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ABSTRACT

A Spectroscopic Analysis of the Starburst
Galaxies NGC 3395 and NGC 3396
by

Kenneth Plaks
Dr. Donna E. Weistrop, Examination Committee Chair
Professor of Physics
University of Nevada, Las Vegas

We have obtained ultraviolet and visible wavelength spectra of 31 bright star
forming knots in the interacting galaxies NGC 3395 and NGC 3396 using the Space
Telescope Imaging Spectrograph (STIS) on the Hubble Space Telescope. The knots are
possible super star clusters on the order of ~ 100 pc diameter with measured metallicities
on the order of 0.5-0.6 Z,. The spectra are consistent with a massive production of hot
young stars in a starburst.

Ages of the starburst knots were calculated using several diagnostics from the

Leitherer et al. Starburst 99 code (SB99) using an Initial Mass Function (IMF) with a

power law coefficient 0=2.35 and an upper mass limit of 100 M,. We modeled our star

forming knots as instantaneous starbursts with the measured metallicity and we obtained
consistent and reasonable estimates of the starburst age. The UV-brightest knots are ~ 5
Myr old in both galaxies. We found no age gradient in the galaxies implying the starburst
does not propagate across the galaxy but rather occurs simultaneously everywhere. The

data are also consistent with the interpretation that the starburst is not only happening

111
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more or less simultaneously within each galaxy, it is also occurring simultaneously in
both galaxies. If true, the fact that it is occurring simultaneously in both galaxies gives
credence to the interaction being the source of the star formation in line with current
theory.

While our starforming knots were spatially resolved, at high redshift one cannot
resolve individual knots and instead has to rely on spatially unresolved spectra. To assess
the representativeness of these spectra of the underlying structure, we simulated the
spectra one would observe by defining the entire portion of each galaxy observed as an
unresolved knot. We found the metallicities for the unresolved knots were very
representative of the resolved knots that made them up. We also found that the ages we
derived for the unresolved knots were representative of the underlying resolved knot ages
to approximately a factor of 2-3.

We measured the flux in the broad He 1 A4686 emission line characteristic of Wolf-
Rayet (WR) stars. Uncorrected for reddening, we estimated ~250 WR and ~1100 O stars
in NGC 3395 and ~400 WR and ~2500 O stars in NGC 3396. We were unable to sub-
categorize the WR stars, although the spectra do have some characteristics of WN stars.

We discovered a super bubble in NGC 3395 with a radius of approximately 24 pc
containing ~80 WR stars uncorrected for reddening. We calculate that it also contains
~25 O stars although we suspect that we have severely underestimated this value and a

more representative value may be as many as 420 O stars uncorrected for reddening.

1\
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CHAPTER 1

INTRODUCTION

When a galaxy goes through a period of such rapid, intense, star formation that a
significant fraction of the total flux from the galaxy is due to the star formation, it is
called a "starburst galaxy," or just a “starburst.” Starbursts are often associated with gas
rich galaxy interactions and mergers. Holmberg (1958) was the first to notice that blue
galaxies tend to have blue companions. This was built upon by several researchers
including Larson and Tinsley (1978) who first posited that the blue excess was due to star
formation. Since then there has been much work particularly by Kennicutt et al. (1996)
and Leitherer (1999) to catalog starbursts and synthesize starburst spectra.

The theory behind starburst phenomena is as follows. A gas-rich galaxy interacts
with another galaxy (which may or may not also be gas-rich). The interaction causes a
tidal perturbation which induces the gas to coalesce into knots of star formation. As the
knots become denser they attract more gas, which raises the density more which attracts
more gas, etc. This positive feedback continues until the gas is locally exhausted, or the
winds and radiation from the massive stars disrupt further star formation. As the gas
condenses, it forms stars with a stellar mass distribution described by the initial mass

function (IMF). The IMF characterizes the number, N(M), of stars with mass M in the

interval dM as a power law with exponent value, o, according to the formula
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N(M)dMoc[ M} M W
M

We study starbursts because recent evidence indicates mergers and interactions may
have played a large role in galaxy evolution in the past (Lowenthal et. al. 1997). Indeed,
the Milky Way is currently in the process of merging with at least one dwarf galaxy
(Ibata et al. 1995) and some ellipticals may have formed from mergers (Zepf 1997). By
studying mergers and interactions, we hope to understand galaxy evolution better.
Furthermore, mergers have been hypothesized to produce the precursors of globular
clusters (Ashman & Zepf 1992). Since instantaneous starbursts form a large number of
stars more or less simultaneously (on an astrophysical scale), and globular clusters are
large numbers of more or less identically aged stars, this is a somewhat natural
connection.

We also study starbursts to gain insight into the IMF, in particular to determine if the
IMF is constant for starbursts as well as lower levels of star formation in galaxies, or if
stars form with different mass distributions in different star forming environments.
Another reason to study starbursts is because so many stars are forming, there is a
comparatively large population of massive stars, which tend to be rare relative to their
lower mass counterparts. Even though we cannot resolve individual stars, we have an
opportunity to observe in aggregate a statistically significant population of short-lived,

super-massive stars.
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Previous Work
The interacting system NGC 3395/NGC 3396 has been well studied, particularly in
surveys of starburst galaxies and star formation. In addition to their listing in the New

Galactic Catalog (1888), they are listed as number 270 in the Atlas of Peculiar Galaxies

by Arp (1966) and as objects 5931 and 5935 in the Uppsala General Catalog of Galaxies
(UGC) by Nilson (1973). NGC 3395 is a SAB(rs)cd pec with my=12.4 and NGC 3396 is
an IBm pec with my=12.6 (Huchra et al., 1995). From ground observations, the galaxies
have a strong blue and UV excess which caused them to be observed by the International
Ultraviolet Explorer (IUE). The IUE observations were included in the Kinney et. al.
(1993) atlas of ultraviolet spectra of star forming galaxies.

Clemens et. al. (1999) used VLA observations and modeling to examine the H1
content of the galaxies and determined that their last perigalactic passage was
approximately 50 Myr ago. Also, Huang (1994) formed a radio map of the galaxies and
found that the center of radio flux was not centered in the nuclei of the galaxies, but
rather each galaxy's radio flux was biased on the side toward its companion galaxy.

The galaxies are a strong unresolved far-infrared source (Soifer, 1987), while
ROSAT X-Ray data show emission roughly centered in both galaxies, but with the NGC
3396 emission shifted 27” toward NGC 3395 (Read & Ponman, 1998). The galaxies also
exhibit Wolf-Rayet Galaxy characteristics and were included in the WR galaxy catalog of

Schaerer et al. (1999).

The galaxies have also been studied spectroscopically, including by D'Odorico
(1970) and Carpenter (1957). D'Odorico measured the spectra from 4300-6800 A using a

ground based spectroscope and primarily studied the dynamics using optical emission

lines. Carpenter examined filaments between the galaxies in [O u] A3727. Balzano
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(1983) obtained ground based spectra of the NGC 3395 nucleus and identified it as
having starburst signatures. To date while there have been spectroscopic studies, none
has looked in detail at the resolved optical and UV spectra for starburst signatures. Our
analysis has been made possible only by the high spatial resolution of the Space
Telescope Imaging Spectrograph on board the Hubble Space Telescope.

Hancock et al. (2003) performed an extensive imaging survey of the galaxies using

the Space Telescope Imaging Spectrograph on board the Hubble Space Telescope. They

found that the FWHM of most of the star forming knots was < 20 pc with E(B-V) of 0.0

to 0.3 and a mass less than 10° M,. They used the Starburst 99 models of Leitherer et al.

(1999) to estimate the age of most of the knots as < 80 Myr.

Overall Objective

The primary objective of this work is to perform a spectroscopic study of the
starburst galaxies NGC 3395 and NGC 3396. We will examine several starburst knots
and determine metallicity, age, and investigate starburst propagation across the galaxies.

We will examine the metallicity of our knots and look for gradients in the metallicity
as a function of position. Metallicity gradients, if they reveal a pattern of enrichment,
could serve as a proxy for starburst propagation across the galaxies. We will also
examine the unresolved spectra of the galaxies, simulating the spectra one would obtain
from galaxies at much higher redshift, and evaluate how representative their metallicities
are of the underlying metallicities of the resolved knot structure.

Following the metallicity evaluation, we will seek to characterize the IMF of the star

forming knots. We will attempt to characterize the most massive knots, and look for
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consistency in the IMF between the galaxies. We will also examine the variation of the
ages we derive with the assumed IMF.

Finally, we will evaluate the age of the knots via several modeling techniques. We
will examine the resultant ages for consistency with one another and with the spectral
features of the knots. We will attempt to derive a best estimate of the age of the starburst
population and any older underlying population it is superimposed on. We will also
attempt to discern any age gradient which would provide insight into whether the star
formation propagates across the galaxies, or if it occurs more or less simultaneously
across the galaxies. Finally we will examine the ages we derive for the unresolved
spectra and determine how representative they are of the underlying resolved star forming
knots. As in the metallicity analysis, this will be of interest at high redshift when one
cannot resolve the star forming knots even with the the HST, due to the extreme distance

involved.
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CHAPTER 2

DATA COLLECTION
Observations were obtained on the interacting galaxy pair NGC 3395/3396 using the
Hubble Space Telescope (HST) Space Telescope Imaging Spectrograph (STIS). This
chapter will briefly review the HST, the primary observing sensor, the observational

technique, and the actual observations.

The Hubble Space Telescope
The HST is a satellite based 2.4m reflecting telescope flying in low earth orbit. Itis
a joint European Space Agency and National Aeronautics and Space Administration
program. Operations and technical support are provided by the Space Telescope Science
Institute (STScI). HST has a variety of sensors including the Wide Field/Planetary
Camera 2 (WFPC2), the Space Telescope Imaging Spectrograph (STIS), the Advanced
Camera for Surveys (ACS), and the Near Infrared Camera and Multi-Object

Spectrometer (NICMOS). This paper will present the results of an analysis of STIS data.

Space Telescope Imaging Spectrograph
STIS employs three large (1024x1024) detectors with overlapping wavelength
coverage in order to span all wavelengths from 1150-11,000 Angstroms. The long

wavelength (2000-11,000 Angstrom) detector is a semiconductor charge coupled device
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(CCD) with a spatial scale of 0.0507 arcseconds per pixel and a 51x51 arcsecond field of
view (FOV). The CCD counts photons indirectly by counting electrons liberated by
interaction with the incident photons. For ultraviolet observations there are two multi-
anode microchannel arrays (MAMA ) available--one for the 1600-3100 A near
ultraviolet (NUV) and one for the 1150-1700 A far ultraviolet (FUV). Both have a 0.024
arcsecond spatial scale with a 25x25 arcsecond field of view. Like the CCD, the MAMA
detectors also count photons indirectly, but in this case the photons are incident on a
micro-channel plate which releases electrons. The released electron cloud is amplified
and finally the detector counts the burst of electrons.

STIS is capable of imaging as well as slitless, echelle, or long-slit spectroscopy.
Incoming photons can be filtered and/or diffracted using a prism, filters, and gratings.
The data presented here were collected using the long slit (52x0.5 arcseconds)
spectrographic mode. The FUV data were diffracted using the G140L long slit grating
and no filter. This grating provided a spectrum from 1118-1716 A with an average
dispersion of 0.584 A/pixel. An optical data set was collected using the CCD with the
G430L grating and no filter. The spectrum extends from 2900-5712 A with an average
dispersion of 2.746 A /pixel. Lastly, a far red data set was collected by employing the
CCD with the G750L grating and no filter. The far red spectrum covers 5271-10265 A
with an average dispersion of 4.882 A/pixel. The comparatively low resolution is a
result of a trade off: to increase spectral range we must decrease spectral resolution.
Furthermore, since the targets are very faint, to obtain adequate signal-to-noise ratio only

low resolution was feasible.
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STIS Observation Methodology
The following is a brief synopsis of typical STIS operations. For further detail,

please refer to the HST Data Handbook. A STIS observation consists of three phases:

target acquisition, calibration, and observation.

The observational target is acquired as follows. First a gross alignment takes place
via the satellite's attitude control system and guide stars. After gross alignment, the target
will be within 1-2 arcseconds of the center of the STIS field of view. Then, since the 0.5
arcsec slit was used, a target acquisition exposure was taken with the CCD. Based on the
acquisition exposure, a final correction is made to put the target at the center of the
aperture and a final acquisition exposure is taken. Since the targets were distributed
targets (galaxies) and the slit was greater than 0.1 arcseconds, no peak-up exposures were
required or taken.

Next the grating is placed into the optical path via a rotary wheel called the mode
select mechanism (MSM). Unfortunately the MSM's positional alignment is non-
repeatable and can introduce a shift of up to 10 pixels in the resulting spectrum's location
on the detector. Therefore, following target acquisition, a calibration, called a wavecal,
must be performed. A wavecal is an image taken when the light from the aperture is
shunted away and an onboard tungsten calibration lamp illuminates the grating instead.
Using the known emission line wavelengths of the tungsten lamp, a correction matrix can
be developed from the wavecal. Then the same correction matrix can then be convolved
with the target observational data post mission. By employing the wavecal as a baseline,
the scale and alignment of the target observation can be determined.

For far red observations, a contemporaneous flatfield image is also required.

Typically two flatfield exposures are collected in order to create a final cosmic ray
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rejected flatfield. The final flatfield image is used during post-mission processing to
defringe the data (see data reduction).

Finally, the data are collected over a series of orbits. Collected data are read out of
the detector arrays into an onboard tape recorder for later telemetry to the STScI ground

station for post processing and distribution.

NCG 3395/3396 Data Collection

Observations were taken of the interacting galaxy pair NGC 3395/3396 as part of
proposal 8028 on the HST eighth observing cycle Tables I and II contain a summary of
the observations. In the tables, column (1) is the STIS detector and grating employed;
columns (2) and (3) are the universal date and time of the observation; column (4) is the
exposure time in seconds; and column (5) is the type of data collected, data or flatfield.
To enable removal of cosmic ray artifacts, there are two CCD observations per galaxy
and per data type. The MAMA detector is insensitive to cosmic rays; however to obtain
the requisite signal to noise there are also two FUV observations per galaxy which were
then combined.

Slit placement was selected based on imaging data in order to maximize starburst
data collection. In NGC 3396 this is basically along the center of the galaxy, but in NGC
3395, the placement is designed to maximize collection along one particular large

starburst knot and as such is not through the nucleus of the galaxy. Figure 1 contains a
ground based image from the 40-inch telescope at Mt Laguna Observatory (D. Weistrop

and C. Nelson) with the HST slits superimposed on it.
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Table I. NGC 3395 Space Telescope Imaging Spectrograph Observation Log

10

Detector® Date Time Exposure Type
(UT) (UT) (s)
FUV/G140L 30 January 1999  16:42:04 2100 Data
FUV/G140L 30 January 1999  18:03:06 800 Data
CCD/G430L 30 January 1999  18:23:12 300 Data
CCD/G430L 30 January 1999  18:28:56 300 Data
CCD/G750L 30 January 1999  18:39:37 322 Data
CCD/G750L 30 January 1999  18:45:43 360 Data
CCD/G750L 30 January 1999  18:53:09 5 Flatfield
CCD/G750L 30 January 1999  18:54:40 5 Flatfield

*FUV=Far ultraviolet multi-anode microchannel array. CCD=Charge coupled device detector. G140L,
G430L, and G750L are STIS gratings

Table II. NGC 3396 Space Telescope Imaging Spectrograph Observation Log

Detector® Date Time Exposure Type
(UT) (UT) (s)
FUV/G140L 25 March 1999  08:38:54 2332 Data
FUV/G140L 25 March 1999  10:15:41 300 Data
CCD/G430L 25 March 1999 10:25:49 275 Data
CCD/G430L 25 March 1999 10:31:08 275 Data
CCD/G750L 25 March 1999  10:41:24 600 Data
CCD/G750L 25 March 1999  10:46:44 245 Data
CCD/G750L 25 March 1999  10:52:15 5 Flatfield
CCD/G750L 25 March 1999  10:53:46 5 Flatfield

*FUV=Far ultraviolet multi-anode microchannel array. CCD=Charge coupled device
detector. G140L, G430L, and G750L are STIS gratings
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~ Figure 1. NGC 3395 and NGC 3396 With Slit Superimposed

Ground based image from the 40-inch telescope at Mt. Laguna Observatory by D. Weistrop and C.
Nelson. In the figure north is up and east is left. NGC 3395 is the western galaxy, NGC 3396 is the
eastern galaxy. The slits are 50" long.
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