plot of the blue scale length versus the corrected central disk brightness shows -
that Markarian starburst galaxies in our sample have scale lengths less than about
2 kpc in the B band. The parameters viz. the scale lengths and the central disk
surface brightnesses derived in the present study were compared with those de-
rived by de Jong (1996) for spirals. These are shorter compared to those derived
by de Jong for normal spirals using a bulge-disk decomposition. The central disk
surface brightness in our study is also brighter then that observed in normal spi-
rals by other workers. Bothun et al. (1989) report a mean value of 2 kpc for the
scale lengths derived using “marking the disk” method based on the study of the
Wasilewski sample of emission-line galaxies in the Gunn R band. They also find
the mean central surface brightness to be about 1.5 brighter than that for normal
spirals in Gunn R. Howev.er, Courteau (1996) cautions against the comparison of
scale lengths derived by different workers due to the subjective nature of the mea- -
surements. He argues that “marking the disk” approach would lead to smaller
scale lengths over those obtained from bulge-disk (B/D) decomposition fits. In the
(B/D) decompositions, the inclusion of the bulge reduces the amount of light con-
tributed by the inner disk and thus leads to a shallower slope for the disk profiles.
Knapen & van der Kruit (1991) find discrepancies up to a factor of two in the scale

lengths measured by various workers.
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Figure 4.3: Comparison of the half-light radius in B (ae) and in R (aer). Both the
axes are in units of kpc. The points denote the derived values and the solid line is
the locus of a.,=a.,.

100



Figure 4.4: Comparison of the scale lengths in B (h;) and R in (k). Units of kpc are
used for both axes. The points are the derived values and the solid line is the locus
of hb=h,..
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4.7  Global properties

The magnitudes of the sample galaxies were derived by summing up the light
within the elliptical annuli. The total light within the isophote at 24 mag/arcsec?
in the B band was computed and has been given in Table 4.3. The exponential disk
was fit and extrapolated to derive the total magnitudes of the galaxies in all the fil-
ter bands. The total magnitudes are presented along with the magnitudes within
the 24, 23, 23, 22 mag/arcsec? in the B, V, R, I bands respectively. The errors on the
magnitudes listed by RC3 are typically 0.”2 to 0.™4. The values for the total magni-
tudes derived by us agree very well with the values listed in RC3 within the error
bars in most of the cases. In case of Mrk 439 and Mrk 602, we find slight deviations
from the values in RC3. Our values for the total magnitudes are derived by extrap-
olating the exponential fitted to the outer regions in the galaxy while the values in
RC3 are derived from the curve of growth. Telles (1995) discusses the discrepan-
cies arising in the values obtained using these two different approaches. He finds

differences upto 0.”5 between the values derived using these two approaches.

4.8 Conclusions

A detailed study of the structural properties of a sample of starburst galaxies
shows the following properties: The luminosity profile is dominated by the burst
in the centrél region and has a central part sharply rising towards the nuclear re-
gion. In the outer part, all the galaxies show an exponential behaviour. The colours
generally get redder outwards. However, the bluest regions are often off-centered |
with respect to the optical nucleus. Hence, the star formation is circumnuclear in

many cases. The scale lengths in B and R are comparable.

In the 50’s/E’s in the sample, the luminosity profiles are made up of two
components : the inner part sharply rising towards the nucleus and the outer ex-

ponential part. We find strong isophotal twisting in almost all the galaxies. This
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Table 4.3: Total magnitudes and colour indices uncorrected for galactic absorption and inclination
effects. column 1 : Galaxy number; column 2: the B magnitude obtained by summing over the
pixels within the elliptical isophote at 24 mag/arcsec?; columns 3,4,5 : colours determined from the

apparent magnitudes as described above; columns 6,7,8,9 : The total magnitudes determined by
the total magnitudes from the RC3.

extrapolating the fitted disk to infinity; columns 10,11 :

Mk mp  B-V V_-RE R-I Brf Vr Ry 17 Br(® Vr@®
14 1474 052 051 047 1467 1411 1354 13.09 149 1449
87 1412 084 067 071 1387 1277 1204 1149 138  12.85
190 1351 066 057 067 1338 1256 1172 1126 1322 1255
213 1339 060 054 059 1318 1268 1206 1144 1310 12.50
332 1300 053 053 049 1284 1227 1176 11.13 1297 1237
363 1431 053 056 059 1428 1369 1314 1287 1428 13.72
439 1296 059 037 041 1265 1196 1158 1119 1233 1167
449 1369 066 053 063 1345 1287 1239 1169 1350 12.85
602 1440 090 068 064 1350 1321 1222 1164 1387 13.12
603 1326 057 056 000 1324 1267 1212 1213 1310 1250
708 1309 061 023 044 1253 1211 1189 1147 — —
743 1357 036 047 063 1319 1304 1267 1206 — —
781 1340 064 053 059 1307 1242 1192 1144 1319 —
799 1291 106 074 083 1290 1181 11.09 1012 — —
1002 1372 057 055 060 1360 1305 1247 1209 — —
1134 1479 057 065 066 1475 1407 1343 1268 150 1434
1194 1326 077 053 075 1323 1246 11.84 1115 13.24

1308 1424 050 047 052 1404 1345 1299 1239 — —
1379 1343 063 058 077 1329 1259 1204 1131 1300 1234
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is accompanied by boxiness in a few cases. Isophotal twisting and boxiness sup-
port a scenario of strong interaction or merger experienced by these galaxies. The
half-light radii are shorter in the blue band as compared to the half-light radii in
the red band. This suggests that the blue light is more centrally concentrated in
the S0’s/E’s in our sample. In Mrk 603, the starburst is global and a; is marginally

greater than a.,.

The spirals in our sample are mostly barred. The luminosity profiles are
made up of multiple components. Mrk 213 and Mrk 1194 show indication of the
presence of a nuclear bar-like distortion misaligned with the primary bar of the
galaxy. These galaxies show the half-light radii in the red to be smaller than the -
half-light radii in the blue indicating that there is a large contribution to the total

blue light from the extra nuclear star forming regions located away from the center.

The irregulars/peculiars in our sample show a smooth luminosity profile.
The half-light radii in blue are smaller similar to that observed for the early type

galaxies in our sample.
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Figure 4.5: Variation of surface brightness, ellipticity and position angle
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Chapter 5

Modlels of starburst galaxies

Summary

We have attempted to estimate the age and the mass fraction involved in the burst
episode for the sample galaxies. The present day stellar population of these galax-
ies is assumed to be made up of an old population and a younger burst population.
An instantaneous burst is assumed. Both actively and passively evolving underly-
ing populations have been considered. Ages between 10° and 107 are obtained for

most of the galaxies.

123



5.1 OQwverview

Star formation seems to proceed in starburst galaxies as a series of short-lived but
intense pulses followed by long quiescent periods (Searle et. al. 1973). These
starbursts can completely dominate the output radiation almost at all observable
wavelengths. As the stars of different masses evolve, the relative contribution of
radiation at different wavelengths varies which gets reflected in the spectroscopic
and the photometric properties of the starburst galaxy. While the stellar popula-
tions of only very few nearby galaxies can be resolved into individual stars, one has
to depend on the integrated spectra and colours to derive information about the
stellar population in distant galaxies. Larson & Tinsley (1978) modeled the colours

of blue galaxies by superimposing a young starburst on an old galaxy population.

A star cluster is a population of coeval stars with a specified mass distri-
bution and a galaxy is a superposition of such clusters weighted according to the
rate of star formation at the epoch of cluster formation. Theoretically, all stellar
populations may be broadly divided into two categories : the passive and active
populations, the first supposed to have formed instantaneously and lacking any
subsequent star formation: and the second characterized by continuous ongoing
star formation. Bica et al. (1990) simulate the occurrence of star formation events
superimposed on old population by combining integrated spectra of star clusters
of different ages with those of a red nucleus and derive BV RI magnitudes. They
consider two types of the underlying populations. Their E1 population represents
ellipticals and SOs while the E3 population model is assumed for red nuclei in early
type galaxies. Mas-Hesse & Kunth (1991) also present a set of evolutionary syn-
thesis models to study the properties of the star formation episodes taking place in

starburst regions.

Massive stars evolve off the main sequence in a only a few million years.
Since their lifetimes are very small as compared to the age of the galaxy, it is rea-

sonable to assume that they have all formed coevally in an instantaneous burst of
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star formation. Charlot (1996) has reviewed various existing models of young/ star
forming galaxies. In this chapter, we discuss the construction of starburst models
using the spectra of different ages. These models are subsequently applied to the

observed data.

5.2 Model Construction

We have attempted to estimate the ages and the mass involved in the burst com-
ponent for our sample of starburst galaxies. For generating the models, we have
used synthetic spectra provided by Guiderdoni. The details of the generation of the
spectra for different ages is explained in Guiderdoni & Rocca-Volmerange (1987).
The synthetic spectra have been generated using the Scalo (1986) piece-wise IMF

which is of the form :

d(m)ocm™ with =025 0.1My <m <1.0Mg
r=135 1.0My <m < 2.0M,

e=170 2.0Mg <m < 120M, (5.1)

Stellar tracks from the Geneva group were used. The tracks include four evolu-
tionary stages viz. Main Sequence, Giant Branch, “red” Horizontal Branch and
Asymptotic Giant Branch. The output spectra has been generated for the ages
0,1,2..9 Myr, 10,20,...90 M}.fr, 100,200,...900 Myr, 1G,1.1G,1.2G,....20G. The spectra
covers the wavelength range from 0.009 xm to 140 ym. The fluxes have been com-
puted at intervals of 0.01ym and the fluxes are given in units of erg s™ um™'Mgy~".
We used the spectra corresponding to solar metallicity since the mean metallic-
ity of stars rapidly approaches the solar value. Guiderdoni & Rocca-Volmerange
(1987) adopt a stellar library of observed stellar spectra computed from far UV to
IR by using the IUE spectral atlases given by Wu et al. (1983) and Heck et al. (1984)

and the visible atlas given by Gunn & Stryker (1983).
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5.2.1 Pure burst modeis

The colours of the passive evolution of a pure burst of star formation were com-
puted by convolving the synthetic spectra for the various ages mentioned above
with the filter response curves and the resultant magnitudes in U, B,V, R and I

bands were derived.
M = —2.5log { / F,\S,\d)\} (5.2)

where M is the magnitude, F) and Sy are the flux and the filter response at a
wavelength . These were then converted to the colours (U — B),(B - V),(V — R)
and (R — I). The colours corresponding to the passive evolution of an instanta-
neous burst population are presented in Fig.5.1. Leitherer & Heckman (1995) have
reviewed the colour and the luminosity evolution of an instantaneous starburst.
The colour evolution of an instantaneous burst shows the following three distinct

phases.

1. During 0-3x10° years, there is very little colour evolution as the optical
colours of hot stars are quite insensitive to temperature changes. The synthetic
colours are similar to individual O and early B stars with an added nebular contri-

bution.

2. After a few million years, massive stars of mass ~ 50M, reach the red
supergiant phase. This leads to a distinct reddening during the red supergiant
phase. This leads to a distinct reddening of colours in all passbands at around 107

years.

3. After about 20 Myr, the O stars have either disappeared in case of an

instantaneous burst and the colours redden gradually.
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5.2.2 Composite populations

We have constructed composite models to derive the ages and the mass contribu-
tion of the starburst component from the observed broad band colours. This basi-
cally involved adding a burst component to an old galaxy population and tracing
its evolution in colour with time. An instantaneous burst was taken in both the
cases. We tried to model the colours using two approaches. In one case, the under-
lying population was considered to be a single age population and in the second
case, the underlying population was considered to be actively evolving. These two

approaches are described below.

5.2.3 Model A : Passively evolving population

O’Connell (1996) suggests that the simplest approach would be to use a pure, sin-
gle generation model. The first approach assumed the underlying galaxy to be
made up of a coeval population of stars and an instantaneous burst was superim-
posed on this population and the resulting evolution studied. We call this Model
A. The synthetic spectra for the various ages were first split to include only the
optical wavelengths. The filter response curves were interpolated with the same
resolution as that of the spectra. The fluxes at 13 Gyr were taken to be representa-
tive of the old underlying population of stars. The burst component was added to
this spectrum. We varied the burst ages from 1 Myr to 9 Gyr. The burst strength
‘b’ as the ratio of the mass of the newly formed stars to the total mass of the galaxy.
Larson & Tinsley (1978) put an upper limit of 5% on the fractional mass of the stars
formed in the burst since this is approximately the gas content of a typical spiral
galaxy. We varied the mass contribution from 1% to 5%. The total flux at each
wavelength was computed by summing over the contribution from the old pop-
ulation and the young burst at that wavelength using the scaling factor of mass
taking part in the burst. These fluxes were then convolved with the filter response

curves and the resultant magnitudes and colours determined. The resultant evo-
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Figure 5.2: Colour evolution of a composite population comprising of an old pop-
ulation (13 Gyr) and an instantaneous burst. The X-axis represents the age of the
burst and the Y-axis the colour of the composite population. The curves with the
filled squares and the open squares correspond respectively to a mass fraction of
1% and 5%.
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lution of the colours of a starburst galaxy in which the burst comprises of a mass
fraction of 1% and 5% are shown in Fig. 5.2. It is seen that (R — I) is most sensitive
to age for ages between 10° and 107 years. After about 10° years, the mass fraction

does not influence the colour of the galaxy to a great extent.

5.2.4 Model B : Actively evolving population

The Hubble sequence is described as a sequence of changing star formation histo-
ries (Kennicutt 1998 and references therein). The stellar birthrate changes with the
galaxy type. The star formation history for a normal galaxy is usually parameter-
ized as an exponential function of time (Huchra 1977b). We parameterized the star

formation law by an exponential of the form :

Pp(t) = exp(—t/T) (5.3)

In this case, the underlying population will contain contributions from all
ages scaled by the above equation. We used values of 7 ranging from 0,1,2,2.5,3,5...15,00.
The spectra were scaled using this law, added together and the resultant colours
computed for each value of 7. These colours were compared with the disk colours
from the colour profiles given in Fig. 4.6. We found that most of the disk colours
are consistent with the colours obtained using 7 = 2.5. Donas et al. (1987), based
on uv flux measurements also find the median value of the gas consumption time
scale in star formation to be 2.5 Gyr. Using this as the underlying galaxy template,
a burst was superimposed on this template. Following the same procedure ex-
plained in the case of Model A, the colour evolution of this system was derived.
Fig. 5.3 shows the evolution in colours for a model comprising of an actively evolv-
ing underlying galaxy and a superimposed instantaneous burst. It is seen that for
young systems, the two models would predict similar results. For systems having
ages greater than about 3 x 107 years, the two models Show a large difference in

their behaviour. This is because the burst population starts reddening gradually
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while the young stars in the underlying galaxy start contributing at shorter wave-
lengths. The asymptotic values reached by the colours in Model B are bluer than
those predicted by Model A. |

5.3 Comparison with observed colours.

The colours obtained for the galaxies were corrected for galactic and inclination
extinction and compared with the colours derived by Model A. We present the re-
sults in Table 5.1. From a comparison of the observed colours and the model values
in Table 5.1 we see that Model A is able to reproduce most of the observed colours.
The predicted values fit the observed values quite well especially for early type
systems. A comparison of the observed values and predicted values is shown in
Fig. 5.4 for three galaxies, one from each class : S0/E0(Mrk 1308), spiral (Mrk 332)
and irregular/peculiar (Mrk 363). The observed values and the model calculations

match quite well.

The galaxies in our sample belong to different Hubble types and hence the .
star formation histories of the underlying galaxies will be different. In other words,
the value of 7 will depend on the Hubble type of the galaxy. Each galaxy in the
sample has to be studied separately in Model B. Additional spectrophotometric
data as well as data in the IR, radio and UV will help in correctly estimating the
reddening as well as give information about characteristic lines which will help in
understanding these galaxies in more depth. Such multiwavelength information

will help to derive burst ages and strengths with greater accuracy.

5.4 Conclusions

We have constructed composite models to estimate the age and strength of the
burst in the sample galaxies. We find that a model constructed by superimposing

a young burst on a single generation old population is able to produce the colours
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Figure 5.3: Colour evolution of a composite population comprising of an actively
evolving population and an instantaneous burst. The X-axis represents the age of
the burst and the Y-axis the colour of the composite population. The curves wit h

the filled squares and the open squares correspond respectively to a mass fraction
of 1% and 5%.
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Table 5.1: Comparison of the observed colours with the model predictions for
Model A along with the mass fraction (b) and the ages of the burst predicted by

Model A.
Galaxy Observed Model A
(B—-V) (V-R) (R-I)|(B-V) (V-R) (R—1I)|b age(10°

14 0.41 0.43 0.38 0.39 0.38 0.41 4 7
87 0.73 059 - 0.62 0.77 0.47 0.58 1 20
190 0.61 0.53 0.63 0.65 0.44 0.56 1 50
213 0.51 0.47 0.51 0.53 0.42 0.49 1 7
332 0.45 0.47 0.42 0.44 0.40 0.45 2 7
363 0.42 0.48 0.50 0.43 0.43 0.55 1 8
439 0.54 0.33 0.37 0.47 0.36 0.45 5 200
449 0.49 0.41 0.49 0.49 0.39 0.50 2 60
602 0.83 0.63 0.58 0.88 0.49 0.61 1 100
603 0.50 0.51 - 0.38 0.37 0.41 5 7
708 0.44 0.10 0.30 0.26 0.29 0.34 1 6
743 0.31 0.43 0.59 0.44 043 0.61 2 10
781 0.58 0.48 0.54 0.60 0.43 0.55 1 40
799 0.97 0.67 0.76 1.012 0.517 0.63 1 400
1002 0.50 0.49 0.55 0.53 0.41 0.54 1 30
1134 0.47 0.58 0.58 0.44 0.44 0.61 1 1
1194 0.59 0.40 0.61 0.60 0.43 0.55 1 40
1308 0.43 0.42 0.46 0.44 0.40 0.45 2 7
1379 0.51 0.49 0.67 0.44 0.44 0.61 1 10
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observed. In most cases, we find that the model values compare very well with the
observed values and we derive ages ranging from 10° to 107 years for these cases.
In a few cases like Mrk 799 and Mrk 439, we get older systems. For a detailed study
of each object, spectral information and additional data at other wavelengths can

help constrain the models better.
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Chaptér 6

Conclusions and scope for future work

This thesis has concentrated on describing the spatial distribution and the proper-
ties of the star forming regions and the structure of the underlying galaxy hosting
the starburst. The conclusions have been given in detail at the end of each chapter.

A brief summary is given below.

¢ Optical Morphology

The morphology of the galaxies was studied through various broad bands,
narrow-band Ha and colour maps. This study revealed that starbursts occur
in a variety of morphological environments. The galaxies in which the star-
burst phenomenon is seen can be broadly grouped into S0’s/E’s, spirals and
irregulars. Starburst activity as indicated by blue colours and He emission is
seen predominantly in the central region of the galaxies. However, activity is
not only confined to the central kpc, but is also found in the form of circum-
nuclear rings, at the ends of bars or even globally. Except in the case of Mrk
439, the line emission and the blue regions are coincident indicating that the

same episode of star formation is responsible for both these observed results.

e Structural properties

The structural properties of the underlying galaxies were studied using el-

lipse fitting techniques.

Isophotal twists were detected in all the S0’s/E’s galaxies in the sample. Sig-
natures of dust were found in the central regions of Mrk 1379, Mrk 439 and
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Mrk 1134. A strong dust lane was found in Mrk 449. Besides these, all the
other objects appear to be relatively dust free along the line of sight. Ellipse
fitting analysis reveals variety of fine structure indicative of mergers, hidden
distortions like bars, rings of star formation, etc. Spiral arms extending right
into the nuclear region were found in Mrk 363. We detect secondary bars in

Mrk 213 and Mrk 1194.

e Age of the burst

On the basis of composite models constructed we derive ages between 10°
and 107 years for most of the sample objects. This is consistent with the
fact that we observe Ha emission nearly coincident with the optically blue

colours.

In general, we find that the sample of galaxies shows considerable extranu-
clear star formation. The Ha intensity is highest in the central regions but the
induced star formation relative to the underlying population shows varying be-
haviour. In some cases like Mrk 363, Mrk 332 énd Mrk 439, the nuclear pseudo
E.W. is lower than its global value. This suggests that the induced star formation
relative to the underlying population is higher at locations other than the nucleus.
For galaxies with star formation confined to the central regions, it is seen that the
half-light radii in B are smaller than the half-light radii in R. This is seen in case
of S0’s/E’s in the sample. In case of spirals, the extranuclear star formation con-
tributes to the B band and we find the half-light radii in B to be greater than those
in R. The scale lengths of all the sample galaxies are comparable in B and R. Ali
the galaxies in the sample get redder outwards. However, two galaxies namely,
Mrk 708 and Mrk 602 get bluer outwards and these show blue scale lengths larger
than the red scale lengths.
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6.0.1 Future work

Near infrared imaging of these galaxies would prove to be very useful in prbbing
the structure of the underlying galaxy better. Most of the mass of the galaxy is
locked up in low mass stars and the near infrared wavelengths are the best tracers
of this population. Since most of the mass of the galaxy is in this stellar population,
it dictates the dynamics of the galaxy. It would be interesting to apply the method-
ology developed in this thesis to study the galaxies at near infrared wavelengths.
Input from these studies will also help in further constraining the starburst mod-
els. In addition to this, kinematical studies of starburst galaxies will be very useful

in understanding the distribution of gas.
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