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Blue Compact Dwarf Galaxies (BCDs) are characterized by their blue optical
colors, low luminosities and small sizes. Typically BCDs are found to have low,
subsolar metallicities, and they are proposed to be local analogs to the primeval
galaxies in the early universe. The unprecedented sensitivity of the Spitzer Space
Telescope has enabled, for the first time, the detection of a large sample of these
low luminosity systems. In this dissertation, I will present my work employing
Spitzer data to study the dust properties and chemical evolution of blue compact
dwarf galaxies.

Using Spitzer/IRS low-resolution spectra (A/6A ~ 100), I investigated the
presence/absence of the Polycyclic Aromatic Hydrocarbon (PAH) features in low-
metallicity galaxies. After exploring different physical parameters, I find that
the strength of PAH emission is best correlated with a combination of forma-
tion and destruction effects. In addition, using the high-resolution spectroscopy
(A/OX ~ 600), I study the elemental abundances of neon and sulfur in BCDs and
compare with the optical studies. I find that the infrared derived elemental abun-
dances generally agree with the optical results, though the neon abundances are
slightly higher from our study. I also analyze the FIR /radio correlation in BCDs
and expand the discussion to the mid-IR. I find that the infrared luminosities are
well correlated with the radio luminosities even in these low luminosity systems. A
study on the spectral energy distribution (SED) and star formation rates (SFRs)

in low-luminosity star-forming galaxies is also included in this thesis. The SEDs



appear to be warmer than normal star-forming galaxies, and their SFRs vary over
an order of magnitude. Finally, I also present a case study on the famous BCD

[Zw18, showing the first mid-infrared spectrum for this galaxy:.
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CHAPTER 1
INTRODUCTION

Galaxies come in many types and they constitute the ingredients of the universe.
In this cosmic pool, there is a group called blue compact dwarf (BCD) galaxies.
These extragalactic objects are characterized by their blue optical colors, small
sizes and low luminosities. In this dissertation, I will present my work on studying
the mid-infrared properties of blue compact dwarf galaxies using data from the
Spitzer Space Telescope (Werner et al. 2004), tackling problems of understanding
physics of these objects, including their dust properties and chemical evolution,
etc.

BCDs are interesting objects to study because they may be genuinely young
galaxies in the process of formation based on the low metallicities (sub solar)
measured from their HII regions (Izotov & Thuan 1999). Early studies hinted that
BCDs could have dramatically different properties as compared to normal dwarf
galaxies (Arp 1965; Zwicky 1966). If BCDs are indeed young galaxies, they could
be used as local laboratory to study the star-formation and chemical evolution of
the primeval galaxies in the early universe.

The first BCD recognized was I Zw 18 by Zwicky (1966), which was later found
to have an extremely low metallicity (12+log(O/H)=7.17) observed in a galaxy
(Searle & Sargent 1972), located at a distance of 18.2 Mpc (Aloisi et al. 2007). In
Figure 1.1, we show an HST/ACS image of 1Zw18 (Izotov & Thuan 2004). Star-
formation occurs mostly in the southeast region, which is called the “mainbody”
of IZw18. About 22” to the northwest of the “mainbody” is a more filamentary
structure, called the “C component”. The “mainbody” can further be divided into
a bigger and brighter region in the northwest, and a smaller and fainter region

in the southeast. The chemical abundance of 1Zw18 is only 12+log(O/H)=7.17



Figure 1.1 HST/ACS image of 1Zw18 taken by Izotov and Thuan in 2003.

(Izotov & Thuan 1999), and no other BCD has been found to have a significantly
lower metallicity for several decades'. An infrared study on IZwl8 can be found
in Chapter 6 of this thesis.

In spite of the low metallicity of [Zw18, a red giant brunch (RGB) has been
detected from deep HST imaging of this galaxy (Aloisi et al. 2007), indicating the
presence of an old stellar population. This challenges the “young age” of these
objects. In fact, recent studies revealed that most BCDs are found to have an
underlying population that is at least a few 10%yr old. Although the results of
their evolutionary status remain unclear, BCDs are still very interesting objects to
study. This is because despite the great success in discovering galaxy populations
at high redshift, it turned out that most of these systems are already chemically
polluted. BCDs, because of their low metallicities, provide an ideal laboratory to

study the star-formation and galaxy evolution in a nearly pristine environment, and

! This record has been passed by the western component of SBS0335-052 recently, which has
a metallicity of 12+log(O/H)=7.12 (Izotov et al. 2005)



thanks to their proximity, we can enjoy the advantage of having better sensitivity,
precision and spatial resolution at the same time.

In this chapter, I will first review the literature for a detailed definition of
BCDs, followed by a discussion on the physics of BCDs (star formation, chemical
abundances, etc.), which are mostly results from optical studies. Then I will go over
the infrared work on BCDs from the Infrared Space Observatory (ISO) (Kessler et
al. 1996) and early Spitzer results. Finally, I will give a lay out of the thesis at the
end of this chapter. Throughout this work, we assume a ACDM cosmology with
Hy=70 km s~ ! Mpc™t, Q,,=0.3 and 2, = 0.7.

1.1 The Definition of BCD

In the past, different studies have given different definitions on BCDs, either pho-
tometrically (Zwicky & Zwicky 1971; Thuan & Martin 1981), or spectroscopically
(Gallego et al. 1996). However, these are mostly qualitative criteria that could
not properly distinguish BCDs from other HII galaxies or dwarf irregular galax-
ies. More recently, Gil de Paz et al. (2003) have put forward a set of quantitative
classifications. In this section, I discuss the definition of BCDs using information
available from the literature.

Blue: According to the definition of Thuan & Martin (1981), a BCD must
have a blue continuum in the optical spectrum. Since the high surface brightness
component is the only component detectable in most photographic plates, Gil de
Paz et al. (2003) used the peak surface brightness (PSB) and the color at this PSB
to classify BCDs. They found that a limit of pp peak — [R,peak <1 segregates most
BCDs from dwarf irregular galaxies (dIrrs) and dwarf elliptical galaxies (dEs),

however, an overlap is still present and requires other criteria to identify BCDs.



Compact: Zwicky (1970) defined “compact” as any galaxy whose surface

brightness is brighter than 20 mag arcsec™2

in any chosen wavelength range. Later
on, Thuan & Martin (1981) set an upper limit of 1 kpc on the diameter. However,
a very extended low surface brightness component is observed in many BCDs, thus
the compactness rather refers to the size of the high surface brightness component
in the galaxy. In BCDs, the presence of a current star formation event outshines the
low surface brightness component while in dIrrs and dEs recent star formation (SF)
is relatively less active. This results in a much brighter peak surface brightness
(PSB) for BCDs. Gil de Paz et al. (2003) found that by imposing a limit of
UB peak <22magarcsec ? to the PSB, BCDs could be segregated fairly well from
other types of galaxies.

Dwarf: “Dwarf” refers to the low mass of a galaxy. Mg <-18 mag imposed by
Thuan & Martin (1981) was thought of as a limit on the stellar mass of BCDs,
however, B band magnitude is a rather poor tracer of the stellar mass of a galaxy.
Instead, K band luminosity is a much more reliable measure of stellar mass. Using

evolutionary synthesis models and observational data available, Gil de Paz et al.

(2003) have found an a K band luminosity limit of Mk >-21 mag for BCDs.

1.2 The Physics of BCDs

After defining the BCDs, I will give an overview on the physics of these objects in
this section. Since BCDs are defined mainly based on their morphological proper-

ties, I will first discuss the morphology of BCDs.



1.2.1 The Morphology of BCDs

BCDs are small galaxies with high central surface brightness. The central mor-
phology is usually irregular due to the presence of star formation activities. In
general, the central parts of a BCD contain one or several star forming knots. The
shape of the surface brightness profile is still under debate. Exponential outer
profiles been found by Papaderos et al. (1996) and Telles et al. (1997), while the
results from a study performed by Doublier et al. (1997) favor r'/4 profiles. One
should note that the shape of profile of a BCD probably changes with radius, thus

the fitting shape will depend critically on the sensitivity limit.

1.2.2 The Star Formation in BCDs

In the family of dwarf galaxies, BCDs only account for a very small fraction.
They stand out as having a much higher star formation rates (SFRs) among the
dwarfs, though their SFRs are only moderate compared to normal spiral galaxies.
Considering the compactness of BCDs, their SFRs normalized with the sizes can
be as high as in starburst galaxies. Because of their low metallicities, BCDs offer
fine laboratories to study intensive star formation in metal-poor environments.
Star formation (SF) occurs in different modes. Continuous star formation is
less dramatic and occurs at a regular pace while instantaneous star formation are a
number of short tense starbursts separated by extremely long intervals of time. The
instantaneous mode is more often observed in BCDs (Mas-Hesse & Kunth 1999),
while longer star formation episodes that successive SF takes place in individual
HII regions is also possible (see the review by Kunth & Ostlin 2000; Legrand et al.
2000). The low metallicity and on-going star formation in BCDs suggest that they
might be very young galaxies forming their stars for the time, which will be very

helpful for cosmological studies. However, an underlying population of old stars



have been detected in most BCDs, leading to the conclusion that SF occurred
in short bursts separated by long quiescent periods applies to the majority of
BCDs. This fluctuation in SFRs could be explained by a positive feedback of star
formation in combination with the small mass of BCDs (Searle et al. 1973; Gerola
et al. 1980). On the other hand, mering and interaction between galaxies is also
a major driver of star formation, which will also consequently affect the chemical

evolution in galaxies.

1.2.3 The Chemical Abundances in BCDs

As I mentioned earlier, BCDs are metal-poor galaxies. They chemically resemble
the building blocks of larger galaxies. The metallicities of BCDs can be measured
from UV, optical and infrared spectra. In chapter 3 of this thesis, I will present
an infrared study of elemental abundances of BCDs and discuss the advantage of
using the infrared data. However, before the launch of the Spitzer Space Telescope,
this infrared method could not be used on BCDs because with the exception of
a small handful of objects (Madden 2000), the fine structure lines in BCDs are
too faint to be detected by earlier infrared instruments. In this subsection, I will
review the optical studies of elemental abundances in BCDs.

The optical spectra of BCDs are characterized by narrow emission lines super-
imposed on blue continua (see Figure 1.2 for optical spectra of the two star-forming
regions in IZw18). Oxygen is the most reliably determined element, since the most
important ionization stages can all be observed in the optical spectrum of a BCD.
N, S, Ne, Ar and He abundances can also be measured from the optical, while car-
bon and silicate abundances can be determined from ultraviolet regions. A direct
measurement of electron temperature based on the detection of [OIII] A4363 line is

more favorable when estimating elemental abundances. When [OIII] A4363 is not
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Figure 1.2 MMT spectra of the northwest and southeast components in the star-

forming region of 1Zw18 published by Izotov et al. (1999).




detected, empirical methods based on the relationship between the oxygen abun-
dance and the [OII] A3727 and [OIII] AA4959,5007 strength can be used, though
the uncertainty will be larger. The oxygen abundances of over 50 BCDs have been
studied by Izotov & Thuan (1999) and their metallicities range between 1/2Z
and 1/50Zg. The peak of metallicity for BCDs appears to be ~1/107Z, though
this may partly be due to the selection effects since many surveys have selected
galaxies with strong emission lines, which happen to be strongest for an oxygen
abundance of around tenth of solar (see the review by Kunth & Ostlin 2000). The
abundance ratio of oxygen with other a-elements, such as Ne, Si, S and Ar show
no dependence on oxygen abundance, which is consistent with the conception that

they are all produced by the same massive stars.

1.3 Studying the BCDs in the Infrared

Recent infrared missions, such as ISO and Spitzer have opened a new window for
studying the BCDs at the infrared wavelengths. For the first time, IS0 provided
5-15 um spectra for several BCDs, showing direct evidence that despite the low
chemical abundances of BCDs, these galaxies could still have copious amount of
dust emitting in the infrared (Thuan et al. 1999; Madden 2000). Furthermore, the
unprecedented sensitivity of Spitzer is now allowing us to observe a much larger
sample of BCDs to systematically study their infrared properties with a statistically
more meaningful sample. I will give a brief description of the projects that I have
done using this sample in the next section. In this section, I will first go over

previous studies on the infrared properties of BCDs available in the literature.



1.3.1 PAH emission in BCDs

The polycyclic aromatic hydrocarbons (PAHs) are complex structures of benzene
rings made by carbon and hydrogen. They are formed in the outflow of evolved
or dying stars. PAHs are known to exist in the mid-IR spectra of many types of
objects. Different vibrational modes (C-C stretching, C-H stretching, C-H in-plane
bending and C-H out-of-plane bending) of PAH molecules are reflected as broad
emission features in the 3—17 pm spectra, and this emission typically contributes
10—20% to the total infrared luminosity of normal galaxies. A detailed study on
the PAH features in HII regions from /SO data can be found in Peeters (2002).
The PAH emission is an important tracer of star formation activities. However,
its strength varies significantly depending on the environment. For the few BCDs
detected by ISO, PAH are found to be more suppressed as compared to normal
star-forming galaxies. This could be due to a lack of carbon to form into PAH
molecules in a metal-poor galaxy. On the other hand, the hardness of the radi-
ation field in BCDs, as indicated by the ratio of [Nelll]/[Nell], is often 10 times
times higher than that observed in starburst galaxies, indicative of a much harsher
environment. Thus the hard UV photons might permeate over larger size scales
within the galaxy and destroy the PAHs. An anti-correlation between the ratios
of PAHs over Very Small Grains (PAHs/VSGs) and the [Nelll]/[Nell] ratios are
detected, which lead Madden et al. (2006) to conclude that the hard permeating
radiation field seems to play an important role in the destruction of PAHs in low
metallicity regions. A detailed study on the correlation of PAH emission with dif-
ferent physical parameters in a much larger BCD sample can be found in chapter

2 of this thesis.



1.3.2 The infrared spectral energy distribution

Studies of the spectral energy distribution (SED) of low metallicity galaxies show
that these galaxies have very different dust properties compared to the Milky Way
or normal star forming galaxies. Galliano et al. (2005) and Hunt et al. (2005)
have summarized some common characteristics for the infrared SED of BCDs:
(i). A paucity of PAH features in the mid-IR spectra; (ii) Strong high ionization
lines, such as [Nelll] and [SIV]; (iii). far-infrared (FIR) spectra which peak at
or shortward of 60 yum. The standard starburst templates, M82 and Arp220, do
not give a good approximation to any of the BCD SEDs studied by Hunt et al.
(2005). Besides, these SEDs do not follow “canonical” scaling relations, and the
“standard” star-formation indicators based on radio continuum, FIR, and MIR

luminosities can be discrepant by factors of ~10.

1.3.3 Case Study: SBS0335-052E

The lowest metallicity BCDs, IZw18 and SBS0335-052, share some common prop-
erties while their dust features are also very different in many ways. It is thus
interesting to do case studies on these two BCDs. In this subsection, I will dis-
cuss the results on SBS0335-052 from studies in the literature. In the last chapter
of this thesis, I will present our study on the infrared properties of 1Zw18 using
Spitzer data.

SBS0335-052 is a nearby galaxy with Mp=16.7 mag at a distance of 58 Mpc.
The western component of this BCD currently holds the record for the lowest
metallicity galaxy with an oxygen abundance of 12+log(O/H)=7.12 (Izotov et al.
2005), however, it is too faint to be detected by current instruments in the infrared.
Images of eastern component of SBS0335-052E from the Hubble Space Telescope

(HST) clearly show dust patches mixed in with the six super star clusters (SSCs)
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Figure 1.3 Spitzer/IRS low-resolution spectrum of SBS0335-052 (solid line) is pre-
sented along with the spectrum of NGC7714 (dotted line) from Brandl et al.
(2004).The spectrum of NGC 7714 has been divided by 9.53 so that its 14 ym
flux density matches that of SBS0335-052. [Taken from Houck et al. (2004Db)].
where most of the star formation is occurring (Thuan et al. 1997).

The first mid-infrared spectrum of SBS0335-052E was published by Thuan et
al. (1999), using data from ISOCAM (Cesarsky et al. 1996). As metal poor as it is,
this galaxy is surprisingly bright in the mid-infrared with a Ly, /L ratio of 2.15.
The 5—17 pm spectrum shows no sign of emission from the Polycyclic Aromatic
Hydrocarbons (PAHs) and could be fit with a greybody with an extinction of
Ay =19—21mag. A large fraction (75%) of its infrared emission is contributed by
an obscured SSC that is invisible from the optical (Thuan et al. 1997).

Recently, Houck et al. (2004b) have observed SBS0335-052E (see Figure 1.3)

using the Infrared Spectrograph (IRS) (Houck et al. 2004a) on board the Spitzer

11



Space Telescope. The newly obtained 5—35 pum spectrum appear to have a rela-
tively featureless power law shape, showing no detectable PAH emission. Silicate
absorption feature at 9.7 yum is clearly present (Ag7,, >0.49mag). Some high-
ionization lines, such as [SIV]10.51 ym and [NelII] 15.55 um can be seen even from
the low-resolution (R~90) spectrum, while low ionization lines of [Nell] 12.81 ym
and [SIII] 18.71 um are rather weak if present. Unlike typical starburst galax-
ies which usually have continuum peaking near 80 um, the flux density (f,) of
SBS0335-052 peaks at ~28 um while the luminosity (vf,) peaks at ~20 um. Be-
cause of the abnormally flat spectral shape of SBS0335-052E, Houck et al. (2004b)
suggest that the mass of the cold dust in this galaxy is much less than what has

been previously estimated.

1.4 In this thesis

The research described in this work is targeted toward understanding the general
properties of blue compact dwarf galaxies, in particular the physics of the dust in
low metallicity environment.

The data presented in this thesis is taken by the Spitzer Space Telescope. We
make use of all three instrument on board Spitzer in one way or another, though
a large majority of the work is based on mid-IR spectra taken by the IRS.

We have compiled a large sample of BCDs (~60 objects), which we describe in
more details later. The low-resolution spectra of 12 BCDs that have good signal
to noise ratio for spectral analysis are presented in chapter 2. We measure the
strength of PAHs from the low-resolution spectra, and analyze the PAH features
by correlating with different physical parameters. We conclude that the strength
of PAHs in metal-poor environment is determined by a combination of formation

and destruction effects.

12



In Chapter 3, we use the high-resolution data of 13 BCDs to estimate the el-
emental abundances of neon and sulfur in these galaxies. Fluxes of fine-structure
line used in this metallicity study ([SIV]10.51 pm, [Nell]12.81 pm, [NelII]15.55 pm
and [SII]18.71 um) is also given in this chapter. We compare the infrared de-
rived neon and sulfur abundances, with optically derived neon, sulfur and oxygen
abundances for these BCDs available from the literature. A good agreement is
found between the infrared and optical results. We also explore the variation in
the ratio of Ne/S in the infrared and optical studies, as well as that in the solar
neighborhood.

In Chapter 4, we investigate the infrared/radio correlation in low luminosity
dwarf galaxies. Far-infrared (FIR) data from IRAS, as well as newly obtained mid-
infrared data from Spitzer (MIPS 24 ym and IRS 22 um), are now allowing us to
explore the relationship between infrared and radio luminosities in low luminosity
systems. We find that the FIR and radio luminosities of these dwarf galaxies are
well-correlated, similar to that has been found in normal star-forming galaxies.
The mid-infrared luminosity is also correlated with the radio luminosity, though
the scatter is larger. If we examine the ratio of the infrared to radio luminosities,
we find that there is a weak trend of this ratio increasing with metallicity for metal-
poor sources, while this trend flattens out for sources with 12+log(O/H)>8.0.

In Chapter 5, we study the dust properties and star-formation rates in low-
luminosity star-forming dwarf galaxies. Because of the relatively low metallicities
of these systems, the physical properties, heating and the distribution of dust
temperature/grain size in these galaxies are likely to be different from normal
star-forming galaxies. We explore the variation in the presence/absence of PAH
emission, IR spectral slope, etc. in low-luminosity dwarf galaxies by performing

a spectral energy distribution analysis. We also compare the star-formation rates
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estimated from different star-formation rate indicators from UV to the infrared.
We show that the variation in the interstellar medium properties of galaxies in this
sample result in over an order of magnitude spread in the computed star-formation
rates.

Finally, I have also included a case study of IZw18 in Chapter 6 of this thesis.
As one of the two lowest metallicity BCDs, I[Zw18 has been studied extensively at
various wavelengths. We present the first mid-infrared spectrum of IZw18. There
is no sign of PAH emission from the 5-36 pm low-resolution spectra. Strong high-
ionization lines of [SIV]10.51 pm and [Nelll] 15.55 pum are clearly detected and we
use the high-resolution spectrum to estimate its neon and sulfur abundances. We
also study the spectral energy distribution in [Zw18. Unlike SBS0335-052E, which
is also a low metallicity BCD and has a rather flat spectrum, IZw18 has a spectral

slope more similar to typical starburst galaxies, such as NGC7714.
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CHAPTER 2
MID INFRARED PROPERTIES OF LOW METALLICITY BLUE
COMPACT DWARF GALAXIES FROM SPITZER/IRS*

Abstract We present a Spitzer-based mid-infrared study of a large sample
of Blue Compact Dwarf galaxies (BCD) using the Infrared Spectrograph (IRS),
including the first mid-IR spectrum of 1Zw18, the archetype for the BCD class and
among the most metal poor galaxies known. We show the spectra of Polycyclic
Aromatic Hydrocarbon (PAH) emission in low-metallicity environment. We find
that the equivalent widths (EW) of PAHs at 6.2, 7.7, 8.6 and 11.2 um are generally
weaker in BCDs than in typical starburst galaxies and that the fine structure
line ratio, [Nelll]/[Nell], has a weak anti-correlation with the PAH EW. A much
stronger anti-correlation is shown between the PAH EW and the product of the
[NelIl] /[Nell] ratio and the UV luminosity density divided by the metallicity. We
conclude that PAH EW in metal-poor high-excitation environments is determined

by a combination of PAH formation and destruction effects.
2.1 Introduction

Galaxies formed in the early Universe are likely to have very different properties
from typical evolved galaxies in the local Universe because they were formed from
an environment deficient in heavy elements. Important as they are, those primeval
galaxies are beyond the capability of current mid-IR instruments, thus motivating
an ongoing effort to identify local analogs of the galaxy formation process in the
early Universe.

Blue compact dwarfs are a group of extra-galactic objects with faint, blue op-

tical colors, small sizes and low metallicities. They are generally dominated by

*Originally published as: Yanling Wu, V.Charmandaris, Lei Hao, B. Bernard-Salas,
H.W.W.Spoon, J.R.Houck, (2006), The Astrophysical Journal, 639, 157
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one or more recent bursts of star formation. Early studies hinted that BCDs have
dramatically different properties compared to normal dwarf galaxies (Arp 1965;
Zwicky 1966). Accumulated observational evidence over the recent years provided
more details on the unique properties of these galaxies (for a review see Kunth
& Ostlin 2000). Early ground based observations by Roche et al. (1991) on the
mid-IR spectra of 60 galaxies revealed that PAH emission is generally suppressed
in low-metallicity galaxies, which could be due to hard photons destroying the par-
ticles that produce the unidentified infrared bands. Thuan et al. (1999) has shown
that there is no sign of these bands in the mid-IR spectrum of SBS0335-052E taken
by the Infrared Space Observatory (ISO). The suppression of the PAH emission
is also seen in the mid-IR spectra of 4 BCDs discussed by Madden (2000); Gal-
liano et al. (2005); Madden et al. (2006). Dwek (2004) proposed that the delayed
injection of carbon molecules into the interstellar medium(ISM) might be partly
responsible for the absence of PAH features in young star forming regions, or for
the existence of a metallicity threshold below which PAHs have not formed. Hogg
et al. (2005) suggested that the lack of PAH emission is closely related to the low
luminosity of their sample. More recent work based on Spitzer observations has
confirmed that PAH emission is missing in the most metal-poor galaxies (Houck
et al. 2004b; Engelbracht et al. 2005; Rosenberg et al. 2006). Hunt et al. (2005)
studied the global spectral energy distributions (SEDs) of 7 BCDs and confirmed
that those SEDs deviate significantly from the standard templates of “classical”,
evolved and massive starburst galaxies, in the sense that the far-infrared (FIR)
spectra peak at/or shortward of 60 pum and mid-IR spectra show little or no PAH
emission. Having a relatively low metallicity, these galaxies are at an early epoch of
their evolution, making them similar to samples of the distant, more massive pro-

togalaxies, thus allowing us to study the star formation and chemical enrichment

18



in an environment likely to be similar to that in the early Universe.

Recently, mid-IR imaging and spectroscopy of a handful of such systems re-
vealed the presence of dusty embedded sources as well as fine structure line emis-
sion in their spectra, consistent with a hard radiation field from massive young
stars (Thuan et al. 1997; Madden 2000; Madden et al. 2006). In general, short
bursts (1-5 Myr) of intensive star formation are found to best match the data
(Mas-Hesse & Kunth 1999). Some BCDs appear to be very rapid star formers,
and thus true dwarf analogs of giant starbursts (Kunth & Ostlin 2000). The pro-
files and strengths of the PAHs, which might be good tracers of star formation,
vary substantially (Forster Schreiber et al. 2004).

Using the unprecedented sensitivity of the Infrared Spectrograph (Houck et
al. 2004a) on the Spitzer Space Telescope (Werner et al. 2004), we compiled a
large sample of of the lowest metallicity galaxies known. Since little information
on their mid-IR fluxes were available from literature, a large fraction of them
were first observed with the peak-up cameras at 16 and 22 um. As we discuss
in detail in the following section, those which were bright enough were observed
spectroscopically. In this paper we present 5.2-36 um spectra of 12 galaxies for
which the signal-to-noise ratio (SNR) was high enough to perform a quantitative
analysis on the strength of the spectral features, as well as 16 and 22 ym broad
band imaging for the remaining of the sample, covering metallicities from 1/50 Zg
to 0.65 Ze. Many of the remainders are scheduled for re-observation to achieve
higher SNR.. In Section 2, we describe the sample, the observing strategy, and the
data reduction. Section 3 presents the spectral features observed in each source
while our analysis on these properties is shown in Section 4. We summarize our
conclusions in Section 5. Throughout this work, we assume a ACDM cosmology

with Hy=71 km s~! Mpc™t, Q,, =0.3 and Q, = 0.7.
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2.2 Observations and Data Reduction

A total of 61 BCDs have been observed as part of the IRS Guaranteed Time Obser-
vation (GTO) program. The sample included targets from the Second Byurakan
Survey (SBS), Bootes Void galaxies (Kirshner et al. 1981; Popescu & Hopp 2000),
and several well-known BCDs. Some basic properties of these galaxies and the
observing parameters, such as: source names, right ascension (RA), declination
(Dec), redshift, Spitzer aorkeys, observation date, and on-source integration time
for each module and peak-up mode are listed in Table 4.1.

We used all four /RS modules, Short-Low (SL, 5.2-14.5 um), Long-low (LL,
14.0-38.0 pm), Short-High (SH, 9.9-19.6 um) and Long-high (LH, 18.7-37.2 yum)
to obtain spectra for 26 sources which were expected to be sufficiently bright for
spectroscopy. SBS12004-589B was the only one of the targets that was not observed
in SL. The low resolution modules (SL, LL) produce spectra with a resolution of
64-128 while the high-resolution modules (SH, LH) have a resolution of ~600 (see
Houck et al. 2004a). Nearly all targets were acquired using red peak-up (RPU)
mode. In the process, an image of the source at 22um was obtained in Double
Correlated Sampling (DCS) mode and it was used to locate the mid-IR centroid
of the source which was then offset to the appropriate slit (see Spitzer Observers
Manual for more details). For BCDs that were too faint for spectroscopy, we only
obtained broad band imaging at 16 ym (13.5-18.7 um) and 22 pum (18.5-26.0 ym)
using both /RS peak-up cameras in Raw Data Collection (RAW) mode. Details on
this method of imaging with /RS, also called CHEAP for Cornell High-Efficiency
Advanced Peak-up, and its photometric advantages compared to the usual IRS
Peakup Only mode are discussed in Charmandaris et al. (2004). Eight of our
galaxies were so faint in the mid-IR that only an upper limit of ~0.1mJy could be

established for their 16 and 22um flux densities.
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Table 2.1.

Properties of Sources

Object Name RA Dec AORKEY Observation Redshift On-source Time (sec)
(J2000) (J2000) Date SL LL SH LH BPU RPU
Haroll 00h36m52.5s -33d33m19s 9007104  2004-07-17  0.0206 168 240 480 240 98
UM283 00h51m49.4s +00d33m53s 8997888  2004-07-13  0.0155 28 56
UM133 01h44m41.3s +04d53m26s 8987392  2004-07-16  0.0054 28 56
UM382 01h58m09.3s -00d06m38s 9004032  2005-01-11  0.0118 240 120
12628224  2005-01-14 28 56
9003776  2004-07-16 28 56
8993792  2005-01-11 56 120 ---
UM408 02h11m23.4s +02d20m30s 8997120  2004-08-07  0.0120 28 56
NGC1140 02h54m33.6s -10d01m40s 4830976  2004-01-07  0.0050 168 240 480 240 98
SBS0335-052E  03h37m44.0s -05d02m40s 11769856 2004-09-01  0.0135 1440 960 50
8986880  2004-02-06 840 420 --- 50
NGC1569 04h30m47.0s +64d50m59s 9001984  2004-03-01 ~ 0O 112 120 480 240 50
11Zw40 05h55m42.6s +03d23m32s 9007616  2004-03-01  0.0026 168 240 480 240 98
Tol0618-402 06h20m02.5s -40d18m09s 4845824  2003-12-15 0.0350 28 56
SBS07434-591B 07h47m46.7s +59d00m30s 12625920 2005-03-18  0.0211 28 56
12622080 2005-03-20 28 56
SBS07544-570  07h58m26.4s +56d54m22s 12630272 2005-03-20 0.0116 28 56
UGC4274 08h13m13.0s +45d59m39s 12076032 2004-10-23  0.0015 112 240 120 56 50
12626688 2004-11-11 112 240 120 56 50
SBS0813+4-582A 08h18m04.5s +58d05mb56s 12629248  2005-03-18  0.0268 28 56
HS08224-3542  08h25m55.5s +35d32m32s 12630016  2004-11-11  0.0024 28 56
1Zw18 09h34m02.0s +55d14m28s 9008640  2004-03-27  0.0025 168 240 480 240 98
12622848  2005-04-23 960 480 --- 98
SBS09354+495  09h38m24.0s +49d18m17s 12624640 2004-11-13 0.0314 28 56
SBS0940+-544  09h44m16.7s +54d11m33s 9010432  2004-03-26  0.0055 28 56
SBS0943+4-563  09h47m13.0s +56d06m07s 12627200 2004-11-13  0.0253 28 56
SBS1001+4-555 10h04m41.8s +55d18m43s 12624384 2005-04-15  0.0037 28 56
KUG10134-381 10h16m24.5s +37d54m46s 4846336  2003-12-15  0.0040 28 56
8999168  2004-04-16 120 120
9012224 2004-04-16 56 240 ---
12628992  2005-04-22 960 - -- 50
SBS1116+4-597  11h18m47.4s +59d26m02s 12622592 2004-11-17 28 56
[RC2]A1116+51 11h19m34.3s +51d30m12s 4846592 2003-12-15  0.0044 28 56
SBS1119+4586  11h22m37.8s +58d19m43s 12631040 2005-04-15  0.0053 28 56
VIIZw403 11h27m59.9s +78d59m39s 9005824  2004-12-09 ~ 0 168 240 480 240 50
SBS1129+-576  11h32m02.5s +57d22m46s 12632320 2005-01-06  0.0052 28 56
SBS11354-598  11h37m43.7s +59d35m34s 12624896 2004-11-17  0.0327 28 56
Mrk1450 11h38m35.6s +57d52m27s 9011712  2004-12-12  0.0032 168 240 480 240 50
SBS11364-607  11h39m11.5s +-60d30m45s 12622336 2004-11-14  0.0116 28 56
SBS11374-589  11h40m32.0s +58d38m32s 12630528 2004-11-17  0.0068 28 56
SBS1141+4-576  11h44m16.6s +57d24m32s 12627456 2005-04-15 0.0310 28 56
UM461 11h51m33.3s -02d22m22s 9006336  2005-01-03  0.0035 168 240 480 240 50
SBS1149+4-596  11h52m34.0s +59d22mb56s 12623360 2004-11-17  0.0112 28 56
SBS11504-599  11h53m28.9s +59d41mb57s 12621824 2004-11-17  0.0371 28 56
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Table 2.1 (continued)

Object Name RA Dec AORKEY Observation Redshift On-source Time (sec)
(J2000) (J2000) Date SL LL SH LH BPU RPU

SBS1159+4-545 12h02m02.4s +54d15m50s 4847104  2003-12-15 0.0118 28 56

9010176  2004-04-17 120 120

9008896  2004-04-17 56 240 ---

12629504  2005-04-23 960 - -- 50
SBS1200+4-589B 12h03m22.6s +58d41m36s 4824064  2004-01-06 0.0321 240 --- 98
SBS1210+4-537A 12h12m55.9s +53d27m38s 8989952  2004-06-06 - -- 168 240 480 240
SBS12114-564  12h13m35.9s +56d08m35s 12623104 2005-04-21  0.0107 28 56
SBS1212+4563 12h14m48.5s +-56d05m19s 12633088 2005-04-21 - -- 28 56
Tol1214-277 12h17m17.1s -28d02m33s 9008128  2004-06-28  0.0260 168 240 480 240 98
SBS1219+4-559  12h21m29.0s +55d38m23s 12631296 2005-04-21  0.0308 28 56
SBS12214-545B 12h24m23.0s +54d14m48s 12625152 2005-04-21  0.0187 28 56
HS12224-3741  12h24m36.7s +37d24m36s 12630784 2005-01-03  0.0409 28 56
Tol65 12h25m46.9s -36d14m01s 4829696  2004-01-07  0.0090 168 240 480 240 98
SBS12274563  12h30m07.3s +56d05m13s 12632832 2005-04-21  0.0153 28 56
[RC2]A1228+12 12h30m48.5s +12d02m42s 8998656  2004-06-27  0.0042 28 56
SBS1235+4-559  12h37m36.9s +55d41m04s 12628480 2005-04-21  0.0293 28 56
UGCA292 12h38m40.0s +32d46m01s 4831232  2004-01-07  0.0010 168 240 480 240 98

12076288  2005-01-03 28 56
Tol1304-353 13h07m37.5s -35d38m19s 9006848  2004-06-25 0.0140 168 240 480 240 50

12075520  2005-02-10 28 56
HS1319+4-3224  13h21m19.9s 4+-32d08m23s 12625664 2005-02-07  0.0182 28 56
Pox186 13h25m48.6s -11d37m38s 9007360  2004-07-14  0.0039 168 240 480 240 50

12625408 2005-02-15 28 56
SBS14154-437  14h17m01.4s +43d30m05s 4844288  2004-01-07  0.0020 28 56

8990464  2004-05-15 120 120

9008384  2004-05-13 56 240 ---
HS14244-3836  14h26m28.1s 4+-38d22m59s 12628736  2005-02-13  0.0226 28 56
Mrk475 14h39m05.4s +36d48m22s 8995840  2004-02-07  0.0019 28 56

8996864  2004-06-05 120 120

8988672  2004-06-26 56 240 ---
CGO0598 14h59m20.6s +42d16m10s 8992256  2005-03-19  0.0575 168 240 480 240 50
CGO0752 15h31m21.3s +47d01m24s 8991744  2005-03-19  0.0211 168 240 480 240 50
SBS15334-574B 15h34m14.1s +57d17m04s 12627968 2005-01-09  0.0110 28 56
SBS1538+4-584  15h39mb56.9s +58d15m33s 12623616 2005-01-08  0.0435 28 56
SBS15414-590  15h42m55.8s +58d55m09s 12631552 2004-12-12  0.0450 28 56
Mrk1499 16h35m21.1s +52d12m53s 9011456  2004-06-05  0.0090 168 240 480 240 98
[RC2]A2228-00 22h30m33.9s -00d07m35s 9006080  2004-06-24  0.0052 168 240 480 240 50

aThe coordinates and redshifts of the objects are cited from The NASA/IPAC Extragalactic Database
(NED)(NED is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract

with the National Aeronautics and Space Administration).
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The data were processed by the Spitzer Science Center (SSC) data reduction
pipeline version 11.0 and 11.4'. The 2-D image data were converted to slopes
after linearization correction, subtraction of darks, and cosmic ray removal. The
DCS peak-up imaging data were processed on the ground to remove cosmic rays
and the residual noise of the electronics. Fixed aperture photometry was then
performed in order to obtain the counts of the science target. The conversion
to flux density was based on a number of calibration stars for which peak-up
images, IRS spectra, and reliable templates are available (Cohen et al. 2003). The
reduction of the spectral data started from the intermediate pipeline products
(droop files), which only lacked stray light and flat field correction. Individual
pointings to each nod position of the slit were co-added using median averaging
and for SL and LL spectra, and the two apertures were differenced in order to
remove the contribution of the background. The 2-D images were extracted with
the Spectral Modeling, Analysis, and Reduction Tool (SMART Ver. 5.5.1 Higdon
et al. 2004) using a variable width aperture, which scales the extraction aperture
with wavelength to recover the same fraction of the diffraction limited instrumental
point-spread-function (PSF). The data from SH and LH were extracted using the
full slit extraction method from the median of the combined images. Since no sky
(off-position) measurements were taken, the contribution of the sky emission was
not subtracted from SH and LH spectra. Then the spectra were flux calibrated by
multiplication with the Relative Spectral Response Function (RSRF), which was
created from the IRS standard stars o Lac for SL and LL and £ Dra for SH and
LH for which accurate templates were available (Cohen et al. 2003). We built our

RSRFs by extracting the spectra of the calibration stars in the exact same way

'The usage of data products from two versions of the pipeline was a result of the extended
time-span over which sample was observed and the delivery of the files from the SSC. The
difference between the two versions is very small and it does not introduce any inhomogeneity in
the sample or influence the conclusions of the paper.
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as the science targets, and dividing the stellar templates by the extracted stellar
spectra. We produced one RSRF for each nod position in order to avoid systematic
flat field errors. The signal difference between the nod positions provide the error
estimates. Finally, the flux calibrated spectra of each order and module of the
low-resolution modules except 1st order LL (LL1) (20-36um) were scaled, using
LL1 spectrum to define the continuum (presented in Figure 2.1 and 2.2). The
associated photometric points are also presented on the spectra in Figure 2.1 and

2.2.

2.3 Results

From the 26 BCDs observed spectroscopically, only 11 produced spectra with SNR
sufficient for features to be measured (SNR > 2 in the 5-8um range of the 2nd
order SL, SL2). These spectra are presented in Figure 2.1 and 2.2. We also include
the first mid-IR spectrum of 1Zw182. The 22 um flux density of each target with
an aperture radius of 7.2” measured during its acquisition using the red peak-up
camera (circle), as well as a “synthetic” 22 um flux obtained by convolving the
spectrum with the filter response function (square) are indicated in the Figure 2.1
and 2.2. The IRAC 8 ym (asterisk) and MIPS 24 ym (triangle) flux densities are
also indicated when available (Engelbracht et al. 2005). One can see that for all
point sources, including SBS0335-052E, NGC1140, Mrk1499, Mrk1450, CG0598,
CGO0752, UM461 and [Zw18, the two broad band values for the RPU agree very
well. NGC1140 is marginally saturated at 22 ym, but we correct for this effect
based on the PSF profile. The agreement of the spectra and the photometric mea-

surements indicates the internal consistency of the calibration of the instrument

2The overall shape of the mid-IR continuum is evident from Figure 2.1, but a measurement
of spectral features is challenging due to the noise in the spectrum.
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Figure 2.1 Spitzer/IRS mid-IR spectra of six BCDs: [Zw18, SBS0335-052E,
UM461, Haroll, Mrk1450 and I1Zw40. The spectra of different orders were
stitched and scaled to match the flux density in the 1st order LL. The circles
represent the photometric flux from 22um red peak-up camera, which has an un-
certainty of 6%. The squares indicate the flux density at 22 ym measured from the
spectra using “synthetic” method (See the text for detail). The asterisk and the
triangle indicate the IRAC 8 ym and MIPS 24 um measurements respectively.
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Figure 2.2 Same as Figure 1 but for another six BCDs: NGC1569, Mrk1499,
NGC1140, UGC4274, CG0598 and CGO75H2.
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between spectroscopy and peak-up photometry when all spectra are scaled to LL1.
However, as expected, for sources which are extended or well above the 340 mJy
saturation limit of red peak-up in a 8.4 second exposure time, such as NGC1569,
[1Zw40, Haroll and UGC4274, there is a disagreement among these photometric
measurements (See Figure 2.1 and 2. 2).

It is clearly seen from Figure 2.1 and 2.2 that the forbidden transitions of [SIV]
at 10.51 gm and [Nelll] at 15.55 ym are visible even in the low-resolution spectra,
while [Nell] at 12.81 pm, [SIII] at 18.71 ym and [Sill] at 34.8 ym lines are seen
in most of them. The line fluxes used in the analysis are determined from high-
resolution spectra (See Figure 2.3). The emission from PAHs at 6.2, 7.7, 8.6 11.2
and 12.8 um are also clear in several of our targets and they are indicated in the
figures but no pronounced silicate emission or absorption features are present. All
PAH measurements presented in this paper were measured from the low-resolution

spectra.

2.3.1 Mid infrared Morphology

As mentioned in Section 2, all spectroscopic observations were preceded by an
acquisition using the 22um peak-up camera. This provided not only more precise
position of the objects for telescope pointing, but also deep 22 ym images of our
targets. Analysis of those images indicates that with the exception of four galaxies:
NGC1569, UGC4274, 11Zw40 and Harol1, all other targets are unresolved at 22 ym
(FWHM=6.5") . In Figure 2.4, we display the 22 ym images of these four galaxies,
overlayed with the spectrograph slits as they were placed when the spectra were
obtained. Among those targets NGC1569 shows the most complex structure with
two bright cores in the mid-IR. This source also has very extended emission in the

optical. Therefore, not surprisingly, it requires a large scaling factor of <80% when
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Figure 2.3 The mid-IR fine structure lines of [SIV] (10.51 pum), [Nell] (12.81 pm),
[NeIIl] (15.55 um) and [SIII] (18.71 um) from the high resolution spectra of the
twelve BCDs. The solid and dotted lines denote the spectra from the first and
second nod positions of the slits. Note that sky emission has not been subtracted
and no stitching and scaling between different modules have been done.
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we “stitch” the spectra of 1st order SL (SL1) and 2nd order LL (LL2), mostly
due to the different slit widths and orientations between the two low-resolution
modules. In UGC4274, we find that most of its 22 um flux originates from a
compact unresolved knot while a similar peak is seen in the near infrared which is

offset by ~ 3” from the mid-IR one.

2.3.2 Individual Objects

1Zw18 — This is the first identified member of the blue compact dwarf galaxy
class (Searle & Sargent 1972) and until recently® held the record of a galaxy
with the lowest metallicity at Z ~0.02 Z (Skillman & Kennicutt 1993). 1Zwl8
is located at a distance of 12-15 Mpc and is a bona fide young galaxy and no
red giant branch stars are seen(Izotov & Thuan 2004). Zwicky (1966) described
it as a double system of compact galaxies, which are in fact two star-forming
regions, a northwest component and a southeast one, separated by an angular
distance of 5.8”. Examination of the spatial distribution of the stellar populations
suggest that the star formation process is still building the main body from
inside out (Izotov & Thuan 2004). Both Izotov et al. (1997a) and Legrand et
al. (1997) detected several broad emission components in this BCD, suggesting
that Wolf-Rayet (WR) features can also exist in extremely low metallicity
environment. It is intrinsically very faint in the infrared. The first mid-IR
spectrum of 1Zw18 is presented in Figure 2.1. As we discuss in the subsequent
sections we are able to estimate the mid-IR spectral slope from its low-resolution
spectrum. The fine structure lines of [SIV] and [NelIl] can clearly be seen in its

high-resolution spectrum, though the identification of [Nell] and [SIII] is not yet

30nly this year (2005) measurements of Izotov et al. (2005) showed that the brightest star
formation region of the western component of SBS0335-052 has an oxygen abundance of only
12+1og(O/H)=7.124+0.03 (~0.017 Zg), suggesting it is the most metal poor galaxy known.
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Figure 2.4 The 22pum peak-up images of the four sources from our sample,
NGC1569, UGC4274, [1Zw40 and Haroll, which display extended emission. The
images are overlayed with the IRS slits at the location from where the spectrum
was obtained. The widths of the slits increase in the order of: SL, SH, LL, LH and
their length in the order of: SH, LH, SL, LL.
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firm. A much deeper observation with more exposure time has been scheduled

and the new spectrum will be presented in a future paper (Wu et al. in prep 2006).

SBS0335-052E — Currently the third most metal-poor galaxy known with
0.024 Zg (Izotov et al. 1997b), SBS0335-052E is at a distance of 58 Mpc. Thuan
et al. (1997) found that stars in SBS0335-052E are younger than ~100 Myr and
the current burst of star formation is no older than 5 Myrs, thus making it a truly
young system. This galaxy is unexpectedly bright in the mid-IR (Thuan et al.
1999; Houck et al. 2004b) with roughly 75% of the total luminosity coming from
the mid-IR (Plante & Sauvage 2002). It has six compact regions of massive star
formation, five of which are visible and one obscured, and all of them lying within
a diameter of 526 pc (Thuan et al. 1997). There is no sign of PAH emission in
its spectrum and silicate absorption at 9.7 um is clearly seen. The SED of the
galaxy is dominated by a very strong continuum, which unlike typical star forming
galaxies, such as NGC7714 (Brandl et al. 2004), peaks at ~28 um (f,), indicating
the presence of little cold dust. The fine structure lines of [Nelll] and [SIV] are

present, though not very strong.

UM461 — This is a dwarf galaxy with a double nucleus and is found at
a distance of 15 Mpc. It has an external envelope which is strongly distorted
towards the South-West, suggesting a recent tidal event (Doublier et al. 1999).
The metallicity of UM461 is ~0.087 Zs (Kniazev et al. 2004). With only 168
seconds of integration time in SL module, the obtained spectrum is very noisy.
However, the fine structure lines, such as [SIV], [Nelll] and [SIII] can be clearly
seen longward of 10 um. The identification of PAH emission is doubtful and an

upper limit of 0.199 um for the PAH EW at 11.2 yum is indicated in Table 2.4.
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Haroll — This is a metal poor galaxy with ~0.1 Z (Bergvall et al. 2000).
Its distance is ~88 Mpc and it has an infrared luminosity, Lig of 1.8x10'! L.
Haroll is a moderately strong radio source, with spatially extended continuum
emission at 6 and 20 cm(Vader et al. 1993; Heisler & Vader 1995). Multiple
nuclei are apparent on optical broad band images (Heisler & Vader 1994) as well
as narrow-band Ha images (Heisler & Vader 1995). All three nuclei are similar
in continuum stellar emission (Heisler & Vader 1995) and spectra of the nuclei
confirm that they are all at the same distance (Vader et al. 1993). The PAH
features are much weaker compared with NGC1140 but the fine structure lines of

[SIV], [SIII], [Nelll] and [Nell] lines are clearly present.

Mrk1450 — A dwarf compact object with a projected dimension less than
1 kpe, Mrk1450 is located at a distance of ~14 Mpc. Its optical images display
moderately deformed circular isophotes and a central star forming component. A
strong color gradient is present reaching a B — R ~2.2 mags at the outskirts of
the galaxy, while the surface brightness distribution obeys an r'/* law (Doublier et
al. 1997). This galaxy has an Lig® less than 1.8x10% L. Its metallicity is ~0.12
Ze (Izotov & Thuan 1999). Due to the low SNR in SL2, PAH emission can not
be identified clearly below 10um, even though the 11.2 yum and possibly 12.8 um

PAHs are present. The fine structure lines of [SIV] and [Nelll] are strong.

4Calculated from the IRAS flux densities following the prescription of Sanders & Mirabel
(1996): LIR:5.6><105D?wpc(13.48$’12 + 5.16S595 + 2.58560 + S100)-

°For this galaxy, the IRAS 12 ym and 25 ym flux densities are calculated by convolving our
spectrum with the TRAS filters. The 100 pym flux density is an upper limit, thus making the Lig
also an upper limit.
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I1Zw40 — This is a prototypical H II galaxy (Sargent & Searle 1970) with
Lir® less than 2.9x10° L, at a distance of ~10 Mpc. The metallicity of this galaxy
is ~0.17 Zg (Cervino & Mas-Hesse 1994). It consists of a compact, extremely
bright core and two fan-like structures, which have been interpreted as the result
of a merger between two small galaxies (Baldwin et al. 1982; Brinks & Klein
1988). Star formation is concentrated in the nucleus while the double structure is
quite red and shows no star formation activity (Cairés et al. 2001). Ho emission is
very strong, contributing 40% to the R—band flux at the nucleus. The starburst
could be very young and its strength is rather extraordinary (Deeg et al. 1997).
It also displays WR features (Conti 1991). Our mid-IR spectrum indicates that
the PAHs are present, though extremely weak. The fine structure lines of [SIV],
[SIII], [Nell] and [Nelll], have been detected.

NGC1569 — A nearby dwarf galaxy (D~2.2 Mpc Israel 1988) which has
a metallicity of ~0.19 Zs (Kobulnicky & Skillman 1997) and is currently in
the aftermath of a massive burst of star formation (Waller 1991), with Lig of
5.8x10% L. It lies close to the plane of the Galaxy and therefore its optical
properties are strongly affected by the Galactic dust extinction (Kinney et al.
1993). The presence of a broad emission feature around 4650 A and a broad base
to the Ha line indicate that WR stars are present in the nucleus of NGC1569
(Ho et al. 1995). It contains two bright super star clusters. The very hot, bright
nucleus of this galaxy resembles a superluminous, young star cluster (Arp &
Sandage 1985). The fine structure lines of [SIV] and [NellIl] are stronger compared
to [SIII] and [Nell], which can be seen clearly even in the low-resolution spectrum

(See Figure 2.2). The PAH features are clearly present. As discussed by Galliano

SFor this galaxy, only upper limit exists for IRAS 100 um, thus making the Lir also an upper
limit.
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et al. (2003, 2005), the mid-IR emission is dominated by small grains.

Mrk1499 — This is an irregular galaxy displaying a very blue elongated cen-
tral structure with two components in the optical, the brightest being off-centered
with respect to the outer contours (Doublier et al. 1997). These authors suggested
that this structure is reminiscent of “double nuclei” objects, while Petrosian et
al. (2002) argued that this could be just an observational artifact. It has an Lig’
of 1.3x10° L, and is at a distance of ~38 Mpc. An oxygen abundance of ~
0.3 Z has been derived from the line measurements of Petrosian et al. (2002),
using the N2 calibrator (Denicolé et al. 2002), which allows us to calculate the
oxygen abundance based on the [NIIJ/Ha ratio. PAH features are prominent
and several fine structure lines are detected. In this particular galaxy, the SNR
in SL2 is rather poor, thus making the definition of the continuum challenging.
We measured the 6.2 um PAH EW by defining a maximum and minimum local

continuum and then averaging the two measurements.

NGC1140 —This is a blue irregular galaxy at a distance of ~25 Mpc, con-
taining large mass of ionized gas in its center (Kinney et al. 1993). Its metallicity
is ~0.4 Z, (Calzetti 1997). Lamb et al. (1986) concluded that NGC1140 has
experienced a single burst of star formation and its population mainly consists
of main-sequence stars with a contribution from supergiants and, possibly, WR
stars. Hunter et al. (1994) used the Hubble Space Telescope (HST) Planetary
Camera to study the central supergiant H II region and found that the central
1/2 kpc of NGC1140 contains ~7 blue, luminous, compact super star clusters.

It has a very small average size of grains (Galliano et al. 2003, 2005) and a Lig

"For this galaxy, only IRAS 60 um and 100 ym are available. For IRAS 12 ym and 25 ym, we
convolved our spectrum with the two IRAS filters and calculated their values.
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of 4.3x10° Ly. The low resolution mid-IR spectrum shows pronounced PAH
emission, almost comparable to that in the typical starburst galaxy NGC7714,

while the fine structure lines are stronger compared with NGC7714.

UGC4274 — A galaxy also known as NGC2537 and Mrk86, UGC4274 is
extended in the mid-IR (see Figure 2.3) and is located at a distance of ~7 Mpc. It
has a large, very irregular nucleus consisting of ~80 star-forming knots distributed
in a circular region which is surrounded by a red envelope (Gil De Paz 2000).
The Ha image shows a very complex gas distribution, with multiple filaments,
loops and twisted features (Cairés et al. 2001). It has an Ljg of 5.0x10% Lg
and emission from PAHs dominates its spectrum. An oxygen abundance of
12+1og(O/H)=8.05 (Z~0.13 Zs) has been derived by Meier et al. (2001) based
on the relationship between B magnitude and metallicity. Since this method
has a large uncertainty and there is no direct spectroscopically measured oxygen
abundance available, we calculated the metallicity using the N2 calibrator. A
value of 12+log(O/H)=8.52+0.13 (Z~0.41 Zs) has been derived from the line
measurement in Ho et al. (1997). All major mid-IR fine structure lines of the

galaxy are very strong.

CGO0598 — This is a galaxy selected from the Bootes Void sample. It is at a
distance of 253 Mpc and it has an Lig® less than 5.9x10'° L. In the optical, this
galaxy is a flattened disk system with a bright, round nucleus. It has a smooth,
elongated surrounding disk which is asymmetric with respect to the nucleus
(Cruzen et al. 1997). The metallicity of this galaxy is ~ 0.65 Z; (Peimbert &

Torres-Peimbert 1992). In Figure 2.2, we can see that CG0598 shows very strong

8The IRAS 12 um and 25 um flux densities are calculated by convolving the spectrum with
the TRAS filters. The IRAS 100 um flux density is an upper limit thus making Lig an upper
limit as well.
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PAH emission in all bands and the usual fine structure lines of [Nell|, [Nelll],

[SIV] and [SIII] can be identified.

CGO0752 — This galaxy is ~91 Mpc away with an Lig? of 2.2x10% L. It
has remained uncatalogued for a long time because of its proximity to bright
star (Sanduleak & Pesch 1987). PAH emission is moderately strong and the fine
structure lines of [SIV], [SIII], [Nelll] and [Nell] are present. There is no measured

oxygen abundance available from literature for this galaxy.

2.4 Analysis

2.4.1 The mid-infrared spectral slope of BCDs

The photometric properties and metallicities of the 53 galaxies in our BCD sample
(excluding the 8 objects that were too faint in mid-IR) are listed in Table 2.2.
The 16 and 22 ym flux densities of the sources are based on broad band imaging
using the blue or red peak-up cameras, while the B and K magnitudes are taken
from literature. For the 12 BCDs with good IRS spectra, we also calculated their
“synthetic” 16 and 22 ym flux densities by convolving the spectra with the IRS
peak-up filters. For comparison, we list those values in Table 2.3. We also present
the 22 to 16 um flux density ratio, fo/fi6 (foe = f,(22um))in Table 2.2. This
ratio provides the mid-IR slope of the spectrum and can be a useful probe of the
shape of the mid-IR SED even if the galaxy are too faint to obtain a spectrum. One
of our sources, SBS0335-052E, has a particularly low value of fa/ fi6, indicating

the absence of cold dust around the central star forming region. As discussed by

9The TRAS 12 ym flux density is calculated by convolving the spectrum with the IRAS filter.

36



Houck et al. (2004b), the flux density of SBS0335-052E peaks at a much shorter
wavelength of ~ 28 um while most normal galaxies peak longward of 60 gm.

We explore the variation on the fa/ fi6 ratio as a function of metallicity in Fig-
ure 2.5a. In addition to the 12 BCDs, we include in this figure a typical starburst
galaxy NGC7714 (Brandl et al. 2004), and an Ultra-Luminous Infrared Galaxy
(ULIRG), UGC5101 (Armus et al. 2004), in order to sample a wider range of
different types of galaxies forming massive young stars. The BCDs with only pho-
tometric CHEAP images are included using crosses as well when their metallicities
are available from literature. It has been pointed out by Hunter et al. (1989) that
no clear metallicity dependence is observed in mid-IR and FIR colors of normal
galaxies. This is also confirmed in Figure 2.5a where the fo/ f1¢ ratio for all the
BCDs seems to have an average value of ~2.5 and shows no metallicity dependence.

In Figure 2.5b and 2.5c, we plot the ratio of the flux density at 22 um to the
IRAC8 pum band, for/ fs, as well as the MIPS 24 pm to the IRAC 8 pm, fou/ f3, as a
function of their metallicities. The IRAC 8 pm and MIPS 24 pm flux densities are
calculated by convolving the mid-IR spectra of these BCDs with the appropriate
filter profiles. Engelbracht et al. (2005) observed that the 8 ym to 24 ym color
changes markedly between 1/3 to 1/5 solar metallicity and suggested that this
change is predominantly due to a decrease in the 8 ym emission. Our Figure 2.5b
and Hc are very similar to Figure 2.2 in their paper. It appears that there is a
separation on the fo4/fs ratio around 1/5 Zg on our plots with the exception of

SBS0335-052, which as mentioned earlier shows no PAH detection.
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Table 2.2. Integrated photometry of Sources

Object Name f&um ,flG,um fQQ'U‘m ,f24,um B K fQQlu‘m/flﬁp‘m Z/Z@ References

(mJy) (mJy) (mJy) (mlJy) (mag) (mag) B/K Z
Haroll 190.0 .- 851.2 1900 14.31 12.0 01 1),2) 19)
UM283 .. 30 82 ... 1738 ... 2.7 0.110 9) 34)
UM133 o 20 66 .- 1541 .- 3.4 0.052 3) 25)
UM382 07 15 - 1820 .- 2.2 0.081 3) 34)
UM408 o 13 35 .. 1746 - 2.7 0.105 3) 35)
NGC1140 ce e 2044 ... 1256 10.51 04 4),5) 14)
SBS0335-052E 112  --- 780 66  17.07 --- 0.024 10 17)
NGC1569 cee e 2067.5% .- 942 7.86 0.19 4),6) 16)
11ZwA0 1050 .-~  796.1* 1500 11.87 12.35 0.17 3),5) 15)
SBS0743+591B --- 23 47 2.1
SBS07544+570 .- 0.8 24 e 2.9 -
UGC4274 o 1302 .- 12,07 9.13 041 4),6) 18)°
HS0822+3542 0.2 1.3 41 27 1792 --. 3.1 0.028 26)  26)
1Zw18 07 -~ 41 55 16.05 15.92 0.018 3),11) 27)
SBS0935+495 -+~ 1.2 29 .. .. .. 2.3 .
SBS0940+544 .-~ 1.1 23 ... 1718 --- 2.1 0.033 3) 21)
SBS09434+563 -+~ 1.4 3.8 ..o o .. 2.8
KUG1013+381 --- 64 171 ... 1604 --. 2.7 0.047 28)  28)
SBS11164597 --- 1.0 1.1 .-~ ... 1328 1.2 )
[RC2JA1116+51 --- 05 17 .- 1746 --- 3.6 0.049 12)  29)
SBSI1194586 -+~ 0.6 1.5 - oer e 2.6
VIIZw403 25 ... 77 28 1411 127 0.060 3),7) 21)
SBS11294576 -+~ 0.3 14 oo e . 4.0 0.032 30)
SBS11354+598 - 0.2 0.8 .- ... 3.7 .
Mrk1450 24 ... 521 48 1575 0.117 3) 21)
SBS11364+607 - 0.5 1.8 oo e .. 3.8 .
SBSI1374+589 -+ 0.5 1.0 oo e e 2.2
SBS11414+576 -~ 1.1 2.9 o .o .. 2.5
UM461 16 .- 292 30 e - 0.087 22)
SBS11494+596 --- 1.5 44> ... ... ... 3.1
SBS11504599 -~ 0.3 0.6 .-~ - 1267 1.8 5)
SBS11594+545 -+ 2.6 6.4 oo e e 2.5 0.038 21)
SBS12124563 -+ 1.0 1.2 oo e . 1.2
Toll214-277 02 -+~ 35 55 - . . 0.045 24)
SBS12194559 -+ 1.0 21 .o e . 2.1
SBS12214545 .-+ 0.6 1.9 o o .. 3.0 -
HS12224+3741 .-~ 3.0 6.9 ... 1840 --- 2.3 0.054 13)  32)
Tol65 09 -~ 157 15  17.26 --- 0.031 3) 24)
SBS12274+563 -+ 1.0 1.7 e e e 1.7
[RO2JA1228+12 --- 12 34 ... 1796 --- 2.9 0.066 8) 35)
SBS12354+559 -+ 0.3 1.0 oo e e 2.9 .
Tol1304-353 -+ 6.0  10.8 oo e .. 1.8 0.058 33)
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Table 2.2 (continued)

ObjeCt Name f8um flﬁum f22um f24um B K f22um/f16um Z/Z® References

(mJy) (mlJy) (mJy) (mly) (mag) (mag) B/K 7

HS1319+3224- - -- 1.3 2.1 e 19.0 e 1.6 0.048 13) 32)
Pox186 e 5.8 13.1 e 17.0 e 2.3 0.066 14) 31)
SBS1415+437 --- 6.0 19.6 e 1543 - 3.2 0.048 3) 21)
HS1424+-3836- - -- 0.5 1.5 e 18.68 --- 2.8 0.115 13) 32)
MrkA75 .32 108 - 1620 - 3.3 0.105 3)  21)
CG0598 e e 23.0 e 13.17 e 0.65 5) 23)
CG0752 . e 138.9 e 11.73 e ceo b
SBS1533+574B - -- 21.2 534 e 16.02 --- 2.5 0.158 3) 21)
SBS1538+584 - -- 1.4 3.9 e 2.8 e
SBS1541+590 - -- 1.3 3.3 e 2.5 ce
Mrk1499 o205 - 1600 - - 03 4) 20)°

Note. — IRAC 8pum and MIPS 24 ym flux densities are quoted from Engelbracht et

al. (2005). The metallicity we list here is converted from the oxygen abundance using
12+1og[O/H]=8.91 for solar metallicity (Kunth & Ostlin 2000).

aThe 22pm peak-up is saturated.

PThe error in this value is higher ~10% in the blue and ~15% in the red due to the presence
of a bright star.

“The oxygen abundance is calculated from [NII|/Ha measurement using the method pro-
posed by Denicol6 et al. (2002)

References. — 1) Lauberts & Valentijn (1989), 2) Spinoglio et al. (1995), 3) Gil de Paz et
al. (2003), 4) De Vaucouleurs et al. (1991), 5) 2Mass Extended Objects. Final Release (2003),
6)Jarrett et al. (2003), 7) Tully et al. (1981), 8) Young & Currie (1998), 9) Vitores et al. (1996),
10) Papaderos et al. (1998), 11) Thuan (1983), 12) Arp & Oconnell (1975), 13) Vennik et al.
(2000), 26) Kniazev et al. (2000), 28) Kniazev et al. (1998), 14) Calzetti (1997), 15) Cervino
& Mas-Hesse (1994), 16) Kobulnicky & Skillman (1997), 17) Izotov et al. (1997b), 18) Ho et
al. (1997), 19) Bergvall et al. (2000), 20) Petrosian et al. (2002), 21) Izotov & Thuan (1999),
22) Kniazev et al. (2004), 23) Peimbert & Torres-Peimbert (1992), 24) Gallego et al. (1997),
25) Masegosa et al. (1994), 26) Kniazev et al. (2000), 27) Skillman & Kennicutt (1993), 28)
Kniazev et al. (1998), 29) Kinman & Davidson (1981), 30) Guseva et al. (2003), 31) Guseva
et al. (2003), 32) Popescu & Hopp (2000), 33) Stasinska & Leitherer (1996), 34) Kniazev et
al. (2001), 35) Pustilnik et al. (2002)
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Table 2.3. Synthetic flux density of the sources

Object Name [RAC8pum IRS 16 pum (BPU) [RS 22 um (RPU) MIPS 24 pm

(mJy) (mJy) (mJy) (mJy)

1Zw18 e 2.640.1 5.940.3 6.540.1
SBS0335-052  12.340.2 58.14-0.3 79.840.3 81.540.2
UM461 1.840.1 16.940.3 34.540.2 37.740.2
Haroll 164.24-0.1 932.640.3 2307.044.5 2640.446.5
Mrk1450 2.440.2 922.040.1 53.540.2 59.740.1
11Zw40 90.14-0.6 763.742.4 1481.946.9  1624.0411.5
NGC1569 72.240.2 921.840.6 2596.041.0 2991.0+4.6
Mrk1499 4.240.1 12.440.1 30.440.1 33.840.1
NGC1140 28.740.3 103.540.1 279.540.3 316.640.2
UGC4274 17.040.2 53.140.2 120.540.7 132.540.5
CG0598 7.240.1 11.240.1 24.84-0.1 28.340.1
CGO752 32.940.6 63.64-0.2 148.640.1 169.940.1

It is very important to note that, as shown by our data, using the fo/fs,
or fo4/fs ratios to infer the strength of the PAH emission is not a very robust
method. Since the 7.7 ym and 8.6 um PAH emission is included in the IRAC' 8 pm
band, one might expect that a lower fs/fs ratio would indicate the presence of
a stronger PAH emission from the galaxy. However, a low fs/fs ratio can also
be due to decreased emission at 22 um, resulting from the lack of cooler dust.
A galaxy with a flat continuum but no PAH emission can have the same fas/ fs
ratio as a galaxy which shows strong PAH emission and a steep continuum. If we
consider SBS0335-052E and UGC4274, we can see that they have a very similar
fa2/ fs ratio, even though no PAHs are detected in SBS0335-052E while PAHs
are prominent in UGC4274. This can be understood when we take into account
the fao/ f16 ratio. It is evident from Figure 2.5a that these two sources have very
different mid-IR spectral slopes. This explains why SBS0335-052E lies away from

the upper left corner of Figure 2.5a. We have also plotted the PAH EW at 6.2 um
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Figure 2.5 a) This figure shows the ratio of the 22 to the 16 um flux density as a
function of the metallicity of the sources. For sources with an IRS spectrum avail-
able, the ratio was calculated by convolving the spectrum with the 22 and 16pum
filter curves. A starburst galaxy, NGC7714, and a ULIRG, UGC5101, are also
included for comparison. Diamonds denote sources for which we have obtained
spectra. The crosses indicate galaxies for which the photometric points were ob-
tained using IRS broad band imaging (see Section 2). b) The same as a) but for
the 22 to 8 um flux density as a function of metallicity. Here we include only the
galaxies for which we have full /RS spectra since we measure the 8 ym flux density
from the spectra. SBS0335-052 clearly departs from the general trend. We indicate
the average flux ratios by the dashed lines.c) Same as b) but for 24 over 8 um flux
density as a function of metallicity.
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Figure 2.6 a) This figure presents the 6.2 yum PAH EW of our galaxies as a function
of the 24 over 8 ym flux ratio. We note that with some scatter generally a lower
fo4/ fs indicates a larger PAH EW. b) Same as a) but for the 11.2 yum PAH EW. ¢)
Same as a) but for using the 22 over 16 ym flux density ratio as the variable. There
is no clear relation between the mid-IR spectral slope as indicated by fas/ f16 and
the PAH strength. d) Same as c) but for 11.2 um PAH EW.

and 11.2 um as a function of the fo/fs ratio in Figure 2.6a and 2.6b. We can
see that overall a lower fo,/fs value indicates a stronger PAH emission, but there
are some measurements that deviate from this trend. For completeness we also

present the PAH EW at 6.2 um and 11.2 um as a function of foy/ f16 in Figure 2.6¢

and 2.6d but no clear correlation can be seen.
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2.4.2 PAH and metallicity

In Section 1, we mentioned that the absence of PAH emission could be due to the
low abundance of carbon and/or nucleating grains. In SBS0335-052E, the most
metal poor galaxy for which a high quality mid-IR spectrum is available, there is an
upper limit of just 0.018 um in the EW of the 6.2um feature (Houck et al. 2004b).
To examine a possible variation in the PAH EW with metallicity, we plotted the
PAH EW of 6.2 um and 11.2 um for our sample as function of their metallicity in
Figure 2.7. The PAH EW were derived by integrating the flux of the feature in
the mean spectra of both nod positions above an adopted continuum, and then
divided by the average continuum flux in the integration range. The baseline was
determined by fitting a spline function to the selected points. The wavelength
limits for the integration of the features were approximately 5.95 um to 6.55 um
for the 6.2 yum PAH, 7.15 um to 8.20 um for the 7.7 pum PAH, 8.20 pm to 8.90 ym
for the 8.6 um PAH and 10.80 um to 11.80 um for the 11.2 ym PAH feature. Here
we only plot the 6.2 yum and 11.2 yum PAH EW, but measurements on the 7.7 um
and 8.6 um PAH EW can be found in Table 2.4. We can see that PAH emission
is absent in the most metal-poor BCDs and its strength is generally suppressed in
a low metallicity environment. This result is contrary to what has been found in
typical starburst galaxies where the PAH EW is much stronger with values greater
than 0.5 ym for the 6.2 ym and 7.7 um PAH bands (i.e. Brandl et al. 2004; Brand]l
et al. submitted 2005). In Figure 2.7, it appears that there is a trend showing that
galaxies with a lower metallicity may have smaller PAH EW. Except for the two
galaxies which have large uncertainty in their oxygen abundance, the PAH EW
and metallicity seem to correlate quite well. The errors in the EW indicated in
Figure 2.7 vary from one source to the other and are mainly due to the different

SNR among the sources. Quantifying this relation by a least-squares (logarithmic)
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Figure 2.7 a) This figure shows the PAH EW at 6.2 um vs metallicity. Note that
the downward arrow indicates the upper limit for the PAH emission in SBS0335-
052E. In some cases the extracted spectra of a target from the two nod positions
of the slit differ. These uncertainties are translated into the error bars for the EW
which, as we can see in Mrk1499, can be fairly large (also see text). b) Same as in
a) but for the 11.2 yum PAH feature.

fit gives us a slope of N=1.5740.63 for the 6.2 ym PAH EW and N=1.16+0.36
for the 11.2 um PAH EW, where N is the exponent of a power law distribution.
This weak trend we are seeing that the PAH EW is probably related to metallicity

effects agrees with the relation suggested by Hogg et al. (2005) and Engelbracht
et al. (2005).
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Table 2.4.

Spectroscopic Data of the Sources

Object Name PAH EW (um) Flux*(x10~16W m~2)

6.2 ym 7.7 pm 8.6 um 11.2pm  [SIV](10.51 pm) [NelI](12.81 pm) [NellI}(15.55 pm) [SIII](18.71 pum)
1Zw18 e e 0.06+0.01 <0.011 0.05+0.01 0.021£0.001
SBS0335-052 <0.018 <0.018 0.16+0.01 <0.016 0.135+0.004 0.045£0.004
UM461 e cee . <0.199 0.4740.03 <0.021 0.29+0.01 0.09+0.01
Haroll 0.126+0.003 0.24140.006 0.055=£0.003 0.087+0.003 4.6£0.1 3.240.1 10.1£0.1 4.8140.02
Mrk1450 X X XX 0.15840.033 0.75£0.02 0.13+0.01 0.96+0.02 0.46+0.01
11Zw40 0.025£0.007 0.06940.005 0.00940.003 0.01340.007 18.6+0.4 0.60+£0.03 11.4+0.3 4.7£0.2
NGC1569 0.220£0.007 0.402+0.012 0.045+0.004 0.100£0.003 14.84+0.4 1.55+0.08 17.44£0.3 7.2£0.2
Mrk1499 0.831£0.288 0.997+0.189 0.345+0.049 0.788+0.096 0.18+0.01 0.19+0.01 0.50+0.02 0.30+0.01
NGC1140 0.532+0.048 0.57940.025 0.142+0.008 0.558+0.029 1.30+0.04 1.17£0.02 3.84+0.1 2.17+0.04
UGC4274 0.732+0.115 0.67140.040 0.191£0.010 0.56340.028 0.4640.02 0.88+0.03 1.31+£0.04 1.3040.03
CG0598 0.746+0.194 0.95440.075 0.331£0.036 0.807+0.070 0.13£0.02 0.206+0.004 0.18+0.03 0.23£0.01
CGO752 0.522+0.038 0.64540.024 0.171£0.008 0.62540.042 0.15+0.01 1.23£0.03 0.58+0.01 0.82£0.02

2The integrated fluxes are measured from the high resolution spectra of the targets. Background emission hasn’t been subtracted and no
scaling between the two modules, SH and LH has been applied.

b indicates no available PAH EW measurement. It is mostly due to the low SNR of the spectrum. In this case, the determination of

the continuum is highly uncertain and will significantly change the PAH EW. A much deeper observation with more exposure time has been
submitted and more analysis will follow when data come in. For SBS0335-052, the SNR is high enough, but no PAH features can be identified
in its mid-IR spectrum. We do not have a template to derive the upper limit of PAH EW at 7.7 ym and 8.6 ym.



2.4.3 The hardness of the radiation field

The presence of a young starburst in a low metallicity environment results in the
production of high energy photons which can propagate relatively large distances
before being absorbed by the metals in the ISM. High-resolution IRS spectra were
taken of 26 galaxies and the results for the 12 BCDs that we discussed above are
summarized in Figure 2.3 and Table 2.4. Because of the rather large difference in
the ionization potentials of Net™ (41eV) and Ne™ (22eV), the ratio of [NellI]/[Nell]
is a good tracer of the hardness of the interstellar radiation field (Thornley et al.
2000). The [SIV]/[SIII] ratio, another indicator of the hardness of the radiation
field has also been studied in this paper. Given the fact that extinction in mid-IR is
only a few percent of the optical extinction (Draine 2003), those line ratios are far
less sensitive to the differential extinction compared to optical or UV lines. We plot
the two line ratios in Figure 2.8. Since the extinction effects on [NellI] (15.55 pm)
and [NelI] (12.81 ym) are similar, the ratio of [NellI]/[Nell] is only weakly affected
by extinction, while for [SIV]/[SIII], we indicate the effect of differential extinction
by the arrow on the upper left corner of the plot for an A, of ~13 mag.

We also studied the dependence of [Nelll]/[Nell] ratio on metallicity and the
results are presented in Figure 2.9. We find that our 11 BCDs (CG0752, which
has no metallicity measurements in literature, is not included.) appear to define
a band, where galaxies with lower metallicity display a higher [NelII]/[Nell] ratio,
thus harboring a harder radiation field. For a given [Nelll]/[Nell] ratio, there is
significant scatter within metallicities. This scatter could be due to local variations
or differential /patchy dust extinction in these systems. It also suggests that the
metallicity may not be the only factor that affects the hardness of the radiation
field. The results on the [SIV]/[SIII] ratio are plotted in Figure 2.10 and we can

see that it shares a similar trend as the [Nelll]/[Nell] ratio. For the discussion
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Figure 2.8 This plot shows the log([SIVA10.51 pm]/[SIIIA18.71 pm]) ratio as a func-
tion of log([NelIIA15.55 pm]/[NelIA12.81 pm]) for our sample. Both ratios are in-
dicators of the hardness of the ionization field. Since no [Nell] has been detected
in the high resolution spectrum of SBS0335-052, IZw18 and UM461, the lower
limits of the [Nelll]/[Nelll] ratios are represented by arrows. No correction has
been made for extinction. The effect of the differential extinction on the ratio of
[SIV]/[SI1I] is indicated by the arrow on the upper left corner for A, ~13 mag.

47



T T T
L - ]
i
10.0F = —
C H L] ]
= 2 ]
.% L * Haroll = NGC1140 ]
~ L ]
= [ —
[
=z, 1.0:— I E
0.1 . . | . . |
0.1 1.0

Metallicity(Z/Zq)

Figure 2.9 The strength of the [NelIIA15.55 pm]/[NelIA12.81 ym)] ratio as a func-
tion of metallicity for our sample. The fluxes of [Nelll] and [Nell] were measured
using the high resolution spectra of the sources and the metallicity (and its uncer-
tainty) were obtained from the literature (see Table 2). Note that no [Nell] has
been detected in SBS0335-052E, [Zw18 and UM461, so we are showing the lower
limit of [Nelll]/[Nell] by an up-pointing arrow.

that follows we choose the [Nelll]/[Nell] ratio since it is less dependent on the

extinction and the neon lines are generally stronger. Further more, the [Nelll| and

[Nell] lines span a wider range in ionization potential than [SIV] and [SIII].

2.4.4 PAH and the [Nelll]/[Nell] ratio

As discussed by Madden (2000), PAHs are at best a minor dust component in
dwarf galaxies. In Figure 2.11, we plot the EW of the 6.2 and 11.2 ym PAHs as a
function of the hardness of the radiation field, using [Nelll]/[Nell] as an indicator.
We observe that the PAH EWs at 6.2 and 11.2 ym are generally suppressed in

a harder radiation field as indicated by a larger [Nelll|/[Nell] ratios, suggesting
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Figure 2.10 Same as Figure 8 but for [SIVA10.51 pm]/[SIIIA18.71 pm].

that the deficiency in PAH emission may be related to the destruction of the
photodissociation region (PDR) by hard UV photons. However, the trend we see
is weak. A conventional least-squares fit that minimizes (logarithmic) residuals in
PAH EW yields a slope of N=-0.9140.31 for the 6.2 um PAH and N=-0.924+0.27
for the 11.2 um PAH. In addition, we found that for a given [Nelll]/[Nell] ratio,
we can have different PAH EW values. For example Haroll has a considerably
weaker PAH EW at both 6.2 um and 11.2 yum as compared with NGC1140 even
though they have a very similar [Nelll]/[Nell] ratio. This scatter indicates that

some other or additional process is in play.

2.4.5 PAH and luminosity density

Another important parameter of the radiation field is its UV luminosity density.

Does this also play a role in the destruction of PAH molecules? In young starbursts,
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Figure 2.11 a) The EW of the 6.2 um PAH as a function of the [NellI]/[Nell] ratio.
Note that since no PAH emission was detected in SBS0335-052E, the upper limit
of its EW is indicated by a downward arrow. Similarly, the lower limit of the
[NellI]/[Nell] ratio for this source is indicated by right-pointing arrow since no
[Nell] can be seen in the spectrum. b) Same as a) but for the 11.2 ym PAH.
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Lprr is representative of the total UV luminosity. We estimate the luminosity
density of the 12 BCDs in our sample, using the 22 um luminosity. Takeuchi et al.
(2005) show that there is linear relation between the mid-IR luminosities (12 ym
or 25 um) and the total infrared luminosity, even though Dale et al. (2005) has
shown a peak-to-peak uncertainty of a factor of 5 in using the 24 pm luminosity
to indicate the total infrared luminosity for their sample of starburst galaxies. We
calculate Lag,,, using the 22um images obtained with the red peak-up camera and
divide it by the estimated volume (V) of the objects from their optical or infrared
images'®. This should be proportional to the UV luminosity density. The results
are listed in Table 2.5. We present the 6.2 and 11.2um PAH EW as a function
of the 22pum luminosity density in Figure 2.12. There are fewer data points on
the plot compared to the table since we do not have PAH EW measurement for
all the galaxies in Table 2.5. We can see that there is a trend that PAH EW
decreases with increasing luminosity density. However, this relation is somewhat
weak. A least-squares fit (logarithmic) of the slope returns N=-0.63+0.21 for the
6.2 um PAH and N=-0.77+0.18 for the 11.2 um PAH. There is considerable scatter
on this plot. For instance, SBS0335-052E and Haroll have very similar Log,,/V
value, but we have not found any PAH emission in SBS0335-052E while PAHs are
weak but clearly present in Haroll.

A plot of the dependence of the PAH EW as a function of the product of the
hardness of the radiation field and the luminosity density, [NelIl]/[Nell]*Lag,m/V
is presented in Figure 2.13. We observed that it is better correlated than both the
PAH EW vs [Nelll]/[Nell] and PAH EW vs luminosity density. A least-squares
fit (logarithmic) returns N=-0.394+0.12 for 6.2 um PAH and N=-0.47£0.10 for

11.2 pm PAH. This suggests that an increased density of harder photons destroys

10We use the mid-infrared images to estimate the volume for sources that are resolved at 22 um
and the optical images for the rest of the sample.
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Figure 2.12 a) The EW of the 6.2 um PAH vs the luminosity density indicated by
Looum/V. We can see that there is a general trend that as the luminosity density

of the galaxy increases, the PAH EW decreases. b) Same as a) but for the 11.2 ym
PAH.
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Table 2.5. Galaxy luminosity and volume

Object fooum™ RadiusP Logym®  Volume Loy, /Volume
(Jy) (arcsec) (x10%Lg) (x10%c?)  (Lo/pc?)

[Zw18 0.006 7.2 0.01 0.2 0.007
SBS0335-052 0.080 3.8 3.8 3.9 0.099
UM461 0.030 6.8 0.1 0.4 0.030
Haroll 2.307 9.9 249.7 2414 0.103
Mrk1450 0.053 5.9 0.1 0.2 0.076
[1Zw40 1.482 9.5 2.1 0.3 0.700
NGC1569 2.596 55.4 0.2 0.1 0.124
Mrk1499 0.030 6.1 0.6 4.6 0.014
NGC1140 0.279 28.0 1.8 5.8 0.031
UGC4274 0.120 30.5 0.1 0.1 0.057
CG0598 0.025 5.9 20.8 1185.6 0.002
CGO0752 0.149 9.9 16.9 258.3 0.007

*The 22 pum flux density are calculated using the “synthetic”
method.

PThe radius of the galaxy is measured using the optical image
retrieved from the Digitized Sky Survey(DSS) for point sources. For
the four extended sources mentioned earlier, we used their mid-IR
size measured from the 22 ym images.

“The 22 pum luminosity in the red peak-up filter(18.5-26.0 pm).
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Figure 2.13 a) The dependence of the 6.2um PAH EW on the
([NelIll]/[Nell]) x (Lagum /V). It is clear that the PAH EW decreases as this
quantity increases, indicating that for the same physical volume a more luminous
starburst with harder radiation, destroys the PAHs. b) Same as a) but for the
11.2 pm PAH.

more PAH molecules. The fact that we are seeing a better correlation on Figure

2.13 than in Figure 2.11 or Figure 2.12 suggests that both the luminosity density

and the hardness of the radiation field contribute to the destruction of PAHs.

2.4.6 PAHs: formation and destruction effects

We have shown in the previous section that there are generally weaker PAHs in
metal-poor environments. We have also discussed the effects of the hardness of the
radiation field and the luminosity density on the destruction of PAH molecules.
Is the absence of PAHs in metal-poor galaxies solely due to formation effects or
destruction effects or some combination? To examine this we plot the PAH EW as
a function a new quantity: ([NellI]/[Nell])x(Log m/V)x(1/Z), where the product

of the neon ratio and the luminosity density represents the destruction effect and
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Figure 2.14 a) The PAH EW at 6.2 um vs the product of the hardness of the
radiation field and the luminosity density, divided by the metallicity of the galaxy.
We can see that there is a strong anti-correlation where the PAH EW decreases
when the factor ([Nelll]/[Nell])x (Logum/V)x(1/Z) increases. b) Same as a) but
for the 11.2 ym PAH.

Z, the metallicity of the galaxy, represents the formation effect. We can see in
Figure 2.14 that there is a much tighter anti-correlation on this plot as compared
to the previous series of plots on the PAH EW we have shown. A least-squares fit
(logarithmic) gives a slope of N=-0.3940.09 for the 6.2 yum PAH and N=-0.434+0.08
for the 11.2 um PAH. We conclude that both the formation effects (Z) and the

destruction effects ([Nelll]/[Nell])x (Lag 4m/V) contribute to the weak PAH EW.
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2.5 Conclusions

We have explored the mid-IR properties of blue compact dwarf galaxies with
Spitzer IRS. We obtained broad band images at 16 and 22 ym from the IRS peak-up
camera. Using the low-resolution /RS spectra, we detected emission from PAHs, at
6.2, 7.7, 8.6, 11.2 and 12.8 pum, for most of our galaxies though the strength varies
considerably. We also detected a number of fine structure lines in our mid-IR
spectra, including [SIV], [Nell], [Nelll] and [SIII] and found that for metallicities
ranging between 1/50 Zg, to 0.65 Z, the line ratios, [Nelll]/[Nell] and [SIV]/[SILI],
which measure the hardness of the ionization field, vary inversely with metallicity.
Our study yielded the following conclusions:

1) The ratio of fa/f16 is ~2.5£0.6 on average, but it does not show any de-
pendence on metallicity.

2) Both the emission of PAHs and a hot dust component affect the fos/fs (or
fo4/ f3) ratio in a similar way. These effects are difficult to disentangle without
mid-IR spectra or measurements of the mid-IR fluxes at several wavelengths. Pre-
dictions of the strength of PAHs based on a single pair of mid-IR broad band fluxes
may be problematic and should be used with caution (see Figure 2.5 and 2.6).

3) The emission of PAHs in metal-poor BCDs is generally suppressed (see
Figure 2.7).

4) The product of the hardness of the radiation field as traced by the neon
line ratio with the mid-IR luminosity density, a “stand in” for the intensity of UV
luminosity, correlates well with the PAH EW (see Figure 2.13).

5) The product of the hardness of the radiation field and the luminosity density
divided by the metallicity of the galaxies has a strong correlation with the PAH
EW. This suggests that the absence of PAHs in metal-poor environment is due to

a combination of formation effects and destruction effects (Figure 2.14).
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CHAPTER 3
ELEMENTAL ABUNDANCES OF BLUE COMPACT DWARF'S
FROM MID-IR SPECTROSCOPY WITH SPITZER*

Abstract We present a study of elemental abundances in a sample of thirteen
Blue Compact Dwarf (BCD) galaxies, using the ~10-37um high resolution spectra
obtained with Spitzer /IRS. We derive the abundances of neon and sulfur for our
sample using the infrared fine-structure lines probing regions which may be ob-
scured by dust in the optical and compare our results with similar infrared studies
of starburst galaxies from ISO. We find a good correlation between the neon and
sulfur abundances, though sulfur is under-abundant relative to neon with respect
to the solar value. A comparison of the elemental abundances (neon, sulfur) mea-
sured from the infrared data with those derived from the optical (neon, sulfur,
oxygen) studies reveals a good overall agreement for sulfur, while the infrared de-
rived neon abundances are slightly higher than the optical values. This indicates
that either the metallicities of dust enshrouded regions in BCDs are similar to the
optically accessible regions, or that if they are different they do not contribute

substantially to the total infrared emission of the host galaxy:.
3.1 Introduction

Blue Compact Dwarf Galaxies (BCDs) are dwarf galaxies with blue optical colors
resulting from one or more intense bursts of star-formation, low luminosities (Mg >
—18) and small sizes. The first BCD discovered was 1Zw 18 by Zwicky (1966),
which had the lowest oxygen abundance observed in a galaxy (Searle & Sargent
1972), until the recent study of the western component of SBS0335-052 (Izotov et

al. 2005). Although BCDs are defined mostly by their morphological parameters,

*Originally published as: Yanling Wu, J. Bernard-Salas, V. Charmandaris, V. Lebouteiller,
Lei Hao, B. R. Brandl, J. R. Houck, (2008), The Astrophysical Journal, 673, 193
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they are globally found to have low heavy element abundances as measured from
their HII regions (1/30Zx~1/2Zs). The low metallicity of BCDs is suggestive of a
young age since their interstellar medium is chemically unevolved. However, some
BCDs do display an older stellar population and have formed a large fraction of
their stars more than 1Gyr ago (see Loose & Thuan 1985; Aloisi et al. 2007). The
plausible scenario that BCDs are young is intriguing within the context of Cold
Dark Matter models which predict that low-mass dwarf galaxies, originating from
density perturbations much less massive than those producing the larger structures,
can still be forming at the current epoch. However, despite the great success in
detecting galaxies at high redshift over the past few years, bona fide young galaxies
still remain extremely difficult to find in the local universe (Kunth & Sargent 1986;
see the review by Kunth & Ostlin 2000; Madden et al. 2006). This is likely due to
the observational bias of sampling mostly luminous more evolved galaxies at high
redshifts. If some BCDs are truly young galaxies, they would provide an ideal local
laboratory to understand the galaxy formation processes in the early universe.
Over the past two decades, BCDs have been studied extensively in many wave-
lengths using ground-based and space-born instruments (see the review by Kunth
& Ostlin 2000). In the FUV, the Far Ultraviolet Spectroscopic Explorer (FUSE)
has been used to study the chemical abundances in the neutral gas in several BCDs
(Thuan et al. 2002; Aloisi et al. 2003; Lebouteiller et al. 2004). Optical spectra
have been obtained for a large number of BCDs and display strong narrow emis-
sion lines resulting from the intensive star-formation processes that take place in
these systems (Izotov et al. 1997; Izotov & Thuan 1999b; Pustilnik et al. 2005;
Salzer et al. 2005). The Infrared Space Observatory (ISO) revealed unexpectedly
that despite their low metallicities, BCDs, such as SBS 0335-052E, could still have

copious emission from dust grains (Thuan et al. 1999; Madden 2000; Madden et
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al. 2006; Plante & Sauvage 2002). More recently, the Spitzer Space Telescope
(Werner et al. 2004) has been used to observe these metal-poor dwarf systems in
order to study their dust continuum properties and the polycyclic aromatic hydro-
carbon (PAH) features (Houck et al. 2004b; Hogg et al. 2005; Engelbracht et al.
2005; Rosenberg et al. 2006; Wu et al. 2006; O’Halloran et al. 2006; Hunt et al.
2006; Wu et al. 2007). Finally, radio observations have also been performed for
several BCDs to study their HI kinematics and distribution (Thuan et al. 2004)
and thermal /non-thermal continuum emission properties (Hunt et al. 2005).
Metallicity is a key parameter that influences the formation and evolution of
both stars and galaxies. Detailed studies of the elemental abundances of BCDs
have already been carried out by several groups (Izotov & Thuan 1999b; Kniazev
et al. 2003; Shi et al. 2005) and the well known metallicity-luminosity relation
has also been studied in detail in the environment of dwarf galaxies (Skillman et
al. 1989; Hunter & Hoffman 1999; Melbourne & Salzer 2002). However, because
these studies were performed in the optical, they were limited by the fact that the
properties of some of the deeply obscured regions in the star-forming galaxies may
remain inaccessible due to dust extinction at these wavelengths. In fact, Thuan et
al. (1999), using ISO, have shown that the eastern component of SBS 0335-052 does
have an embedded super star cluster (SSC) that is invisible in the optical while
contributing ~75% to the bolometric luminosity (see also Plante & Sauvage 2002;
Houck et al. 2004b), even though it has very low metallicity (12+log(O/H)=7.33),
which would in principle imply a low dust content. In addition to probing the
dust enshrouded regions, emission in the infrared also has the advantage that the
lines accessible at these wavelengths are less sensitive to the electron temperature
fluctuations than the corresponding optical lines of the same ion. In the infrared,

more ionization stages of an element become available as well. The improved
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sensitivity of the Infrared Spectrograph (IRS!) (Houck et al. 2004a) on Spitzer has
enabled us to obtain for the first time infrared spectra for a much larger sample
of BCDs than was previously possible (Thuan et al. 1999; Madden 2000; Verma et
al. 2003; Martin-Hernéndez et al. 2006), thus motivating this study to probe the
heavy element abundances in BCDs.

In this paper, we analyze Spitze/IRS spectra of thirteen BCDs and present
elemental abundances of neon and sulfur, which are both primary elements pro-
duced by the same massive stars in the nuclear synthesis processes. In section 2,
we describe the sample selection, observations and data reduction. We present
our results on the chemical abundances in section 3, followed by a comparison of
the optical and infrared derived abundances in section 4. We show the interplay
between the abundances and PAH emission in section 5. Finally, we summarize

our conclusions in section 6.

3.2 Observations and Data Reduction

As part of the IRS Guaranteed Time Observation (GTO) program, we have com-
piled a large sample of BCD candidates selected from the Second Byurakan Survey
(SBS), Bootes void galaxies (Kirshner et al. 1981; Popescu & Hopp 2000), and other
commonly studied BCDs. Details on the low-resolution spectra of the sample have
been published by Wu et al. (2006).

We acquired the targets using the red (22pm) IRS peak-up camera in high
accuracy mode to locate the mid-IR centroid of the source and then offset to the
appropriate slit using the standard IRS staring observing mode. Subsequently, we

obtained the 10—37 pum spectra for our sources using the /RS Short-High (SH, 9.9-

!The IRS was a collaborative venture between Cornell University and Ball Aerospace Corpo-
ration funded by NASA through the Jet Propulsion Laboratory and the Ames Research Center.
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19.6 pm) and Long-high (LH, 18.7-37.2 um) modules. No spectra of the background
were obtained. The AORkey and on-source integration time of the twenty-two
sources for which we obtain high-resolution spectroscopy are given in Table 6.1.
In this paper, we focus on the description and analysis of thirteen BCDs from our
program which have a signal-to-noise ratio (SNR) high enough for our elemental
abundance study.

The data were processed by the Spitzer Science Center (SSC) pipeline version
13.2. The three-dimensional data cubes were converted to two-dimensional slope
images after linearization correction, subtraction of darks, and cosmic-ray removal.
The reduction of the spectral data started from intermediate pipeline products
“droop” files, which only lacked stray light and flat-field correction. Individual
pointings to each nod position of the slit were co-added. The data from SH and
LH were extracted using the full slit extraction method of a script version of
IRS data analysis package SMART (Higdon et al. 2004) from the median of the
combined images. The 1-dimensional spectra were flux calibrated by multiplying
by a relative spectral response function (RSRF), which was created from the /RS
standard star, £ Dra, for which accurate templates were available (Cohen et al.
2003; Sloan et al. 2007). As a final cosmetic step the ends of each order where the
noise increases significantly were manually clipped. No scaling was needed between
the adjacent orders within the same module. For faint sources, the spectra taken
at nod position 1 are severely affected by fringing problems, thus we only use the
data at nod position 2 for these sources in our study.

The fine-structure lines, [SIV]A10.51pm, [Nell] A12.81um, [Nelll] A15.55pm
and [SIII} AN18.71pm, 33.48um are clearly present in the majority of the BCDs
in our sample?. We measure the line fluxes by fitting them with a Gaussian pro-

file. Even though the [SIII] line is visible in both SH and LH we only use the

2See Figure 3 of Wu et al. (2006), or Hao et al. 2008 in preparation for the reduced spectra.
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Table 3.1. Observing Parameters of the Sample

Object Name RA Dec AORKEY Observation Redshift On-source Time (Seconds)
(J2000) (J2000) Date SH LR
Haroll 00h36m52.5s -33d33m19s 9007104 2004-07-17  0.0206 480 240
NGC1140 02h54m33.6s -10d01m40s 4830976 2004-01-07  0.0050 480 240
SBS0335-052E  03h37m44.0s -05d02m40s 11769856  2004-09-01 0.0135 1440 960
NGC1569 04h30m47.0s  464d50m59s 9001984 2004-03-01 ~0 480 240
11Zw40 05h55m42.6s  +03d23m32s 9007616 2004-03-01  0.0026 480 240
UGC4274 08h13m13.0s +45d59m39s 12076032  2004-10-23  0.0015 120 56
12626688  2004-11-11 120 56
1Zw18 09h34m02.0s  +55d14m28s 9008640 2004-03-27  0.0025 480 240
16205568  2005-12-16 2880 1440
VIIZw403 11h27m59.9s  +78d59m39s 9005824 2004-12-09 ~ 0 480 240
Mrk1450 11h38m35.6s +57d52m27s 9011712 2004-12-12 0.0032 480 240
UM461 11h51m33.3s -02d22m22s 9006336 2005-01-03  0.0035 480 240
16204032  2006-01-14 1440
SBS1210+4537A  12h12mb55.9s +53d27m38s 8989952 2004-06-06 e 480 240
Tol1214-277 12h17m17.1s -28d02m33s 9008128 2004-06-28  0.0260 480 240
Tol65 12h25m46.9s -36d14m01s 4829696 2004-01-07  0.0090 480 240
UGCA292 12h38m40.0s +32d46m01ls 4831232 2004-01-07  0.0010 480 240
Tol1304-353 13h07m37.5s -35d38m19s 9006848 2004-06-25  0.0140 480 240
Pox186 13h25m48.6s -11d37m38s 9007360 2004-07-14  0.0039 480 240
CG0563 14h52m05.7s  438d10m59s 8992512 2005-05-30  0.0324 240 120
CG0598 14h59m20.6s +42d16m10s 8992256 2005-03-19  0.0575 480 240
CGO0752 15h31m21.3s  +47d01m24s 8991744 2005-03-19  0.0211 480 240
Mrk1499 16h35m21.1s  +52d12mb3s 9011456 2004-06-05  0.0090 480 240
[RC2]A2228-00 22h30m33.9s -00d07m35s 9006080 2004-06-24  0.0052 480 240

Note. — The coordinates and redshifts of the objects are cited from the NASA/IPAC Extragalactic Database
(NED). In this paper, we only include the analysis of thirteen out of twenty-two sources which have SNRs sufficient
for our abundance study. CG0563, CG0598 and CG0752 are included in the original sample as BCD candidates,
however, they appear to be more starburst like (see Hao et al. 2007). Thus even though they have high SNR, we
do not include these three sources in this study.
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18.71 pm line for deriving the ionic abundance. This is because by using lines
within the same module (SH), we remove uncertainties due to the different sizes
of the SH and LH slits. Furthermore, the [SIII] A33.48um line is near the cut off of
the LH module where the sensitivity drops dramatically, making its measurement

more uncertain in some cases.

3.3 Elemental Abundances of BCDs

In this section, we derive the neon and sulfur abundances using the new infrared
data of our BCD sample. The elemental abundances of the compact HII regions in
our Galaxy (Martin-Hernandez et al. 2002; Simpson et al. 2004), in the Magellanic
Clouds (Vermeij et al. 2002), as well as in starburst galaxies (Verma et al. 2003;
Martin-Hernédndez et al. 2006) have already been studied extensively in the past
using ISO, and more recently with Spitzer (Rubin et al. 2007). There are several
methods to derive the chemical abundances (for a review see Stasinska 2007).
Here we use an empirical method, which derives ionic abundances directly from
the observed lines of the relavent ions. To do so, we need to have the flux of at
least one hydrogen recombination line, the dust extinction, as well as the electron

temperature and density of the interstellar medium (ISM).

3.3.1 Electron density and temperature

The electron density (N.) could in principle be determined by comparing the mea-
sured ratio of [SIII]18.71xm/33.48um to the expected theoretical value using the
corresponding S-curve (see Houck et al. 1984). However, the values for the ratio
are in the horizontal part of the S-curve and as a result we cannot use these two

lines to accurately constrain the electron density of these systems. Furthermore,
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the 33.48 pum [SIII] line is located at the edge of the LH slit, where the sensitivity
drops dramatically, and considering that these emission lines are weak, the mea-
sured line flux for the 33.48 ym [SIII] has a large uncertainty. Since the infrared
determination of elemental abundances does not depend strongly on the density,
we adopted the optically derived electron densities from the literature, which range
from 10 to 3000 cm™ (see Table 3.2). For sources where such information is not
available, we adopt a typical electron density of 100 cm™ in this paper.

Since BCDs in general have low metallicities, it is expected that BCDs would
have relatively high electron temperatures (T, ). Fortunately, the infrared lines are
much less sensitive to the uncertainties in the electron temperature compared to the
optical (Bernard Salas et al. 2001). As a result we adopt electron temperatures
derived from the optical studies found in the literature. For sources which do
not have direct measurements (which happen to be high metallicity sources in
our sample, e.g. NGC1140, UGC4274), we use a representative temperature of
T.=10,000K (see Table 3.2).

3.3.2 Ionized hydrogen flux estimates

In order to derive the ionic abundances, we also need to obtain information on
at least one hydrogen recombination line (usually H3). For sources in which the
Humphreys o (Hua, 12.37 pm) line is detected, we use it to convert to HF. From
the extinction corrected Hua flux, we estimate the HF flux using the values given
in the tables of Hummer & Storey (1987) for Case B recombination. This has the
advantage that we do not need to correct for aperture effects because the neon and
sulfur lines we use to derive the abundances also reside in the same module (SH).
The 12.37 pm line is generally very weak and it is detected in six of our thirteen

sources. For SBS0335-052E and 1Zw18, which have radio continuum data, we
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Table 3.2.  Optical Properties of the Sources

Object F(HB) (x10~ergs s~tem—2) Eg_v T. N ref
Hua-derived Ha-derived radio-derived optical mag K cm™

Haroll 252+40 e e e 0.41 13700 10 (1)
NGC1140 67+9 e e e 0.10 10000 100 (2)®
SBS0335-052E  <22.4 e 6.5+0.06 e 2.76 20000 200 (3),(4),(5)
NGC1569 393419 e e e 0.65 12000 100 (6)
11Zw40 363410 282422 e e 0.79 13000 190 (2),(7)
UGC4274 <59.6 11.54+1.0 e e 0 10000 62 (7),(8)>
1Zw18 <12.6 8.0£0.6 6.1£0.6 e 0.08 19000 100(7),(9),(10)
VIIZw403 <24.6 11.8+1.2 e e 0 14800 100 (7),(11)
Mrk1450 <14.8 15.84+1.4 e 0.10 12500 100 (7),(12)
UM461 <21.0 e 13.6+0.6 0.08 16100 200 (13),(14)
Tol1214-277 23.34+2.8 e e e 0.03 19790 400  (15)
Tol65 <18.2 9.3+0.4 e e 0.08 17320 50 (7),(15)
Mrk1499 14.6+1.9 15.1+1.3 e e 0.17 12600 3267 (7),(16)
Note. — When no data are available in the literature, the electron temperature and densities

are assumed to be 10000K ( for NGC1140 and UGC4274) and 100 cm~3 (for NGC1140 and
NGC1569) respectively. When the Hua line is detected, the Hf flux is preferentially derived
from this line. The upper limits are listed for the non-detections. For the remaining sources,
we derived the HB flux either from the thermal component of the radio continuum, or from the
extinction corrected Ha flux inside the SH slit. For UM461, the H3 flux is for the whole galaxy
from the integrated optical spectra.

References. — (1) Bergvall & Ostlin (2002), (2) Guseva et al. (2000), (3) Izotov et al. (2006),
(4) Hunt et al. (2004), (5) Houck et al. (2004b), (6) Kobulnicky & Skillman (1997), (7) Gil de
Paz et al. (2003), (8) Ho et al. (1997), (9) Cannon et al. (2005), (10) Izotov et al. (1999a), (11)
Izotov et al. (1997), (12) Izotov et al. (1994), (13) Moustakas & Kennicutt (2006), (14) Izotov
& Thuan (1998), (15) Izotov et al. (2001), (16) Kong et al. (2002)
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calculate the HS flux from the thermal free-free emission using the fraction included
in the aperture of our SH slit at the time of the observation, and no correction
for extinction is needed. For the remaining four sources which have Ha images
available from Gil de Paz et al. (2003), we overlay the SH slit on each Ha image to
calculate what fraction of the Ha emission is included in our slit. Then we derive
the corresponding HS flux inside the SH slit from the extinction-corrected Har flux.
Finally, for UM461, we use the H3 flux of the whole galaxy from the integrated
spectra (Moustakas & Kennicutt 2006). UM461 is a very compact source, thus

fully encompassed within the SH slit.

3.3.3 Extinction correction

All our measurements, both the fluxes from the Ha images, as well as the infrared
lines, have been corrected for extinction. From the low-resolution spectra of our
BCDs (Wu et al. 2006), we find that most of the sources do not show a strong 9.7 um
silicate feature, thus indicating an intrinsically relatively low dust extinction. Due
to the faintness of our targets at A <9.7 um, the determination of the continuum on
the blue side of the 9.7 yum feature is often poor and the uncertainties in estimating
the mid-IR extinction from this are rather large (see discussion in Spoon et al.
2007). Thus for sources where optical spectra are available, we adopt the Eg_v
values calculated from the hydrogen recombination lines in the literature. Only
for SBS 0335-052E, which has a high quality mid-IR spectrum and evidence for an
embedded SSC, the optical Eg_y is not a good estimate of its extinction, thus we
use the extinction estimated from the depth of the silicate feature (Houck et al.
2004b). Throughout this paper, we adopt the Fluks et al. (1994) extinction law,
though using the Draine (2003) law would produce very similar results. The Eg_v

magnitudes are provided in Table 3.2.
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3.3.4 Neon and sulfur abundances determination

We use the electron density and temperature given in Table 3.2, together with
the fine structure lines detected in the IRS high-resolution spectra, to calculate
the abundances of neon and sulfur. The equation used to determine the ionic

abundance is described in Bernard Salas et al. (2001) and it is:

(3.1)

Nion . Lion Aul Q'Hg Ny -
Np - [HB O>\H Aul Nion

s

where Iion/Ing is the measured flux of the fine-structure line normalized to Hp;
Np is the density of the ionized hydrogen; A, and Agg are the wavelengths of
the line and Hf3; apgs is the effective recombination coefficient for H3; A, is the
Einstein spontaneous transition rate for the line and N, /N, is the ratio of the
population of the level from which the line originates to the total population of the
ion. This ratio is determined by solving the statistical equilibrium equation for a
five level system and normalizing the total number of ions to be unity (Osterbrock
1989). The effective collisional strengths used to derive the population of levels
were obtained from the appropriate reference of the IRON project (Hummer et al.
1993)3.

The most important ionization stages of neon and sulfur are available in the
infrared. We detected [SIV] A10.51 pm and [Nelll] A15.56 pym in all of our BCDs
while the [Nell] A\12.81 ym line is detected in nine objects and [SIII| A18.71 ym in
twelve sources (see Table 3.3). For sulfur, SII has its strongest emission lines in the
optical. Vermeij et al. (2002) have shown that SII is typically less than 10% of SIII
in the Magellanic cloud HII regions they studied. Because BCDs are typically high-

excitation objects, we do not expect to have a significant contribution from SII.

The optical studies reveal that the ionic abundance of SII is typically 10—20% of

3http://www.usm.uni-muenchen.de/people/ip/iron-project.html
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that of SIII (Izotov et al. 1994, 1997), thus we keep in mind that this might result in
a ~10% underestimate in our infrared derived sulfur abundance. This is addressed
further in the following subsection where we discuss the properties of the individual
objects. The presence of the [OIV] A25.89 ym line in most of our sources (except
for VIIZw403, UM461, Tol65 and Mrk1499) indicates that some [NeIV] might be
present, even though the [OIV] line is typically weak. For example, in Tol1214-277,
where [OIV] is detected, the flux of [NeIV]A4725 from optical spectra is less than
1% of that of [NellII]A3868 (Izotov & Thuan 2004), indicating that the contribution
of [NelV] is not significant. Tsamis & Péquignot (2005) also have shown in their
photoionization modelling study of 30 Doradus that the contribution from NelV to
the total neon abundance is much less than 1%. As a result, rather than applying
ionization correction factors (ICFs) which could introduce an unknown systematic
uncertainty in our study, we sum the corresponding ionic abundances for the most
important ionization stages to determine the total element abundance and the
results are shown in Table 3.3.

Two successive stages of ionization of a given element (X) can be used to
measure the state of the ionization of the ISM, which, on first order, depends on
the ionization parameter, U, and the hardness of the ionizing radiation (Vilchez &
Pagel 1988). For a given U, the ratio X! /X** is an indicator of the hardness of
the stellar radiation field. Here we use the ionic pairs of Ne™ /Ne™ and S*3/ST+
as indicators of the hardness of the ionization field and plot them in Figure 3.1. It
is clear from the figure that these two ratios increase proportionally. This indicates
that the hardening of the radiation field affects similarly the various elements in
the full range of the ionizing continua.

The major uncertainty in our study of the elemental abundances originates

from the HfF fluxes used as references. For sources where the 12.37 pum Hua line
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Table 3.3.

Fine-structure Line Fluxes and Ionic Abundances

Line Fluxes ( x10~ ergs cm=2 s~ 1)

Tonic Abundances (x107%)

Object [SIV](10.51pm) [Nell](12.81pum) [NelII](15.55pm) [SIII](18.71um)

Nsiv/Np  Nnerr/Np Nnerrr/Np Nsir/Np

Haroll 43.95+0.14 31.234+0.23 98.144+0.65 45.244+0.25 0.353+£0.056 15.44+2.4 23.24+43.7 1.8940.30
NGC1140 12.1440.13 11.4140.20 37.7940.32 20.044+0.11 0.375+0.051 22.54+3.0 35.5+4.8 3.56+0.48
SBS0335-052E 1.56+0.03 <0.14 1.4340.02 0.4340.03 0.52740.011 <2.27 11.241.60.53540.038
NGC1569 147.2640.55 15.70+0.17 175.8540.59 72.7040.23 0.817+0.040 5.2840.26 28.24+1.4 2.1240.10
11Zw40 185.72+1.73 6.24+0.11 112.6540.83 45.80+0.21 1.1240.03 2.23+0.07 19.3£0.6 1.3740.04
UGC4274 4.1840.12 8.87+0.11 12.84+0.12 12.63+£0.11 0.74340.068 102+9 70.3+6.1 13.2+1.2
1Zw18 0.484-0.03 0.0940.01 0.46+0.02 0.2340.02 0.1254+0.015 1.41+0.21 3.56+0.38 0.276+0.036
VIIZw403 0.99+£0.05 <0.142 0.88+0.02 0.8740.02 0.31140.035 <2.79 8.41£0.88 1.3940.14
Mrk1450 7.34+0.04 1.3440.03 9.614+0.04 4.3740.03 0.9284+0.22310.70+2.57 36.94+8.9 2.984+0.71
UM461 4.5840.04 0.1640.02 2.8340.03 0.8124+0.03 0.636+£0.029 1.384+0.18 11.8+0.50.56310.032
Tol1214-277 0.8840.02 <0.10 0.614+0.02 <0.19 0.06140.007 <0.413 1.2340.15 <0.059
Tol65 0.694-0.02 <0.14 0.90+0.02 0.3240.02 0.12940.007 <1.62 5.0740.250.293+0.022
Mrk1499 1.7440.02 1.884+0.03 5.03+0.03 2.914£0.02 0.286+0.037 16.5+2.2 21.6+2.8 2.28+0.30

Note. — The observed line fluxes are measured from the IRS high resolution spectra of the sources. Background emission has not

been subtracted, but this does not affect the flux of the fine-structure lines.



S+5/s++

Ne**/Ne*

Figure 3.1 A plot of Ne™ /Ne™ vs S37/S*T  which traces the hardness of the
radiation field. The solid line is a fit to the data.

is detected, we have no uncertainties from matching the slit apertures, and the
extinction correction is very small. For sources where we estimate the HF flux
from the thermal radio continuum emission, we are free of extinction corrections,
even though we still need to properly account for the radio emission which falls
within the IRS slit. For BCDs with no Hu o emission or radio data available in the
literature, we estimate the HS flux using archival Ha images of the objects. This
is clearly more challenging because in addition to the aperture corrections, the
extinction correction is higher which could introduce a systematic uncertainty as
large as 25%. In the following analysis, we indicate the sources with or without the
detection of Hu « line using different symbols on the plots (see Figure 3.2, 3.3 and
3.4). The measurement uncertainties in the infrared lines are typically only a few
percent, but could grow to ~10% in the case of fainter sources. The uncertainties

we list in Table 3.3 only account for measurement uncertainties.
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Table 3.4. Elemental Abundances

Object Ne/H(x1076) S/H (x10=%) O/H (x107%) Ne (Zg) S (Ze) O (Zg) ref (O/H)
Harol1l 38.644.4 2.24+0.31 7.94  0.33£0.04  0.1640.02 0.16 (1)
NGC1140 58.045.7 3.94+0.48 28.8  0.4840.05  0.2840.03 0.59 (2)
SBS0335-052E [11.2, 13.5]*  1.0640.04 1.954+0.09  [0.09, 0.11]* 0.0840.003 0.0340.001 (3)
NGC1569 33.5+1.4 2.9440.11 15.840.5  0.2840.01  0.2140.01 0.3240.01 (4)
1Zw40 21.540.6 2.4940.05 12.240.4  0.1740.005 0.1840.004 0.25+0.01 (2)
UGC4274 172.3+£10.9  13.9441.20 33.3 1.440.1 1.0+0.1 0.68 (5)
1Zw18 5.040.4 0.40+0.04 1.4740.09  0.0440.003  0.03+0.003 0.0340.002 (6)
VIIZw403 [8.4, 11.2]*  1.70+0.14 4.9040.11  [0.07, 0.09]*  0.1240.01 0.1040.002 (7)
Mrk1450 47.6+9.2 3.98+0.74 9.5540.11  0.4040.08  0.28+0.06 0.1940.002 (8)
UM461 13.240.5 1.2040.04 6.1040.40  0.1140.01  0.0940.003 0.1240.01 (9)
Tol1214-277 [1.2, 1.6]*  [0.06,0.12]°  3.4540.10 [0.010, 0.013]%0.004, 0.008]"0.07+0.002 (10)
Tol65 [5.1, 6.7]*  0.4240.07 3.4840.10  [0.04,0.06]* 0.0340.002 0.0740.02 (10)
Mrk1499 38.143.6 2.5740.30 13.2  0.3240.03  0.1840.02 0.27 (11)

Note. — We adopt the following values for the solar abundances: (Ne/H)g=1.2x10"%, (S/H)g=1.4x10">
and (O/H)@=4.6x10"% (See section 4.1).

2We provide a range for the neon abundance by taking as the lower value the ionic abundance of Nelll, while

to obtain the upper value we add the upper limit for Nell.

bWe provide a range for the sulfur by taking as the lower value the ionic abundance of SIV, while to obtain

the upper value we add the upper limit of SIII.

References. — (1) Bergvall & Ostlin (2002), (2) Guseva et al. (2000), (3) Izotov et al. (2006), (4) Kobulnicky
& Skillman (1997), (5) Ho et al. (1997), (6) Izotov et al. (1999a), (7) Izotov et al. (1997), (8) Izotov et al. (1994),
(9) Izotov & Thuan (1998), (10) Izotov et al. (2001), (11) Kong et al. (2002)
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3.3.5 Individual Objects

Some details on the individual objects and how we measured the necessary param-
eters are provided in the following paragraphs.

Harol1: The 12.37 um Hua line is clearly detected in the SH spectrum. The
source has multiple nuclei, designated as A, B and C (Bergvall & Ostlin 2002).
The optical spectra from which the oxygen abundance was derived corresponds to
the central region. Because all the lines we are using are from the SH spectrum,
we are relatively free from extinction problems and there is no need for aperture
correction. The contribution of SIT may add ~10% to the total sulfur abundance.

NGC1140: As with Harol1, the 12.37 um Hua line is also clearly detected in
the SH spectrum of NGC1140. No measurement was found in the literature for
the electron temperature or density for this source, thus we assume 10000 K and
100 cm 3 respectively, which are typical for BCDs. However, because its oxygen
abundance is more than half solar, the electron temperature could also be lower.
If we use a T, of 5000 K and re-derive the abundances, we find that the neon
abundance would increase from 5.8x 1075 to 8.5x107° and the sulfur abundance
from 3.9x107% to 5.5x107%. The contribution of SII may add ~10% to the total
sulfur abundance.

SBS0335-052E: We do not detect the 12.37 um Hua line in the SH spectrum.
We use the thermal component of the 5 GHz radio continuum from Hunt et al.
(2004) to convert to the Hf flux, and thus no extinction correction is needed.
[Nell] is not detected and we provide the upper limit in Table 3.3. The ionic
abundance of SII is ~25% of the SIII determined from the optical study of Izotov
et al. (2006) and may add 12% to the total sulfur abundance. We also find higher
neon and sulfur abundances compared with the oxygen and possible implications

are discussed in Houck et al. (2004b).
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NGC1569: The 12.37 pm Hua line is clearly detected in the SH spectrum,
thus providing a direct estimate of the HA flux inside the SH slit. This galaxy is
extended in the mid-IR (see Figure 4 in Wu et al. 2006) and optical spectra have
been taken for several of the bright knots by Kobulnicky & Skillman (1997) in order
to study the chemical gradient and inhomogeneities of the source. These authors
found very little variation in the metallicity. Our infrared-derived abundances are
in rough agreement with the optical results. The ionic abundance of SII is ~13%
that of the SIII estimated from the optical study (Kobulnicky & Skillman 1997)
and may add 9% to the total sulfur abundance.

I1Zw40: We use the 12.37 um Hua line to convert to HF flux. The derived
neon and sulfur abundances agree with each other but appear to be lower than
oxygen with respect to the solar values. If we estimate the HS flux from the Ha
image of Gil de Paz et al. (2003), we find a value ~22% lower than the first, which
would increase the neon and sulfur abundances by 22% accordingly. This suggests,
that when using the HF flux derived from Ha image, the systematic error in our
measurement is probably no better than 25%. The ionic abundance of SII is ~13%
that of SIII from the optical study of Guseva et al. (2000) and may add 7% to the
total sulfur abundance.

UGC4274: We use an HJ flux derived from the Ha image of Gil de Paz et al.
(2003). Similarly to NGC1569, the galaxy is extended and the peak of the infrared
centroid is displaced from the optical peak position. The derived neon and sulfur
abundances are both super solar. The oxygen abundance is not directly available
from the literature, thus we use the [NII|/Ha method (Ho et al. 1997; Denicol6 et
al. 2002) to derive O/H, which bears a large uncertainty. The contribution of SII

may add ~10% to the total sulfur abundance.
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1Zw18: The HpB flux is derived from the thermal component of the radio
continuum inside the SH slit. The ionic abundance of SII is ~21% that of SIII
from the optical study of Izotov et al. (1999a) and may add 15% to the total sulfur
abundance. A more detailed discussion on this object can be found in Wu et al.
(2007).

VIIZw403: The Hp flux is derived by using the Ha image from Gil de Paz et
al. (2003). The optical and infrared centroids do not overlap. The SH spectrum
for this source is noisy and [Nell] A12.81 um is not detected, thus we have only a
lower limit on the neon abundance. The upper limit of the [Nell] line indicates
that it could add less than 25% to the total elemental abundance of neon which is
presented in Table 3.4. The ionic abundance of SII is ~24% that of SIII from the
optical work of Izotov et al. (1997) and may add 20% to the total sulfur abundance.

Mrk1450: As with VIIZw403, we use the hydrogen flux as given by the Ha
flux included in the SH slit. Neon and sulfur abundances appear to be higher than
the oxygen abundance with respect to the solar values. The ionic abundance of
SIT is ~18% that of SIII from the optical study of Izotov et al. (1994) and may
add 12% to the total sulfur abundance.

UM461: The Hf flux is estimated from the integrated spectra of Moustakas
& Kennicutt (2006), and the source is small enough to be fully included by the SH
slit. The derived neon and sulfur abundances are in good agreement with oxygen
metallicity from the optical. The ionic abundance of SII is ~17% that of SIII from
the optical (Izotov & Thuan 1998) and may add 8% to the total sulfur abundance.

Tol1214-277: The 12.37 pum Hua line is marginally detected in the SH spec-
trum, and we use this line to derive the H flux. The spectrum is very noisy and no
[Nell] A12.81 pm or [SIII] A18.71 pum lines are visible. We use the ionic abundances

of [Nelll] and [SIV] as the lower limits of the neon and sulfur abundances. The
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upper limit of [Nell] amounts to 33% of the ionic abundance of [Nelll] while the
upper limit of [SII] is nearly as much as the abundance of [SIV]. We give the range
of their elemental abundances in Table 3.4. The ionic abundance of SII is ~18%
that of SIII from the optical study of Izotov et al. (2001) and may add ~9% to
the total sulfur abundance.

Tol65: We use the Ha image (Gil de Paz et al. 2003) to calculate the Hf
flux. [NelI] A12.81 pym is not detected in the SH spectrum, thus our derived neon
abundance is a lower limit. The upper limit of Nell is ~32% of the ionic abundance
of Nelll, and the range of neon abundance is provided in Table 3.4. The metallicity
of sulfur relative to solar is lower than oxygen. The ionic abundance of SII is ~26%
that of SIII from the optical (Izotov et al. 2001) and may add 19% to the total
sulfur abundance.

Mrk1499: The 12.37 um Hua line is detected in the SH spectrum. There was
a bad pixel at the peak of this line and we interpolated its value using adjacent
pixel values. The infrared centroid appears to be slightly shifted from the optical
one. The Hf flux inside the SH slit derived from the Ha image is very similar to
that derived from the Hua line (within ~10%). The contribution of SII may add

~10% to the total sulfur abundance.

3.4 Discussion

In this section, we compare the abundances derived from the IR spectra with the

results from the optical studies.
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3.4.1 Solar abundances

The solar photospheric abundances have changed drastically over the past few
years (see discussion in Pottasch & Bernard-Salas 2006). In some cases, the solar
abundance estimates for the same element from different authors could differ by
a factor of two. In this paper, when we quote the elemental abundance in solar
units (e.g. Table 3.4), we adopt the following values: (Ne/H)y=1.2x10"* from
Feldman & Widing (2003), (S/H)»=1.4x10"° from Asplund et al. (2005), and
(O/H)5=4.9x10"* from Allende Prieto et al. (2001). We should note though that
Asplund et al. (2005) have also reported that (Ne/H)5=6.9x107> and Grevesse &
Sauval (1998) have given (S/H)»=2.1x10"°, while Anders & Grevesse (1989) have
reported that (O/H),=8.5x10"%. These values represent the extremes for the
solar neon, sulfur and oxygen abundance determinations. Pottasch & Bernard-
Salas (2006) have shown that the higher neon solar value is favored in their sample
of planetary nebulae (PNe). In the present paper we indicate the range of solar
abundances in our plots and we also discuss the impact of different solar values on

our results.

3.4.2 Neon and sulfur abundances

As discussed in Thuan et al. (1995), it is assumed — and has been shown in
the optical — that the a-element-to-oxygen abundance ratios do not vary with
oxygen abundance. This is due to the fact that those elements are produced by
the same massive stars (M>10Mg) responsible for oxygen production. We test
this assumption in the infrared by studying the abundances of neon and sulfur as
derived from our IRS data.

In Figure 3.2, we plot the abundances of neon and sulfur as derived from our

high-resolution data. Verma et al. (2003) have found a positive correlation between
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Figure 3.2 A plot of the Ne/H vs S/H abundance. Our BCDs are indicated by the
filled circles if Hu «v is detected and by diamonds if it is not detected. The sources
that are shown by only the error bars are those that have non-detection of [Nell]
or [SIII] (See note of Table 3.4). The starburst galaxies from Verma et al. (2003)
are marked with the stars. We use the grey band to indicate the locus on the plot
where the ratio of Ne/S would be consistent with the different solar values for neon
and sulfur abundances.

the neon and argon abundances for their sample of starburst galaxies while their
data show no correlation between the sulfur and neon and/or argon abundances
(indicated as stars on Figure 3.2). However, our sources show that the neon and
sulfur abundances scale with each other. In the same figure, we also plot the
proportionality line of the ratio for (Ne/S)s. The maximum and minimum values
of the solar neon and sulfur abundances are indicated by the width of the grey
band, and we find that most of our BCDs have ratios above those values.

In Figure 3.3, we examine the ratio of Ne/S* as a function of Ne/H derived from

4For sources of which their abundances are shown as a range, i.e., [x,y], in Table 4, we assume

85



the IRS data. We see no correlation between the ratio of Ne/S with respect to
Ne/H, in agreement with the results of Thuan et al. (1995). The average Ne/S ratio
we found for these BCDs is 12.5+3.1. This is similar with the Ne/S ratio of 14.3 in
the Orion Nebula (Simpson et al. 2004). The Ne/S ratios found in the HII regions of
M83 are higher (~24—42) and decrease with increasing deprojected galactocentric
radii (Rubin et al. 2007). These authors have also found that the Ne/S ratios
in M33 are ~12—21 (Rubin et al. 2006). We notice that all the BCDs, as well
as the HII regions in M33, M83 and the Orion Nebula, have larger Ne/S ratios
than those found in the solar neighborhood, while their Ne/S ratios from optical
measurements are more consistent with the solar ratios. The higher Ne/S ratios
from infrared studies have already been found in other type of objects, including
PNe, starburst galaxies, and other HII regions (Marigo et al. 2003; Verma et al.
2003; Henry et al. 2004; Pottasch & Bernard-Salas 2006). Some of these works
point out that the solar sulfur abundance could have been underestimated and
they also appear to favor the higher values for the solar neon abundance. It could
also be due to a differential depletion of sulfur onto dust grains compared to neon as
suggested by several studies (Simpson & Rubin 1990; Verma et al. 2003; Pottasch
& Bernard-Salas 2006; Bernard Salas et al. 2008).

3.4.3 Comparison with optically derived abundances

As has been discussed earlier in this paper, one of the major advantages of using
IR lines for estimating abundances is that one can probe emission from dust en-
shrouded regions without the uncertainties introduced from extinction corrections.
In this subsection, we compare the newly derived neon and sulfur abundances of

our BCD sample using the infrared data, with the abundances of the same ele-

the average of (x+y)/2 as their abundance when calculating the Ne/S ratios.
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Figure 3.3 The abundance ratio of Ne/S as a function of Ne/H. The symbols are
the same as in Fig. 3.1. The grey area indicates the range for the values of the
Ne/S ratio encountered in the solar neighborhood.

ments as well as those for oxygen estimated from optical studies available in the
literature.

In order to determine elemental abundances, the optical studies usually adopt a
two-zone photoionized HII region model: a high-ionization zone with temperature
T.(OIII) and a low-ionization zone with temperature T, (OII). Because the infrared
lines are much less sensitive to variations in T, (which affect the calculation on the
population of the various atomic levels), in the subsequent calculations, we assume
a constant electron temperature for our analysis.

In Figure 3.4 we compare the infrared derived neon and sulfur abundances
of the BCD sample with their optical metallicities, using the oxygen abundances
from the literature (see also Table 3.4). The infrared neon abundances with respect
to solar are slightly higher than the oxygen (see Figure 3.4a), but overall, there

is a good agreement between the infrared measurements and the optical results.
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This indicates that there is little dust enshrouded gas, or that these regions have
similar metallicities, or that they do not contribute much to the total integrated
emission of the galaxies. In SBS0335-052E, as well as Mrk1450, UGC4274 and
Haroll, the infrared derived metallicity of neon is more than twice that of oxygen
compared to the solar values. This could be due to the different regions we are
probing using the infrared, which could be obscured in the optical. SBS0335-052E
is known to have an embedded super star cluster that is invisible in the optical
(see Houck et al. 2004b). Both Haroll and UGC4274 are somewhat extended, and
detailed spectroscopy over the whole galaxy would be needed to directly compare
the infrared results with the optical ones. For Mrk1450, which is a point source
for Spitzer/IRS, the abundance we derived using the infrared data is higher than
the optical value and it is likely due to the fact that the optical estimates are more
susceptible to the uncertainties in the electron temperature. If we lower T, from
12500 K to 10000 K, the oxygen abundance calculated from the optical data would
double, while the neon abundance measured from the infrared would only increase
by 5%. In Figure 3.4b we show that the infrared derived sulfur abundances agree
well with the oxygen abundance relative to solar.

For nine out of the thirteen objects we studied, optically derived neon and sulfur
abundances are also available in the literature. The optical data have matched
apertures, in most cases an accurate T, measurement, a direct measure of the
HpG flux, and reddening derived from the same data. Our infrared results are less
sensitive to the electron temperature, but affected by the uncertainty in the HS
flux if the Hu« line is not detected and the uncertainty could be as large as 25%.
In Figure 3.5a, we plot the optically derived Ne/H against the infrared Ne/H. The
solid line is the 1:1 proportion line for the infrared and optical derived abundances

and we find that most of the sources are located above this line. A possible
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Figure 3.4 a)The Ne/H vs O/H abundances. The symbols are the same as in
Fig. 1. The grey band represents the locus on the plot where sources of different
metallicities would have a Ne/O intrinsic ratio similar to the values found in the
solar neighborhood. b) Same as a), but for S/H vs O/H abundances.
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explanation for the higher infrared derived neon abundances could be the presence
of dust enshrouded regions which might have higher heavy element abundances.
This could explain the higher infrared metallicity found in SBS0335-052E, but if
this were true for the whole sample, it should also apply to the sulfur abundances.
However, when we plot the S/H (Optical) against the S/H (IR) in Figure 3.5b,
we find that the sources are located on both sides of the 1:1 proportion line.
Alternatively, this could be due to the difference in the determination of element
abundance using the infrared and optical methods. Because only Nelll is detected
in the optical regime, the total elemental abundance of neon from the optical study
is heavily dependent on the adopted ICF. In the infrared the [Nell] line is detected
in most of our sources and we do not use any ICF for our study. Thus the higher
neon abundances derived from the infrared data compared to the optical results
could also be due to the large uncertainty in the ICF used in the optical studies.
Another possibility is that the temperature of the Nelll ion is lower than that of
the OIII ion as found in some PNe (Bernard Salas et al. 2002). Because the optical
studies are based on T, (OIII) when calculating the ionic abundance of Nelll, that
could also result in an underestimate of its abundance.

Finally, we explore the variation in the ratio of Ne/S as derived from the in-
frared and the optical data, and plot them as a function of O/H in Figure 3.6.
Interestingly, we find that with the exception of VIIZw403, in all BCDs, the in-
frared derived Ne/S ratios are higher than the corresponding optical values. Izotov
& Thuan (1999b) indicate an average Ne/S ratio of 6.9 for the 54 super giant HII
regions they study in 50 BCDs using optical spectroscopy. The average of the
optically derived Ne/S ratio for the nine sources in our sample is 6.5+1.8 while the
corresponding ratio from the infrared data is 11.4+2.9, statistically higher than the

optical results. As we mentioned earlier, no SII abundances could be determined
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Figure 3.5 a)The infrared derived Ne/H as a function of the optical Ne/H abun-
dances. The sources shown with only the error bars are those where [Nell] or [SIIII]
is not detected. The solid line represents the 1:1 line for the optical and IR derived
abundances. b) Same as a), but for S/H (Optical) vs S/H (IR) abundances.
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with the Spitzer/IRS data. However, in high-excitation objects such as BCDs, SII
does not contribute much (~10%) to the total elemental abundance, thus it could
not account for the factor of two difference in the ratio of Ne/S. Furthermore, such
a discrepancy is not a result of metallicity because we see no correlation in the dis-
persion between the infrared and optically derived ratios of Ne/S with respect to
O/H. If we divide the sources into a high-excitation group with sources that have
a detectable [OIV]A25.89 um line and a low-excitation group with sources without
any detection of [OIV], we still see no clear trend. Thus the ionization field cannot
explain the difference in the Ne/S ratios either. Moreover, no correlation is found
between the Ne/S ratio and the extinction to the source. Even though the largest
uncertainty in the infrared derived abundances comes from the uncertainty in the
Hf flux in cases where no Hu « is detected, when calculating the ratio of Ne/S, the
Hf flux cancels out, thus our infrared determined values for Ne/S should be fairly
reliable. One possibility for the observed discrepancy could be that the difference
in the infrared and optical results is again due to the ICF adopted in the optical

studies.

3.5 Metallicities and PAHs

The observed suppression of PAH emission in low metallicity environment is still
an open topic (Madden 2000; Madden et al. 2006; Engelbracht et al. 2005; Wu
et al. 2006; O’Halloran et al. 2006). One explanation on the absence of PAHs is
that there is not enough carbon to form into PAH molecules in such metal-poor
environments while an alternative possibility could be that the strong ionization
field in low metallicity environments may destroy the fragile PAH rings.

Previous studies relating the PAHs and metallicity were all based on the oxy-

gen abundance measured from the optical, which could be associated with regions
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Figure 3.6 The abundance ratio of Ne/S as a function of O/H. The infrared derived
Ne/S ratios are indicated by the filled circles while the optical derived Ne/S ratios
are shown by the open circles. The dashed line is the average Ne/S ratio from the
infrared derived elemental abundances while the dotted line is average Ne/S ratio

from the optical derived elemental abundances. The dash-dotted line represents
the average Ne/S ratio from Izotov & Thuan (1999b).
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that are different from the ones where PAH emission originates. Because we have
obtained the infrared measured neon and sulfur abundances, it is particularly in-
teresting to compare the PAH strength with our metallicity estimates. Several
BCDs in our sample do show PAH emission features and an analysis of the PAH
properties of our sample based on IRS low resolution spectra was presented in Wu
et al. (2006). We have obtained deeper spectra for some of the sources, so for
consistency, we have re-measured all features in our sample and the results are
given in Table 3.5. None of the sources with metallicity lower than ~0.12 Z, show
any detectable PAHs. For the sources where PAHs were detected, we calculate
the equivalent widths (EWSs) of the 6.2,7.7,8.6 and 11.2 um features and find that
the correlation between the PAH EWs and the metallicity is weak. This is not
unexpected because as discussed in Wu et al. (2006), the strength of PAHs in
low-metallicity environments is a combination of creation and destruction effects.
As a result the dependency of PAH strength on the metallicity alone could have a

substantial scatter.

3.6 Conclusions

We have studied the neon and sulfur abundances of thirteen BCDs using
Spitzer /IRS high-resolution spectroscopy. Our analysis was based on the fine-
structure lines and the hydrogen recombination line detected in the SH spectra of
the IRS, combined with the radio continuum, Ha images and integrated optical
spectral data in some cases. We find a positive correlation between the neon and
sulfur abundances, though sulfur appears to be more under-abundant than neon
(with respect to solar). The ratio of Ne/S for our sources is on average 12.5+3.1,
which is consistent with what has been found in other HII regions using infrared

data. However, this average ratio appears to be higher than the corresponding
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Table 3.5. PAH measurements of the sample

Object Name PAH EW (pm) Integrated Flux (x10~*ergs cm=2 s71)
6.2 pm 7.7 pm 8.6 um 11.2 pm 62pum 7.7pm  8.6pum 11.2 pm
Haroll 0.120£0.003 0.227+0.005 0.042£0.003 0.099+0.002 78.3+1.8 180+4 25.4+1.6 67.2+1.3

NGC1140 0.47940.033 0.56840.024 0.091£0.006 0.525+0.032 42.1+1.4 78.3+1.8 11.1+0.7 50.2+2.5
SBS0335-052E <0.035 EE s <0.015 <17 e <1.0
NGC1569 0.232£0.013 0.380+0.019 0.007£0.005 0.12940.008 50.4+2.4 118+6 2.7£1.6 68.1+4.3

11Zw40 0.04440.007 0.04440.006 0.006£0.005 0.033£0.006 13.24+2.1 19.0+2.8 2.8£1.2 21.1£3.7
UGC4274 0.42340.032 0.49740.049 0.105£0.012 0.495£0.021 23.24+1.2 43.3+2.3 7.7£0.9 29.1£+0.9
1Zw18 <0.233 e s <0.116 <0.4 e s <0.1
Mrk1450 0.20740.045 0.33740.143 0.084£0.020 0.112+0.017 1.8+£0.4 2.8+£0.9 0.7£0.2 1.640.2
UM461 <0.663 <0.134 <1.5 <1.6
Mrk1499 0.40840.040 0.52640.016 0.156£0.011 0.721£0.035 5.5£0.3 10.9+0.3 2.3£0.2  7.34+0.2
Note. — Contrary to Wu et al. (2006), the wavelengths which we have chosen to determine the underlying

continuum are fixed in the above measurements, which explains the minor discrepancies between these two
studies. The symbol ¢ --- ” indicates that no PAH EW measurement was possible and it is mostly due to the
low SNR of the corresponding spectrum. In this case, the determination of the continuum is highly uncertain
and could significantly affect the value of the PAH EW. For SBS0335-052E, the SNR is high enough, but no
PAH features can be identified in its mid-IR spectrum. We do not derive upper limits for the PAH EWs at

7.7 pm and 8.6 um, because no reliable templates for those features are available.
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optical value of 6.5+1.8 (in BCDs), which could be due to the adopted ICF's in the
optical studies. When comparing the newly derived neon and sulfur abundances
with the oxygen abundances measured from the optical lines, we find a good over-
all agreement. This indicates that there are few completely dust enshrouded HII
regions in our BCDs, or if such HII regions are present, they have similar metallici-
ties to the ones probed in the optical. Finally, the infrared derived neon and sulfur
abundances also correlate, with some scatter, with the corresponding elemental
abundances derived from the optical data.
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CHAPTER 4
BLUE COMPACT DWARF GALAXIES WITH SPITZER: THE
INFRARED/RADIO PROPERTIES*

Abstract We study the correlation between the radio, mid-infrared and far-
infrared properties for a sample of 28 blue compact dwarf (BCD) and low metal-
licity star-forming galaxies observed by Spitzer. We find that these sources extend
the same far-infrared to radio correlation typical of star forming late type galaxies
to lower luminosities. In BCDs, the 24um (or 22pum) mid-infrared to radio corre-
lation is similar to starburst galaxies, though there is somewhat larger dispersion
in their qo4 parameter compared to their qer. No strong correlations between the
q parameter and galaxy metallicity or effective dust temperature have been de-
tected, though there is a hint of decreasing qs4 at low metallicities. The two lowest
metallicity dwarfs in our sample, [Zw18 and SBS0335-052E, despite their simi-
lar chemical abundance, deviate from the average 4 ratio in opposite manners,

displaying an apparent radio excess and dust excess respectively.
4.1 Introduction

More than 35 years ago, a correlation between the 10um mid-infrared (mid-IR)
and 1.4 GHz luminosities in galactic nuclei was first noticed by van der Kruit
(1971). In 1983, the launch of the Infrared Astronomical Satellite (IRAS) brought
a new era in collecting large samples of data in the infrared, and sparked numerous
studies investigating the above mentioned correlation in star forming galaxies.
Both the radio and infrared emission are closely related to star formation activities.
The radio continuum is known to originate from two processes: thermal free-free

emission from ionized gas in HII regions and non-thermal synchrotron radiation

*Originally published as: Yanling Wu, V.Charmandaris, J.R.Houck, B. Bernard-Salas, V.
Lebouteiller, B. R.Brandl, D. Farrah (2008), The Astrophysical Journal, 676, 970

103



from relativistic electrons that are accelerated in the supernovae remnants (SNRs)
(see Condon 1992, for a review). The thermal emission usually has a rather

flat spectrum with f, oc =91

while the non-thermal component often has a much
steeper spectral slope with f, oc %8, In normal galaxies the relative contribution
of the two components varies with frequency and at 1.4 GHz the radio continuum is
dominated (at nearly ~90%) by the non-thermal component. The infrared emission
is due to the thermal re-radiation of starlight from dust surrounding HII regions
(Harwit & Pacini 1975). Based mostly on IRAS data, it has been shown that the
far-infrared (FIR, 40-120 pm) to radio correlation holds well over a remarkably wide
range of star forming galaxies, spanning several orders of magnitude in luminosities
(Helou et al. 1985; de Jong et al. 1985; Condon et al. 1991; Yun et al. 2001).
The availability of deep observations of distant galaxies by the Infrared Space
Observatory (ISO) and recently by Spitzer (Werner et al. 2004) showed that the
correlation between the IR and radio emission is not limited to the local universe
but also extends in galaxies at higher redshifts (Garrett 2002; Appleton et al. 2004).
It was also revealed that in addition to the FIR, the mid-IR emission at ~24pm
correlates with the 20cm radio continuum, though with more scatter (Elbaz et al.
2002; Gruppioni et al. 2003; Appleton et al. 2004; Wu et al. 2005). A number of very
deep Spitzer mid-IR and FIR surveys can now probe a population of galaxies with
low infrared luminosities for which ancillary data, including deep radio imaging,
are becoming available (e.g. Jannuzi & Dey 1999; Sanders et al. 2007; Rosenberg
et al. 2006). This is particularly interesting since in the near future ~ 20pum is the
longest wavelength which will likely be probed by the James Web Space Telescope.
It is thus instructive to examine the mid-IR to radio correlation in more detail in
these low luminosity nearby systems, for which little is known to date.

As ubiquitous as the FIR/radio correlation appears to be, there are a few sig-
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nificant deviations from it. Radio excess exists in some instances, such as galaxies
hosting an active galactic nucleus (AGN). External magnetic field compression due
to the interaction with nearby galaxies could also produce extra emission in the ra-
dio continuum (Miller & Owen 2001). Conversely, synchrotron deficiency has been
found in some nascent starburst galaxies studied by Roussel et al. (2003, 2006)
which was attributed to the lack of time for massive young stars to evolve into
supernovae (SN) since these galaxies are just at the onset of a starburst episode.
On the other hand, in the infrared, dust emission can be damped in an optically-
thin environment, because the ultraviolet (UV) and optical light may not be fully
reprocessed by the dust, as seen in low luminosity dwarf galaxies.

Blue compact dwarf galaxies are a group of extra-galactic objects that are
characterized by their blue optical colors, small sizes (<1kpc) and low luminosities
(Mp >-18). These galaxies do not display any AGN signature' and have recent
bursts of star formation in a relatively unevolved chemical environment. As such
they have been proposed as nearby analogs of star formation in young galaxies in
the early universe. In a metal poor environment, star forming regions are usually
optically thin and emit less in the infrared. However, Devereux & Eales (1989)
suggested that in a low luminosity galaxy, the radio emission also decreases, and
probably faster than the infrared. The deficiency in both the non-thermal radio
and FIR emission may counterbalance each other and result in a similar FIR /radio
ratio to the one observed in normal spiral galaxies (Klein et al. 1991). This was
examined by a study of star formation rates (SFRs) in BCDs performed by Hopkins
et al. (2002), in which the authors found an excellent agreement between the SFRs
estimated from 1.4 GHz and 60 gm luminosities. As Bell (2003) has pointed out

though, the FIR/radio correlation is almost linear, not because the IR and radio

LA possible exception among our sources is CG0752 in which the high ionization lines
[NeV]A14.3/24.3um are detected (see Hao et al. 2007).
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emission reflect the SFRs correctly, but because in low luminosity galaxies they are
both underestimated by similar factors. This is in agreement with Helou & Bicay
(1993), who found from their modelling work in disk galaxies that the transparency
of the disk was about the same to both re-emission processes. Hunt et al. (2005a) in
their analysis of the spectral energy distributions (SEDs) of low metallicity BCDs,
noticed that these systems do not follow several of the usual correlations between
the mid-IR, FIR and radio emission and display a scatter of a factor of ~10.

The Spitzer Space telescope has enabled us to study the infrared properties of
a large sample of BCDs, probing the lower end of the luminosity and metallicity
range. In this paper, the fifth in a series (Houck et al. 2004b; Wu et al. 2006, 2007,
2008), we examine their mid-IR and FIR to radio correlation extending the work
of Hopkins et al. (2002). We describe the sample selection and the observational
data in §2. A detailed study of mid-IR and FIR/radio correlation, as well as its
dependence with other parameters, such as metallicity and dust temperature are
presented in §3. We also discuss two extreme cases, [Zw18 and SBS0335-052 in §3.

We summarize our conclusions in §4.

4.2 Observations

As part of the IRS? (Houck et al. 2004a) Guaranteed Time Observation (GTO)
program (PID: 85), we have compiled a sample of BCD candidates (~64) selected
from the Second Byurakan Survey (SBS), Bootes void galaxies (Kirshner et al.
1981; Popescu & Hopp 2000), and other commonly studied BCDs. These sources

are known to have low metallicities ranging from 0.03Zs to 0.5Zg>. Their 22 um

2The IRS was a collaborative venture between Cornell University and Ball Aerospace Corpo-
ration funded by NASA through the Jet Propulsion Laboratory and the Ames Research Center.

3Here we adopt the new oxygen solar abundance of 12+log(O/H)=8.69 (Allende Prieto et al.
2001). Wu et al. (2008) have derived neon and sulfur abundances for a sample of BCDs using
the infrared data, but these abundances are not available for all of the sources in this study.
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fluxes have been published in Wu et al. (2006). We also include 10 galaxies from
Engelbracht et al. (2005) (PID: 59), which are mostly BCDs and starburst galax-
ies, and span a larger metallicity range (0.03Zo~1.5Z)%. For all galaxies with
22 (24) pm detections, we searched the literature as well as the public archives
(NVSS and FIRST) for 1.4GHz radio continuum data. We restirct our sample
to sources with both mid-IR and radio detections which results in a sample of 23
galaxies. Finally, we also include 5 galaxies that have 22 ym detections and 1.4 GHz
upper limits published by Hopkins et al. (2002) for comparison between ours and
Hopkins’ samples. Note that the sample was not selected based on infrared prop-
erties, but merely on BCD-type objects and the availability of both infrared and
radio data. As a result, our sample is not complete, but the large number of sources
that only became detectable in the infrared with Spitzer, allows us to probe the
properties of low luminosity dwarf galaxies, and provide statistically meaningful
results. The observational information for this sample and previously published
data are presented in Table 4.1, which includes the positions of the sources, their
mid-IR, FIR and 1.4GHz flux densities, as well as the oxygen abundances of the
ionized gas.

All sources in this study have mid-IR flux measurements either at 22um with
the IRS red peak-up camera and/or at 24 ym with MIPS (Rieke et al. 2004).
The photometric fluxes of these two bands differ by less than 10% for galaxies
in the local universe. This was confirmed by using a suite of ~100 spectra of
nearby galaxies from our IRS/GTO database and calculating their synthetic 22
and 24pum fluxes after convolving the spectra with the corresponding filter response
curves. For consistency, in our analysis we use the MIPS 24 ym measurements,

and the 22 ym values are only used when the 24 ym values are not available. For

4The galaxies in PID 59 partly overlap with the BCDs in PID 85. We have also excluded
some galaxies which the authors derived their 24 ym fluxes by doing a color correction to the
IRAS 25 pm fluxes because of the aperture difference between these two band filters.
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sources above the IRS 22pym and MIPS 24pum saturation limits we use the IRS
low resolution spectrum to estimate a synthetic 24 ym flux. We also obtained far-
infrared fluxes for our sample from the archival IRAS 60 and 100 um data (Moshir
& et al. 1990; Sanders et al. 2003).

Most of the 1.4 GHz radio continuum data are from the NRAO VLA Sky Sur-
vey (NVSS) (Condon et al. 1998), while one is from the Faint Images of the Radio
Sky at Twenty cm (FIRST) (Becker et al. 1995), along with some individual ob-
servations (references in Table 4.1). A total of seven sources were too faint and
were not included in the NVSS catalogue. For those we used the values of Hopkins
et al. (2002) who studied a similar BCD sample and remeasured the 1.4GHz fluxes
using the images from NVSS and FIRST, providing radio detections for 2 sources
and better upper limits for another five sources that overlaps with the galaxies in
our sample.

Our final sample consists of 28 galaxies, all of which have Spitzer mid-IR 24 ym
and/or 22 um flux measurements. Among these galaxies, 23 sources have 1.4GHz
radio continuum data and 5 have measured upper limits. TRAS 60 pum and 100 pym
fluxes are available for 16 sources and 3 more are detected only at 60 ym. We list
the photometry of our sources in Table 4.1. The uncertainty in the 22 ym or 24 ym
photometry is less than 5%. The IRAS 60 um and 100 um fluxes typically have
less than a few percent of error, but could go up to ~15% for some of the fainter

sources. The rms noise level for NVSS is ~0.5 mJy beam~!.

108



60T

Table 4.1.

Properties of the Sample
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Table 4.1 (continued)

ID Object Name RA Dec Flux (mJy) 12+4log(O/H) References

J2000 J2000 1.4GHz 24(22) pm 60 pm 100 pm 1.4GHz 24 pm IRAS 7
22 SBS1415+437 14h17m01.4s +43d30m05s 4.3 19.6 7.6 (14)  (5) 9)
23 Mrk475 14h39m05.4s +36d48m21s <27 108 - .- 7.9 (14)  (5) (9)
24 CGO0563 14h52m05.7s +38d10mH9s 6.2 97.0 870 1900 8.7 (1) (6)
25 CGOT52 15h31m21.3s +47d01m24s 4.8 1389 837 1059 .- 1) () (6
26 SBS1533+574 15h34m13.8s +57d17Tm06s 4.2 534 257 405 8.1 (14)  (5)  (6) (9)
27 Mrk1499  16h35m21.1s +52d12m53s 1.5 33.8 256 617 8.1 200  (5) (6) (21)
28 Mrk930 23h31m58.3s +28d56m50s  12.2 170 1245 <2154 8.1 1 @) 6 (7

References. — (1) Condon et al. (1998), (2) Engelbracht et al. (2005), (3) Sanders et al. (2003), (4) Bergvall & Ostlin
(2002), (5) Wu et al. (2006), (6) Moshir & et al. (1990), (7) Guseva et al. (2000), (8) Hunt et al. (2004), (9) Izotov & Thuan
(1999), (10) Kobulnicky & Skillman (1997), (11) Kobulnicky & Johnson (1999), (12) Heckman et al. (1998), (13) Hunt et al.
(2005a), (14) Hopkins et al. (2002), (15) Thuan & Izotov (2005), (16) Storchi-Bergmann et al. (1994), (17) Kunth & Joubert
(

1985), (18) Leroy et al. (2005), (19) Izotov & Thuan (1998), (20) FIRST catalog, (21) Shi et al. (2005)



4.3 Results

4.3.1 Mid-IR and FIR to Radio Correlation in BCDs

The sensitivity and efficiency of the Spitzer Space Telescope has allowed us to
probe the correlation between the mid-IR and radio luminosities for a large number
of galaxies. Using the 24 ym and 70 pm MIPS imaging data of the First Look
Survey, Appleton et al. (2004) have demonstrated the first direct evidence for the
universality of the mid-IR/radio and FIR/radio correlation to z~1. Wu et al.
(2005) have also studied the mid-IR/radio correlation in a sample of star-forming
galaxies and found that both the 8 ym and 24 ym luminosity are clearly correlated
with the 1.4GHz radio luminosity. Their sample included only a few (3) dwarf
galaxies and suggested that there may be a slope change for dwarf galaxies, which
could be due to the lower dust-to-gas ratios and lower metallicities of the dwarfs. A
detailed analysis of the spatial distribution of the infrared to radio correlation using
Spitzer data on a sample of nearby late type spiral galaxies has been performed by
Murphy et al. (2006a,b) in which the authors found that the ratio of the mid-IR
and FIR to radio emission does vary from one region to the other. In general
though, the dispersion is small and the ratio decreases with surface brightness and
galactocentric radius.

Using the data from this sample of low metallicity dwarf galaxies we plot in
Figure 4.1 the radio luminosity of the sample as a function of the FIR luminos-
ity. The luminosities of the sources we study span nearly 4 orders of magnitudes,
but the correlation between the FIR and the radio is remarkably tight. The scat-
ter in the ratio of the FIR and radio luminosities is 0.23 dex, i.e. less than a
factor of 2. We performed a least-squares bisector fit to the data and found:

log[Ly.4ca,(WHz1)]=1.09x1log(Lrr /L )+10.75 . For comparison, we have in-
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Figure 4.1 The FIR to 1.4 GHz radio luminosity correlation for this sample. Our
data are presented with filled circles. The numbers next to each symbol correspond
to their IDs in Table 4.1. The solid line is the best fit to this sample excluding
the upper limits. For comparison, we have also include the starburst galaxies of
Brandl et al. (2006), indicated with triangles.
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cluded in the plot the starburst galaxies from Brandl et al. (2006) marked with
triangles, which has an identical slope (within 1o). This slope of 1.0940.07 for the
dwarf galaxy data agrees well with the slope of 1.1040.04 found by Bell (2003) for
a sample of 162 galaxies, as well as the slope of 1.1140.02 for the infrared selected
sources from the IRAS Bright Galaxy Sample (BGS) (Condon et al. 1991). This
is also in agreement with Hopkins et al. (2002) and would suggest that globally
our BCDs have a very similar FIR/radio correlation to normal galaxies.

Another way to parameterize the IR /radio correlation is to calculate the ratio
of FIR to radio luminosity gpg according to the Helou et al. (1985) formula as
well as the ¢u following the definition of Appleton et al. (2004)°. We plot the
@24 values for our sample as a function of the 24pm luminosity of the galaxies
in Figure 4.2. For this sample we find that gpg = 2.440.2, consistent with the
value of normal galaxies of gprr = 2.340.2 found by Condon (1992). When using
the mid-IR 24pum data, we find that gy =1.340.4 (see Table 4.2). The standard
deviation in ¢o4 is ~twice that of grr. This is not unexpected given that the
spectrum of star forming galaxies shows substantially larger variations in spectral
slope in the mid-IR (see Brandl et al. 2006) than in the FIR (Dale et al. 2006).
A small change in the geometry of the emitting regions would affect F, (24 pum)
and thus g4 ratio much more than the FIR emission and qpr. A similar result
has also been noticed by Appleton et al. (2004) and Murphy et al. (2006a) who
found a larger dispersion in g4 as compared to q7o® and suggested that this is
probably due to a larger intrinsic dispersion in the IR /radio correlation at shorter
wavelengths. Interestingly, the Appleton et al. (2004) values for gy = 0.8440.28

or the k-corrected gy of 0.9440.23 are somewhat smaller than our results, though

®We use qrir=l0g[1.26x107* (2.58S60,m+S100m)/(3.75 x10'? F1 4an,)] where Sgoun and
S100um are in Jy and Fi4cn, is in Wm~2Hz~! (Helou et al. 1985). We also define go4= log
(S24m/S1.4cHz) Where Soapum and S1.ach, are in Jy as in Appleton et al. (2004).

®We define q7o= log (S7oum/S1.4GH2) Where S7o.um and Si.agn, are in Jy as in Appleton et al.
(2004).
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Figure 4.2 The ¢o4 as a function of the the 24 ym monochromatic luminosity Log.
The symbols are the same as in Figure 1.

consistent within 20. One possible explanation is that the dust temperature of low
luminosity dwarf galaxies tends to peak at shorter wavelength than normal star
forming galaxies, which would result in an elevated 24 ym based luminosity. An
alternative explanation is that due to the peculiar morphology of dwarf galaxies,
more electrons escape from the galaxy because of the cosmic ray diffusion. Boyle
et al. (2007) have also found a high q4=1.39+0.02 for the sources they studied,
and postulated that this may be due to a change in the mean ¢4 ratio for objects
with F,(24 pm) <1 mJy, however, their sources are much further away and may
not be comparable to the low metallicity star forming galaxies we study in the

local universe.
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Table 4.2. Derived Quantities of the Sample

1D ObJGCt Name Distance® L1.4GHZ L24Mm LFIR 24 JFIR
(Mpc)  (x10® WHz™!) (x10%Lg) (x108Lg)

1 Haroll 88 250.5 584.2 706.3 1.85 2.46
2 NGC1140 21.2 12.8 5.6 24.4 1.13 2.29
3 SBS0335-052E 58 18.7 8.8 e 2.16  ---
4 NGC1569 2.0 1.6 0.5 3.1 0.95 2.29
5 11Zw40 12.4 6.0 9.2 13.7 1.66 2.36
6 UGC4274 6.9 0.6 0.5 2.8 1.36  2.68
7 He2-10 12 15.6 29.9 e o
8 NGC2782 41.7 216.3 66.3 260.4 0.89 2.00
9 NGC2903 8.9 42.5 6.9 90.9 0.69 2.34
10 1Zw18 18.2 0.7 0.07 e 0.48 1.31°
11 SBS0940+-544 23 <15 0.05 e >0.00 ---
12 NGC3077 3.8 0.5 0.9 3.9 1.71 2.89
13 Mrk153 40.5 7.9 1.9 <7.9 0.86 <2.00
14 VIIZw403 4.3 0.03 0.02 e 1.37
15 Mrk1450 20.0 <1.0 0.8 <21 >138 ---
16 UM448 87.4 300.6 188.9 458.6 1.23 2.19
17 UM461 13.4 <0.6 0.2 e >1.06 ---
18 UM462 13.4 1.3 0.8 2.4 1.28 2.29
19 SBS1159+545 50 <7.0 0.6 e >0.44 - --
20 NGC4194 41.5 209.3 212.0 586.0 1.49 2.45
21 NGC4670 23.2 8.9 4.5 24.3 1.19 2.44
22 SBS1415+437 8.7 0.4 0.06 e 0.66 ---
23 Mrk475 11.2 <0.4 0.05 e >0.60 - --
24 CGO0563 139 144.6 74.4 320.5 1.19 2.35
25 CGOT752 90 47.3 45.1 105.3 1.46 2.35
26 SBS15334-574 47 11.3 4.7 9.6 1.10 1.93
27 Mrk1499 39 2.7 2.0 7.6 1.35 2.46
28 Mrk930 77.5 88.4 40.5 <129.0 1.14 <2.17

*The distances to the galaxies of the sample are adopted from Moustakas
& Kennicutt (2006) when available, while the rest of the sources are calcu-
lated from the redshifts taken from NED, assuming a ACDM cosmology with
Hy=70 km s~ Mpc™!, Q,,=0.3 and Q, = 0.7. For [Zwl8, we adopt the newly
derived distance by Aloisi et al. (2007). The average uncertainty in the distances
is ~5%, mainly due to the value of Hy.

PThis is calculated based on the “equivalent” IRAS 60 and 100 um fluxes (see

Section 3.4).
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4.3.2 Metallicity and Dust Temperature Effects on q;r

A number of physical parameters, such as the metallicity, dust grain size distribu-
tion, and temperature may affect the shape of the infrared SED. Consequently, we
search for correlations between the q ratios of the galaxies in our sample with those
parameters. Our sample covers a metallicity range of 7.2<12+log(O/H)<8.9. In
low metallicity galaxies, the dust content is usually low, even though there are
notable exceptions such as SBS0335-052E (Houck et al. 2004b), thus the emission
of UV light might not be fully reprocessed by the dust and re-emitted at the in-
frared wavelengths. However, these galaxies might have a quenched synchrotron
radiation. This can be attributed to various reasons including a lack of supernovae
remnants which accelerate particles producing radio emission, the escape of fast
cosmic rays from the galaxy, etc. These two competing factors, dust and radio
emission, counter balance each other (see Bell 2003). BCDs though, are typically
small, less than ~1kpc in size, and have fewer HII regions with massive stars
(w.r.t. normal galaxies) which heat the dust and go supernovae to produce cosmic
rays. As a result the averaging effects in the sampling of the properties of the in-
terstellar medium which result from the limited spatial resolution in dense galactic
disks is not so prominent in BCDs. Furthermore, the small number of statistics
may also contribute to the observed higher dispersion in qy4 ratios in metal-poor
dwarf galaxies. We investigate how metallicity affects the qo4 ratios by dividing
the dwarf galaxies in our sample into two groups: a lower metallicity group with
12+1og(O/H)<8.0 and a higher metallicity group with 12+log(O/H)>8.0. This
metallicity threshold was selected following Rosenberg et al. (2008) who noticed
a change in the properties of the star-forming dwarf galaxies they studied around

this metallicity value. We find a mean qos =1.140.17 for the first group and qoy =

"Here we use the standard error of the mean (SEM) to quantify the dispersion in the mean
value.
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Figure 4.3 The o4 ratio plotted as a function of the oxygen abundance of the
BCDs. The mean qo4 value for all the sources is indicated by the solid line. A fit
to the low metallicity sources (12+log(O/H)<8.0) is indicated by the dashed line;
while the dotted line is the same fit excluding SBS0335-052E.
1.340.1 for the second one. If we calculate the qgy for the low metallicity group
without including SBS0335-052E, we find a much lower qgy = 0.940.1. We also
notice that it appears qq4 generally decreases with reduced metallicity for sources
with 12+log(O/H)<8.0, with SBS035-052E as a clear outlier, and the slope flattens
out at 12+log(O/H)>8.0 (see Figure 4.3). This scatter in qa4 at higher metallic-
ities could be attributed to the more dispersion in the mid-IR emission in these
sources and is consistent with a number of other studies that have found increased
dispersion in the q ratios for very high luminosity galaxies (which usually have
higher metallicities) (Condon et al. 1991; Yun et al. 2001; Bell 2003).

Hummel et al. (1988) have found evidence that, for a given galaxy, there is a
small decrease in F(100 ym)/S(20 cm) when the dust temperature increases. The

latter can be traced by the ratio of F(60 gm)/F(100 um). Roussel et al. (2003)

reached a similar result for the starburst galaxies they studied, in which they de-
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tected an anti-correlation of qrg with F(60 pum)/F(100 um). However, performing
the same test for the g9y ratios on our dwarf galaxy sample which spans a range of
flux ratios -0.4 <log(F (60 pm)/F(100 um))<0.2 we find no such clear trend. It is
conceivable that this is partly because our sample is too small to identify a trend

due to the intrinsic scatter in qay.

4.3.3 Star Formation Rate Estimates

Both the radio and infrared emission can be used to estimate the star formation
rates (SFRs) in galaxies. However, these correlations depend on a number of
parameters including dust content, optical depth and metallicity. This topic and
potential caveats have been discussed extensively in the literature (see Condon
1992; Kennicutt 1998, and references therein). For dwarf galaxies, the topic has
been addressed in detail by Hopkins et al. (2002). The recent wealth of data from
Spitzer has also provided sufficient motivation to establish a calibration for the
SFR using the infrared. Wu et al. (2005) and more recently Calzetti et al. (2007)
have explored this topic using a large sample of star forming regions and nearby
galaxies.

In Figure 4.4 we plot the IR estimated SFR for our sample using the calibrations

proposed by Wu et al. (2005) and Calzetti et al. (2007) respectively:

_ L,(24um)
FRoy(Moyr™") = B0 4.1
SERu(Moyr™) = 566 105, (41)
SFRos(Moyr™") = 1.27 x 107 %[ Loy (ergs™1)]0-5 (4.2)
as a function of the well-known radio to SFR formula of Condon (1992):
L1.4GHZ
SFRy 4cH, = 5.5 (4.3)

46 x 102 (WHz1)
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The Wu et al. (2005) work is based on a global correlation without separating
the low metallicity sources from metal rich galaxies. As can be seen in Figure 4.4,
a good agreement exists between the radio and IR estimated SFRs (indicated by
diamonds). If we use the more recent calibration by Calzetti et al. (2007) on SFRs
from 24 pm luminosities, we find that most of the mid-IR estimated SFRs (marked
as filled circles) are located below the 1:1 proportionality line, and thus they are
consistently lower than both the SFRs estimated from the radio or from Wu et
al. (2005). This is not unexpected since eq. 2 is calibrated based on the high
metallicity sources that have significant 24 ym emission, while most of our sources
are metal-poor galaxies. We should also note that Calzetti et al. (2007) measure
the SFR in individual HII regions in apertures within disks and subtract a “disk
background”, which could partly explain the deviations we see from our analysis.
These authors have also mentioned that the SFRs of low metallicity galaxies would
be underestimated by a factor of 2-4 depending on how metal-poor the galaxies
are. This deviation from a linear correlation is likely due to the lower opacities
for decreasing metal content (Walter et al. 2007). When we fit the filled circles
on Figure 4.4, we find that log(SFR[IR])=0.94xlog(SFR[1.4GHz]/3.98), which is
consistent with the metallicity correction factor suggested by Calzetti et al. (2007).
We should stress once more though that as Bell (2003) has noted, the good agree-
ment between the IR and radio estimates of SFRs does not necessarily mean that
these are the “true” SFRs for the dwarf galaxies we study, but rather the competi-
tion of the lower dust content and suppressed synchrotron emission balances each

other.
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Figure 4.4 A plot of the SFR based on the 24 ym luminosity as a function of the
corresponding SFR estimated from the 1.4 GHz radio continuum emission for each
galaxy in our sample. The open diamonds indicate the SFRs calculated using the
24 pm fluxes following Wu et al. (2005) (eq.1), the filled circles are those using
eq.2 from Calzetti et al. (2007). The solid line is the 1:1 proportionality line. The
dotted line is a fit to the filled circles.
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4.3.4 The Two Extremes: 1Zw1l8 and SBS0335-052E

Despite this overall agreement between the IR /radio correlation in our dwarf sam-
ple and the corresponding values of normal galaxies, the two lowest metallicity
galaxies in our sample, [Zw18 and SBS0335-052E, deviate markedly from the cor-
relations and in opposite directions (see Figure 4.3% ). As the two most well-studied
BCDs, it is interesting to inspect the IR /radio properties of these two galaxies and
a comparison of their physical parameters can be found in Table 4.3.

As indicated by the Spitzer IRS spectrum of SBS0335-052E (Houck et al.
2004b), the SED of the galaxy has an unusually flat mid-IR slope that peaks at
~28um. Hunt et al. (2005a) used DUST'Y models (Ivezi¢ et al. 1999) to fit its SED
and found a qgr value of 2.0 for this galaxy, lower than the typical qpig of ~2.3 ex-
pected for late type systems. These calculations are based on a 1.4GHz continuum
flux of ~0.46 mJy, which corresponds to the compact part (6”) of SBS0335-052E
(Dale et al. 2001; Hunt et al. 2004). Similarly, if we simply calculate the q ratio
independent of any modelling work and only use the observable parameters, we
find a q79 = 2.1£0.1 (assuming that the MIPS 70 um flux density is 51.1+4.8 mJy,
Engelbracht et al. 2008). This is in good agreement with the g7y = 2.164+0.17 for
the sources in the First Look Survey studied by Appleton et al. (2004).

However, when we examine the qg4 for SBS0335-052E, adopting a MIPS 24 ym
flux of 66 mJy, we find a g9 ratio of 2.2+£0.1. We see a 20 excess in the q parameter
compared with the mean qg4 of 1.34+0.4 in the dwarf sample. If this excess is real, it
would be consistent with the unique shape of the SED of the galaxy, which suggests
that the dust grain distribution is dominated by small grains with temperatures

of ~150K and a total dust mass of ~ 103 M (Houck et al. 2004b). Whether the

8In Figure 4.2 the “outlier” status of SBS0335-052E does not appear as prominent as in Figure
4.3, because its high 24 um luminosity places it in a region of the plot where other sources with
higher metallicity and higher luminosity are located.

121



Table 4.3.  Comparison of SBS 0335-052E and 1Zw 18

SBS0335-052E  1Zw18  Ratio®

12+log(O/H) 7.32 7.17 1.4
D (Mpc) 58 18 3
R (pc) 560° 870 ~0.6
SFR(Mgyr~!)  7x107! 5x1072 14
SNR(yr~1) 6x107% 2x10—4 30
Lia(Lo) 5.6x1074 1.6x10° 35
Lo (L) 9% 10% 7x10% 120
Lir(Lo) ~4x10° ~4x107 100
Licu,(WHz 1) 2x10%° 8x10¥ 25
M(Ks)(mag) -18.3 -16.1 ~80°

2Ratio of the relative quantities in SBS0335-052E to
[Zw18.

PThis is the size of the six super star clusters in
SBS0335-052E, which has a size of 2 (Thuan et al.
1997). At a distance of 58 Mpc, 1”7 ~280 pc.

“This indicate the largest projected linear extend of
the total star-forming regions in this galaxy (~10”, Hunt
et al. 2005b). At a distance of 18 Mpc, 1” ~ 87 pc.

dFlux in 1”7 slit multiplied by a factor of 2 to correct
for aperture effects.

¢This is the approximate mass ratio of the two sources
assuming that their mass scales with K-band luminosity
and that both sources have the same M/Lks (see Bell
& de Jong 2001).
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large grains were never created or they were destroyed by shocks is unknown. The
elevated g4 ratio could also be due to the lack of synchrotron emission. Roussel
et al. (2003, 2006) have shown their study of three starburst galaxies, all of which
have qgr more than 3¢ higher the mean qgr and categorized them to be nascent
starbursts. SBS0335-052E though, could also be a candidate of this group. It is
based partly on the high qo4 value, as well as its low Ha luminosity as compared to
the infrared or radio luminosities (see Table 4.3). Finally, Hunt et al. (2004) have
shown the existence of free-free absorption in the radio spectrum of SBS0335-052E,
which is usually caused by young, dense and heavily embedded clusters®.

1Zw18, despite its similar metallicity to SBS0335-052E (12+log(O/H)=7.17 and
7.32 respectively), shows a rather different ¢ ratio. It also has an IR luminosity of
Lig~107Lg, just 1% of the Lig in SBS0335-052E. In low luminosity galaxies, radio
emission is known to decrease faster than dust emission (Devereux & Eales 1989),
and high IR/radio ratios have been observed in low luminosity dwarf galaxies
(Klein et al. 1984). In IZw18 though, we find a rather low infrared to radio ratio.
The qg4 is found to be 0.540.1, nearly 20 lower than the average value of our
sample. At longer wavelengths, [Zw18 is faint and no IRAS FIR data are available.
However, as noted by Wu et al. (2007) (see their Figure 4.5), it has a very similar
5-38um continuum slope to the typical starburst galaxy NGC7714 (Brandl et al.
2004). If we were to assume that this similarity extends to the FIR and scale
down the TRAS 60 and 100 pm flux densities of NGC7714 by a factor of 375 so
that its corresponding 22 ym flux density matches the one of 1Zw18, we find its
“equivalent” IRAS 60 and 100 pm flux density to be 29.8 and 32.8 mJy respectively.
This would result in qpr of 1.3 for the galaxy, which deviates from the average

qrir ratio of 2.340.2 calibrated by Condon (1992) by nearly 50. If we were to

9Note, that if we could properly account for the self-absorption of the radio continuum, the
intrinsic q ratio would decrease. However, the exact fraction for absorption is not known and
more data at v <1.5GHz would be needed to determine that number.
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use the MIPS 70 ym detection of 34 mJy for IZwl8 (Engelbracht et al. 2008) and
calculate its q ratio, we would find q7o=1.4, again 50 away from the average qrg
suggested by Appleton et al. (2004).

A number of plausible scenarios were considered to explain this result, though
none appears convincing. As discussed in Wu et al. (2007), because the optical
depth of IZw18 is small, it could be that a significant fraction of the UV light has
leaked out without being absorbed by the dust, thus resulting in a damped 24 pm
emission. Alternatively, I[Zw18 may simply have an unusually high radio luminosity
at 1.4 GHz. Could it be that IZw18 is observed at a special moment right after
the explosion of a supernovae event? Radio supernovae fade by more than a factor
of 10 within ~3yr (Chevalier 1982). The radio continuum observations of 1Zw18
span over a period of more than 5yrs (Hunt et al. 2005b; Cannon et al. 2005) but
show no variation, thus this is not likely.

The recent results by Murphy et al. (2006b) provide another possible scenario.
These authors analyzed a sample of nearby spiral galaxies and found that systems
with higher disk-averaged SFRs (X spr) have usually experienced a recent episode
of enhanced star formation. As a result they contain a higher fraction of young
cosmic ray electrons that have traveled only a few hundred parsecs from their
acceleration sites in supernova remnants. This is perhaps the case for 1Zwl8.
However, other sources in our sample also have elevated X spgr and show no radio
excess. It could also be that the extremely low metal abundance of [Zw18, 0.15 dex
lower than that of SBS0335-052E, is below a critical threshold. The newly formed
stars in the unpolluted interstellar medium may produce, and subsequently heat,
less dust than electrons which are accelerated and contribute in the radio emission.
We also note that the rate of SNR in IZw18 is a factor of ~30 lower than that

in SBS0335-052E (see Table 4.3) but its morphology is much more disturbed with
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filamentary structure and outflows (see Izotov & Thuan 2004). If we were to
assume that both sources have similar mass-to-light ratios and estimate their mass
from their K-band luminosities, we find that the mass of [Zw18 is almost a factor
of 80 less than that of SBS0335-052E. Thus the rate of SNR normalized with
mass in [Zw18 would be ~2.5 times that of SBS0335-052E. Could it be that the
disturbed morphology of IZw18 in addition to its low metal content that it created
the conditions in the interstellar medium for this abnormally high radio flux? The

question remains open.

4.4 Conclusions

We have studied the mid-IR and FIR to radio correlation in a sample of dwarf star-
forming galaxies spanning a metallicity range from 7.2<12+log(O/H)<8.9, using
Spitzer IRS/MIPS, as well as radio 1.4 GHz data obtained from the literature.
The BCD sample appears to follow the same FIR/radio correlation as normal
star forming galaxies. The analysis based on mid-IR and radio data reveals a
similar correlation, though the scatter is larger, probably due to an intrinsically
higher variation in the 15-30um SEDs of dwarf galaxies. When comparing the qo4
ratios with metallicity or effective dust temperature, we find no strong correlation,
though there is a general trend of lower ¢ ratios at lower metallicity for galaxies
with 12+log(O/H)<8.0 and the correlation flattens out toward higher metallicity.
In general the SFRs estimated from the radio 1.4 GHz continuum and the mid-
IR data are in good agreement. Two extremely metal poor BCDs, 1Zw18 and
SBS0335-052E appear to deviate from the average qo4 by ~20, with one displaying
a radio excess and the other an infrared excess.
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CHAPTER 5
DUST PROPERTIES AND STAR FORMATION RATES IN
STAR-FORMING DWARF GALAXIES*

Abstract We have used the Spitzer Space Telescope to study the dust proper-
ties of a sample of star-forming dwarf galaxies. The mid-infrared spectral energy
distributions for these galaxies which, in general, are low metallicity systems, in-
dicate a wide range of dust properties. These galaxies have more hot dust and/or
very small grains and less PAH emission than either spiral or higher luminosity
starburst galaxies. As has been shown in previous studies, there is a gradual de-
crease in PAH emission as a function of metallicity. Because much of the energy
from star formation in galaxies is re-radiated in the mid-infrared, star-formation
rate indicators based on both line and continuum measurements in this wave-
length range are coming into more common usage. We show that the variations
in the interstellar medium properties of galaxies in our sample, as measured in
the mid-infrared, result in over an order of magnitude spread in the computed

star-formation rates.
5.1 Introduction

Mid-infrared (MIR) observations probe the dusty interstellar medium and the dust-
enshrouded star formation in galaxies. The spectral energy distribution in this
region is shaped by this star formation, but can also be affected by the presence
(or lack) of dust grains of varying size, by differences in metallicity, and by radiation
from an older population of stars (Li and Draine 2002). One of the first studies of
the MIR spectra of a large sample of galaxies including the low metallicity system

IT Zw 40 was performed by Roche et al. (1991). More recent observations have been

*Originally published as: J. L.Rosenberg, Yanling Wu, E.Le Ffloc’h, V. Charmandaris, M.
L.N.Ashby, J. R.Houck, J. J.Salzer, S. P.Willner (2008), The Astrophysical Journal, 674, 814
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used to understand how these different properties affect a galaxy’s spectral energy
distribution. With the advent of the Spitzer Space Telescope and the Infrared Space
Observatory, the facilities are now available to make deep observations in the MIR.
These data are being used to study the interstellar medium and to measure the
star-formation rate (SFR) in galaxies both in the nearby and distant universe.

Some detailed, broadband, MIR observations of low metallicity galaxies have
shown that these systems display a wide range of colors which implies a wide range
of interstellar medium properties (Rosenberg et al. 2006; Engelbracht et al. 2005;
Hogg et al. 2005). A more detailed examination of the dust properties of low
metallicity galaxies has been performed for some of the best known low metallicity
galaxies using infrared spectroscopy (Wu et al. 2007, 2006; Houck et al. 2004a; Hunt
et al. 2005, 2006; Madden et al. 2006). These observations have provided evidence
that there is a relationship between how much polycyclic aromatic hydrocarbon
(PAH) emission is detectable in these systems and their metallicity. In the two
lowest metallicity galaxies known, I Zw 18 and SBS 0335-052, no PAH emission
is detected even in deep observations (Wu et al. 2007; Houck et al. 2004a; Thuan
et al. 1999). Several models for the decrease in PAH emission with metallicity have
been proposed including destruction by the hard radiation field in low metallicity
systems because the dust opacity is low in these environments (Galliano et al. 2005;
Madden et al. 2006), destruction in the shocks created by supernova blast waves
(O’Halloran et al. 2006), and an intrinsic lack of PAH molecules in young systems
because the PAHs are produced in low-mass stars that have not yet evolved (Dwek
2005; Galliano et al. 2008).

Using the measured MIR properties of galaxies to determine their star forma-
tion rates requires an understanding of the properties that affect the heating of the

dust responsible for the MIR emission. At high redshift, in particular, the effect of

133



metallicity on the MIR emission may become more significant if a larger fraction
of the galaxy population consists of low metallicity systems. The relationships
between MIR flux density and SFR may not be the same as those for the more
luminous and metal-rich systems for which the relationships were determined (e.g.,
Rosenberg et al. 2006; Wu et al. 2006; Engelbracht et al. 2005). Emission from
very small grains and warmer dust is seen in low metallicity galaxies but much less
emission from PAH molecules is detected relative to spiral and higher luminosity
starburst galaxies (Madden and Galliano 2005; Hunt et al. 2005). For example,
in the Small Magellanic Cloud where the metallicity is low, the dust properties,
absorption, and emissivity are significantly different from what is seen in the Milky
Way, indicating that metal-rich galaxies are not a proxy for their lower-metallicity
counterparts (Li et al. 2006).

The star-forming dwarf galaxies that are discussed here have been studied pre-
viously in the Spitzer/TRAC bands and have been found to have a wide range in
mid-infrared colors (Rosenberg et al. 2006). Here we look in greater detail at the
spectral energy distributions for these systems as well as the relationship between
dust properties and metallicity, and the measurements of star-formation in the
mid-infrared and ultraviolet. The data are presented in §2. A detailed look at flux
density ratios and the MIR SEDs of these galaxies are examined in §3 to answer the
question, as best as the data will allow, do these galaxies exhibit PAH emission?
The measured SFRs determined from the optical, MIR, and ultraviolet (UV) data

are discussed and compared in §4, and the results are summarized in §5.

134



5.2 Data

5.2.1 Sample selection and optical data

The galaxies in this study are low luminosity star-forming galaxies selected from
the KPNO International Spectroscopic Survey (KISS) in the Boodtes field. These
systems have been observed both as a part of the KISS survey and by several
other surveys at optical, infrared, and ultraviolet wavelengths including the NOAO
Deep Wide-Field Survey (NDWFS, Jannuzi and Dey 1999; Jannuzi 2007), the
Spitzer/IRAC Shallow Survey (Eisenhardt et al. 2004), and a shallow Spitzer/MIPS
survey. Rosenberg et al. (2006) provides a discussion of the Spitzer/IRAC Shallow
Survey data for these objects.

KISS is a modern objective-prism survey. It combines the methodology of many
of the classic wide-field color- and line-selected surveys (e.g., Markarian 1967; Smith
et al. 1976; MacAlpine et al. 1977; Wasilewski 1983; Zamorano et al. 1994) with
the higher sensitivity of a CCD detector. The survey method is described in detail
by Salzer et al. (2000). KISS selects objects for inclusion in the survey lists if
they possess a strong (> 50) emission line in their low-dispersion objective-prism
spectra. The survey has been carried out in two distinct spectral regions: the
blue portion (4800 — 5500 A) where the primary line observed is [O III]A5007, and
the red region (6400 — 7200 A) where galaxies are selected by their Ha emission.
The current sample galaxies were chosen from the Jangren et al. (2005) list of of
Ho emission-line galaxy (ELG) candidates (KR3). The objective prism passband
imposes a redshift limit on the sample of z < 0.095. The selection criteria used to
define the sample were that the galaxies exhibit spectra consistent with heating by
star-formation processes (i.e., AGNs were excluded) and that they have a B-band

absolute magnitude Mp > —18.0 (for Hy = 75 km s=! Mpc~!, although four are
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slightly brighter than this limit when they are corrected for extinction). Thus these
galaxies are selected to be star-forming dwarf galaxies.

These criteria produced a list of 26 galaxies within the NDWFS Bodtes area.
However, of those 26 galaxies, only 19 overlap with the Spitzer Shallow Survey
area because the Spitzer survey field is smaller than the NDWEFS field. We discuss
only these 19 galaxies in our analysis. Many of these galaxies also turn out to be
low metallicity — the median metallicity of the sample is log[O/H] + 12 = 8.17
(0.32Z¢). With the exception of one super-solar and one slightly sub-solar galaxy,
they are all significantly sub-solar (< 0.6Zx, see Rosenberg et al. 2006 for sample
details).

All of the KISS ELG candidates in the Bootes field possess higher dispersion
follow-up slit spectra (Salzer et al. 2005) that have been used to verify the reality of
the putative emission lines seen in the objective-prism spectra, calculate accurate
redshifts, and to distinguish between the various activity types that might be
present in a line-selected sample (e.g., star-forming galaxies vs. AGNs). These
follow-up spectra provide us with a great deal of useful information (e.g., accurate
redshifts, emission-line fluxes and line ratios, reddening and metallicity estimates).
The combination of the accurate B and V photometry from the original survey lists
with these follow-up spectra allow for the construction of a fairly complete picture
of the properties of the KISS ELGs.

Table 5.1 contains some of the optical parameters for the galaxies in this sample.

More details about the KISS data and parameters can be obtained from KR3.
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Table 5.1.

Properties of KISS Galaxies

KISSR RA Dec Vhel® Mpo®  cms® logLus loglO/H]+ 12
J2000 J2000 km s~1 ergs s~ !

2292 14:25:09.2  35:25:15.9 8659 -18.31 0.283 40.39 8.12
2300 14:26:08.9 33:54:19.8 10271 -16.09 0.154 40.52 7.89
2302 14:26:17.5 35:21:35.5 8342 -17.16 S 40.04 e

2309 14:26:53.6  34:04:14.5 7231 -17.12 0.284 40.09 7.98
2316 14:28:14.9 33:30:25.7 10685 -18.57 1.094 41.01 8.84
2318 14:28:24.6  35:10:21.5 22163 -17.88 s 41.15 e

2322 14:29:09.6  32:51:26.7 8574 -17.84 0.096 40.24 8.05
2326 14:29:32.7 33:30:40.3 7935 -17.14 0.151 40.65 8.21
2338 14:30:27.9  35:32:07.2 11689 -17.20 0.190 40.81 8.11
2344 14:31:03.6  35:31:14.8 4166 -17.75 0.248 40.12 8.17
2346 14:31:14.4 33:19:13.2 10819 -16.80 0.197 40.49 7.84
2349 14:31:20.0 34:38:03.8 4396 -16.63 -0.012 40.48 8.08
2357 14:31:39.2  33:26:32.3 10759 -17.67 0.504 40.40 8.37
2359 14:31:49.3  35:28:40.0 22512 -18.03 1.350 41.66 8.62
2368 14:32:18.9  33:02:53.7 10972 -17.05 0.193 40.84 8.03
2382 14:34:08.0 34:19:34.4 6813 -17.81 0.100 40.03 8.21
2398 14:36:33.1 34:58:04.4 9006 -18.01 0.187 40.33 8.42
2403 14:37:42.6  33:36:26.7 12047 -16.24 0.362 40.38 8.36
2406 14:38:27.8  35:08:59.0 8641 -17.89 0.185 40.38 8.35

aHeliocentric velocity

PB-band absolute magnitude corrected for Galactic extinction

¢Optical reddening at H3
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Table 5.2.

Infrared and Ultraviolet Fluxes of KISS Galaxies

KISSR fi6 016 fos 024 f70 g70 fi60 0160 fvov ONUV trov OFUv
mJy mJy mJy mJy mJy mJy mJy mlJy uly uJy uJy wly
2292 1.27 0.08 2.35 0.07 cee <120 74.98 0.69
2300 0.77 0.05 1.72  0.05 <15 <120 31.26 0.50
2302 <0.1 e <024 - <15 <120 92.42 0.84
2309 0.32 0.02 0.92 0.06 <15 -+ <120 --- 111.00 0.88
2316 3.39  0.20 4.09 0.10 52 4 150 33 19.40 0.33
2318 1.17  0.07 2.06 0.05 15 4 <120 --- 7.96 0.29
2322 0.49 0.03 0.82 0.08 <15 .- <100 154.30 1.31
2326 1.43 0.08 3.77 0.05 29 3 <100 117.80  0.80 cee e
2338 2.85 0.17 6.56 0.09 25 5 <100 .- 49.46 0.55 39.20  0.81
2344 1.41 0.08 3.73  0.03 71 6 210 33 581.44  2.04 439.02 2.47
2346 0.98 0.06 2.20 0.04 <15 .- <120  --- 27.23 0.54 cee e
2349 10.72  0.64 26.20 0.09 154 7 190 33 276.85 1.53
2357 <03 --- 0.48 0.06 <15 .- <120 --- 75.33 0.95 cee e
2359 0.94 0.05 2.30 0.07 20 4 <100 11.87 0.31 7.88 0.34
2368 4.34 0.26 7.51 0.08 30 10 <120 113.90 1.24 cee ce
2382 0.81 0.05 1.00 0.07 34 7 <120 242.74 1.40 140.28  5.80
2398 0.74 0.04 1.05 0.05 20 3 <120 128.21 0.36 92.40 0.44
2403 <0.2 .- 0.47 0.04 <15 .- cee 21.20 0.47 cee e
2406 1.00 0.06 2.09 0.08 27 6 <120 164.71  0.44 126.32 0.50




5.2.2 Spitzer multiband imaging photometer data

The far-IR observations of the Bootes field were performed using the “medium
scan” mode of the MIPS instrument (Rieke et al. 2004) on-board the Spitzer Space
Telescope. This mode allows for efficient coverage of large areas of sky with si-
multaneous observations at 24, 70, and 160um. The MIPS detector at 24um is
characterized by a resolution of 2745 per pixel on an array of 128x128 elements;
the 70um detector has a resolution of 9798 per pixel on an array of 32x16 ele-
ments; and at 160um, the effective array operates with two rows of 20 16”x 18"
pixels separated by one row of non-functional pixels. The point spread function
(PSF) in the MIPS images is characterized by a full width at half maximum of 6",
18" and 40" at 24pm, 70pum and 160um respectively. Data were reduced using the
MIPS Data Analysis Tool (Gordon et al. 2005). The astrometry of the final mosaic
was calibrated against the 2MASS survey (Jarrett et al. 2000) and is accurate to
0.3” rms. The effective integration time per sky pixel was ~90s, ~40s, and ~8s
at 24, 70, and 160um respectively.

At 24 pm 18 of the 19 galaxies were detected while 11 galaxies were detected at
70 pm and only 3 were detected at 160 pm. Photometry was performed with PSF
fitting using the IRAF/DAOPHOT software (Stetson 1987). At each wavelength
an empirical PSF was constructed from the brightest objects found in the mosaic.
The flux density of each source was derived from the scaled, fitted PSF plus a slight
correction to account for the finite size of the modeled point spread function. For
the cases where residual emission was found in the 24uym image after the PSF
subtraction, aperture photometry was performed within a region large enough to
account for the extended emission of the object. Only 5 sources show extended
emission at 24pm and all of the targets appear unresolved at 70 and 160pm. For

the non-detections at 70 and 160 pum, we adopted an upper limit based on the
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noise. This noise was derived as the dispersion of the flux measured within fixed-
diameter apertures randomly placed over blank sky regions of the image. The flux

densities for all of the sources are presented in Table 5.2.

5.2.3 Spitzer 16 ym imaging

The galaxies in this sample were all imaged at 16um with the blue peak-up camera
on the Spitzer Infrared Spectrograph (IRS!, Houck et al. 2004a; Werner et al. 2004).
The targets were observed as part of the IRS guaranteed time observing program
on 2006 January 18 and 19. The 19 galaxies were observed with a 5 position
random dither pattern in order to oversample the point spread function (PSF) on
the 1.8” x 1.8” pixels of the IRS Short-Low Si:As detector. The observing time
was 30 seconds per position for a total on-source integration time per target of 157
seconds.

The data were processed by the Spitzer Science Center pipeline (version 13.2).
The 2D images were converted from slopes after linearization correction, subtrac-
tion of darks, and cosmic ray removal. The resulting images were divided by the
photometric flat and a world coordinate system was determined using the recon-
structed pointing of the telescope. Final rectified, shifted, co-added image mosaics
were produced by the pipeline. The astrometric accuracy of our images is better
than 2” and the FWHM of the PSF is 3.5”

Photometry was performed using fixed apertures of 3 pixels in radius. The flux

~1 and the aperture loss correc-

conversion factor was 0.01375 MJysr~! (e~sec™!)
tion factor used was 1.38, as described in version 2.0 of the IRS Data Handbook?.

Our photometric uncertainties are less than ~6% based on the uncertainty in the

IThe IRS was a collaborative venture between Cornell University and Ball Aerospace Corpo-
ration funded by NASA through the Jet Propulsion Laboratory and the Ames Research Center.
http:/ /ssc.spitzer.caltech.edu/irs/dh/

140



photometric calibrators that were used. Ultimately 16 of the 19 sources were de-
tected in these images. The flux densities for all of the galaxies are presented in

Table 5.2.

5.2.4 Spitzer Infrared Array Camera Data

The majority of the NOAO Deep Wide Field in Bootes was mapped in the 3.6, 4.5,
5.7, and 8.0 um bands in January 2004 (Eisenhardt et al. 2004) using the Infrared
Array Camera (IRAC) aboard the Spitzer Space Telescope. The IRAC coverage
of 8.5 square degrees was reached by tiling the 5’ x 5 field-of-view over the region.
Each position in the survey field was observed with three 30 second IRAC frames,
resulting in a depth of 19.1, 18.3, 15.9, and 15.2 Vega magnitudes (50) at 3.6,
4.5, 5.8, and 8.0pum, respectively. A full discussion of the data and the reduction
procedures is presented by Rosenberg et al. (2006). All 19 galaxies were detected

in all four bands.

5.2.5 Galaxy evolution explorer data

Archival ultraviolet (UV) imaging for all of the galaxies in this sample was available
from the Galaxy Evolution Explorer (GALEX) (Martin and The GALEX Team
2005). These images were taken as a part of the Deep Imaging Survey and span
a wide range in exposure time. For all of the systems, near-UV (NUV) images
in the 1750-2800 A band are available, and for a small subset (6) of the objects,
far-UV (FUV) imaging in the 1350-1750 A band is available. The data have been
processed though the standard GALEX reduction pipeline producing photometric
images with an angular resolution of 5°6 (FWHM) in the NUV and 47 (FWHM)
in the FUV.

Photometry was performed on the archival images using the ELLIPSE task in
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the STSDAS module to IRAF. The regions around the galaxies were first masked to
exclude the flux from neighboring sources. Most of the galaxies were then fit with
circular apertures (for the 3 distinctly elliptical galaxies, KISSR 2302, 2357, and
2359, elliptical apertures were used to minimize the noise). In order to calculate
the total UV counts for the galaxy, the size of the apertures was allowed to grow
until the background was reached as determined by the curve of growth of the flux.
The counts in each aperture were converted to fluxes using the GALEX calibration

values® (Morrissey et al. 2005). The results are presented in Table 5.2.

5.3 Dust diagnostics

5.3.1 Do star-forming dwarf galaxies have PAHs?

The existence of polycyclic aromatic hydrocarbon (PAH) emission from dwarf and
low metallicity galaxies has been discussed by several different groups (e.g., Wu
et al. 2006; Rosenberg et al. 2006; Engelbracht et al. 2005; Madden et al. 2006;
Hunt et al. 2005; Madden 2000). This subject is of increasing interest because
these molecules provide a probe of the star-formation environment and, therefore,
can be used as a measure of the star-formation rate in galaxies. Rosenberg et al.
(2006) showed that the [3.6]-[8.0] colors of these galaxies span the full range of
late-type galaxy colors. The presence of some star-forming dwarfs with very red
infrared colors indicates that even some metal poor dwarf galaxies which have
low line-of-sight reddening, as measured by the cyg parameter, have a significant
amount of dust. Nevertheless, the only way to definitively determine whether a
galaxy exhibits PAH emission is through infrared spectroscopy, but only a small

number of sources are bright enough to be measured in this way.

3http://galexgi.gsfc.nasa.gov /FAQ/counts background.html
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To assess the degree to which PAH emission is present in the galaxies in this
sample, information from broadband flux ratios was combined with an examination
of the galaxies’ spectral energy distributions (SEDs; description of the SED fitting
procedures is presented in Appendix A). The relevant pieces of information are
given in Table 5.3. The general trends in the data are presented here while a
detailed description of the results for each galaxy in the sample are included in
Appendix B. The template fitting approach used here is not ideal because it does
not provide a physical measurement of the stars, dust, and PAHs and because the
templates are not derived from low metallicity. As has been shown by Marshall
et al.  (2007) and Galliano et al. (2008), a proper analysis of the dust, PAH
emission and stellar starburst component is not possible using only the IRAC
and MIPS photometric points even in “simple” star forming galaxies because of
the degeneracy in these component’s contributions to the near-/mid-IR spectrum
of the galaxy. As a result, these templates provide only a general guide to the
properties of the galaxies and are used to answer two basic questions: (1) are the
SEDs of dwarf starbursts similar to those of “normal” and starburst galaxies? and
(2) do dwarf starbursts have PAH emission?

Figures 5.1 to 5.5 provide diagnostics of the PAH and dust emission properties
of galaxies. The model template fits to the galaxy spectral energy distributions
(which were not fit at 5.8 and 8.0 pum points where PAH emission has the largest
impact) are shown in Figures 5.1, 5.2, and 5.3. The galaxies that have significant
PAH emission (Figure 5.1) either exceed the models at 8 ym or have 8um fluxes
that are within 30 of the models. Alternatively, all of the galaxies without PAH
emission either have large reduced x? for the template fits (the lowest x?.;, = 9.8)
or the templates exceed the data by at least 300 at 8um. All of the other galaxies

fall between these two criteria and are listed as having questionable PAH emission
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which probably means that they have a low level of PAH emission. However, a
definitive and/or quantitative assessment of the PAH emission from this interme-
diate category can not be made without spectroscopy. Note that there are also
three galaxies for which SEDs are not plotted because the long wavelength data
necessary to constrain the fits do not exist.

Figure 5.4 shows the relationship between ratios of the 8 ym emission and the
dust continuum at shorter and longer wavelengths. The division of galaxies into
systems exhibiting PAH emission and those that do not based on the relationship
between the 8um fluxes and the models as discussed above agree well with the
divisions established by Engelbracht et al. (2005) based on the relationship between
the 8 pm emission and the dust continuum. The 8 pm excess above the dust
continuum for galaxies with PAH emission is reflected in the flux density ratio:
£,(8.0)/1,(24)> 0.3. The galaxies for which the SEDs do not definitively determine
the nature of the PAH emission populate both the “PAH” and “no-PAH” region
of the plot. KISSR 2292, 2318, and 2322 look like galaxies with PAH emission
using this measure while KISSR 2309 looks like galaxies without PAH emission
and KISSR 2359 is on the boundary between the two regions.

Figure 5.5 shows how the ratio between the 8 pm emission and the hot dust
continuum is related to the slope of the hot dust continuum. The 8 pym flux has
been stellar subtracted assuming f,(8.0)gsenar = 0.232f,(3.6) (Helou et al. 2004,
the correction at 8um is very small and the stellar contribution at 16 and 24 pym
is ignored because it is negligible.) The blackbody that was fit to the galaxy
SEDs in §3.1 are not used for this subtraction because the templates also include
some stellar light so this extrapolation from the 3.6 ym flux is more appropriate.
In general the galaxies that do not exhibit PAH emission have small values for

both of these ratios: f,(8.0)/f,(24)< 0.2 and £,(8.0)/f,(16)< 0.3 while all of the
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galaxies that exhibit PAH emission have f,(8.0)/f,(16)> 0.9. The galaxies for
which the SED fitting was not able to distinguish between PAH and no-PAH
emission fall between these two groups in their f,(8.0)/f,(16) ratio and all fall
below the starburst galaxy model curves. The PAH and no-PAH galaxies are
better separated in this plot than they are with the other MIR flux ratios. In
particular the galaxies are well separated using the f,(8.0)/f,(16) ratio.

For a small number of these galaxies, longer wavelength data exist and can be
used to study the properties of the interstellar medium in greater detail using the
models described in Draine and Li (2007). These models include PAH material
in addition to dust which consists of a mixture of carbonaceous and amorphous
silicate grains that have sizes consistent with the observed wavelength-dependent
extinction in the Milky Way. Within the context of this model we can deter-
mine qpay, the fractional contribution of PAHs to the dust; the fractional dust
mass exposed to starlight intensity, U parameterized by a linear component (1-

Y Maustd(U-U,pin) and power-law component yMg,s ; (ad) U~% and fppg,

1—«a 1—
U, —Umaz

min

the fraction of the IR luminosity that is radiated in regions where U> 10%2. We
follow the prescription in Draine and Li (2007) for estimating these quantities for
the galaxies possessing enough data. For the galaxies without 160 pum detections
we use the 3 ¢ value as an upper limit and obtain a lower limit by assuming
that between 70 and 160 pum the galaxy’s SED is Rayleigh-Jeans which defines
Fro/Fi60 = 11.94.

For KISSR 2316 and 2344 which both have PAH emission, U,;, ~ 2,
qpag =3.2% and 1.8%, v ~ 0.01 and 0.001, and fppr = 7.6% and 3.8% re-
spectively. For several other PAH emitting galaxies with limits on the 160 pm
flux the range of fppr can be computed. For KISSR 2406, fppr = 5.8-6.9% while
for KISSR 2382 and 2398 the fraction is below the plot/fit range. Only a small
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fraction of the dust in galaxies that exhibit clear PAH emission comes from high
stellar intensity regions. The Draine and Li (2007) dust diagnostics for KISSR
2349, which does not show PAH emission, indicate that U,,;, ~ 5, qpag =1.12%,
v ~ 0.09 and fppr = 40%. For galaxies for which we only have 160 pm limits,
KISSR 2326, 2338, and 2368, fppr =15-20%, 31-35%, and 30-34% respectively.
These galaxies which do not show PAH emission have model parameters indicat-
ing a stronger radiation field and with more of the IR luminosity originating in
high intensity regions where it is more difficult for the PAHs to survive.

Why are high luminosity templates the best fits to some of these dwarf galaxies
(specifically KISSR 2338, 2349, and 2368)7 One of the primary reasons that the
high luminosity templates fit these objects better is that they peak at shorter
wavelengths and, in general, have a steeper (redder) spectral slope in the 8 to 70
pm range which is also observed in these dwarfs. In addition, the fits may be
thrown off by minimal or absent PAH emission since all of the templates include
the PAH features. This also explains why the fits to PAH-deficient sources are
poor. A more physical reason for the poor fits may be that for these compact
galaxies the specific SFRs (normalized) by mass are high so, like in the ultra-
luminous infrared galaxies (ULIRGs), more of the PAHs are being destroyed in
the high intensity radiation. In particular it may be that the area outside of the
star-formation region, where most of the PAH emission originates, is smaller in the

galaxies that lack PAH emission because the HII regions are beginning to overlap.
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Figure 5.1 SEDs for the sample galaxies that show evidence for PAH emission.
The points represent the observations. The blue dashed line shows the best-fit
blackbody representing the stellar component of the model. The dotted red line
shows the best-fit dust template from the Lagache et al. (2003) (T1) and Dale and
Helou (2002) (T2) models. The solid line is the sum of the stellar and dust fits
to the data. The values of T1 (Lagache templates) or T2 (Dale templates) in the
legend refers to the best-fit template — it is a measurement of the shape of the
spectrum not of the infrared luminosity as it is not dependent on the luminosity
scaling. The dust templates are only fit longward of 8.0 um (i.e., not including the
5.8 and 8.0 ym points). The reduced x? values for the fits are given in the legends.
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Figure 5.2 SEDs for the sample galaxies that do not show evidence for PAH emis-
sion. The points represent the observations. The blue dashed line shows the
best-fit blackbody representing the stellar component of the model. The dotted
red line shows the best-fit dust template using the Dale and Helou (2002) and
Lagache et al. (2003) models. The solid line is the sum of the stellar and dust fits
to the data. The values of T2 (Dale templates) in the legend refers to the best-fit
template — it is a measurement of the shape of the spectrum not of the infrared
luminosity as it is not dependent on the luminosity scaling. The dust templates
are only fit longward of 8.0 ym (i.e., not including the 5.8 and 8.0 pum points). The
reduced x? values for the fits are given in the legends.
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Figure 5.3 SEDs for the sample galaxies for which a determination can not be made
as to whether PAH emission is present. The points represent the observations. The
blue dashed line shows the best-fit blackbody representing the stellar component
of the model. The dotted red line shows the best-fit dust template using the Dale
and Helou (2002) and Lagache et al. (2003) models. The solid line is the sum of the
stellar and dust fits to the data. The values of T2 (Dale templates) or T3 (normal
galaxy template) in the legend refers to the best-fit template — it is a measurement
of the shape of the spectrum not of the infrared luminosity as it is not dependent
on the luminosity scaling. The dust templates are only fit longward of 8.0 ym (i.e.,
not including the 5.8 and 8.0 um points). The reduced x? values for the fits are
given in the legends.
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Figure 5.4 The relationship between two different MIR flux ratios for the galaxies.
The 8 um flux includes PAH, dust continuum, and stellar emission, but the stellar
emission is very small and would not introduce a significant shift in these data.
The y-axis ratio is the stellar subtracted 4.5um continuum to the 8 pm flux. The
region enclosed by the dashed lines is the “no-PAH” region as defined from the
Engelbracht et al. (2005) sample. The black points are from Engelbracht et al.
(2005) — the open squares are spectroscopically confirmed to lack PAH emission,
the filled squares are spectroscopically confirmed to possess PAH emission. The
red points show the galaxies from our sample. Even though none of them have
Spitzer/IRS spectroscopy to determine the presence of PAH emission we mark in
filled /open triangles the ones for which the SEDs indicate the presence/absence of
PAH emission. The galaxies for which the presence or absence of PAH emission
could not be determined are marked with xs. For the galaxies that do not have
enough data to construct SEDs, only errorbars are plotted.
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Table 5.3.  Properties Influenced by PAH Emission in KISS Galaxies

KISSR f[S]modela f[S]datab f[8]diffc O'[8]d O’diffc X%edf f[8]/f[24]g f[8]/f[16]h Rli prRj PAH?k
mJy mJy mJy mly %

2344 1.99 3.07 -1.08 0.090 12 32 084 1.83  0.12 4 Y
2406 0.96 1.08 -0.12 0.034 4 1.0 0.53 098 004 67 Y
2316 3.49 3.61 -0.12 0.109 1 31 091 1.05  0.02 8 Y
2398 1.04 1.03 0.01 0.033 1 0.8 1.01 1.33  0.07 0 Y
2382 1.04 0.95 0.09 0.030 3 32 0097 1.04  0.05 0 Y
2309 0.17 0.14 0.03 0.006 7 13 0.15 0.31 0.08 ?
2322 0.54 0.43 0.11 0.015 7 0.04 0.54 0.72 010 --- ?
2359 0.55 0.37 0.18 0.013 14 04 0.17 0.42 0.05 13 7
2318 1.03 0.75 0.28 0.024 12 0.5 039 0.64 0.04 ?
2292 1.24 0.88 0.36 0.028 13 1.4 038 0.60 0.05 --- ?
2326 0.67 0.37 0.30 0.010 30 23  0.09 0.22 0.06 1520 N
2346 0.68 0.22 0.46 0.008 58 2.9 0.10 0.19  0.07 N
2300 0.46 0.11 0.35 0.005 70 3.1 0.07 0.12 014 .- N
2338 0.17 0.44 -0.27 0.015 18 16.3 0.07 0.15 0.09 31-35 N
2349 1.74 1.66 0.08 0.050 2 98 0.06 0.15  0.08 40 N
2368 0.94 0.50 0.44 0.017 26 219 0.07 0.11  0.09 30-34 N
2302

2357 0.58 0.16

2403 0.16 0.12

#The 8um flux of the best-fit template SED

PThe 8um flux measured for the galaxy

¢The difference between the model and the galaxy 8um flux

dThe error in the measured 8pum flux

¢The number of ¢ difference between the model and the data at 8um
fThe reduced 2 of the fit between the data and the template SED
&The 8 to 24 pm flux ratio

"The 8 to 16 pm flux ratio

Ry = (f,(4.5um)-0.57f,(3.6m)) /f, (8um)

JThe fraction of the infrared emission coming from regions with U> 102 in the Draine and
Li (2007) models

kThe assessment of whether the galaxies has significant PAH emission
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5.3.2 How do dust properties relate to metallicity?

Metallicity is a parameter that can shape the properties of the interstellar medium
in galaxies and can span a wide range both within and between galaxies. We
explore how metallicity affects properties of the dust observable in the mid-infrared
emission from these systems.

Figure 5.6 shows the variations in the ratio of the PAH emission at 8.0 ym to
the dust continuum at 24 ym with metallicity. Both the galaxies from this sample
and the blue compact dwarf galaxies (Wu et al. 2006) show a weaker correlation
(correlation coefficient pxy = 0.36) than the systems in the Engelbracht et al.
(2005) sample (correlation coefficient pxy = 0.75). Star-forming dwarf galaxies
span a wide range in 8 to 24 pum flux density ratio — over an order of magnitude at
log[O/H]+12 = 8.2. The transition from a high flux density ratio to a low ratio at
log[O/H| + 12 = 8.2, as claimed by Engelbracht et al. (2005), appears to be more
of a slow transition with a large galaxy-to-galaxy variation at metallicities around
this transition value. Several of the galaxies in the log[O/H] + 12 = 8.0 to 8.2
range exhibit PAH emission and there is nearly two orders of magnitude spread in
the 8 to 24 um flux density ratio in this metallicity range.

Figure 5.7 shows the relationship between metallicity and 16 to 24 pum flux
density ratio for this survey and the 16 to 22 um flux density ratio for the blue
compact dwarf galaxies (Wu et al. 2006). This flux density ratio is a measure of
the continuum slope in these galaxies. Fluxes measured at 24 and 22 pm should be
comparable because the bands are wide (5.5 and 7 um respectively), the spectrum
is fairly smooth in this flux range, and the relative K-corrections should be small —
for a standard dust SED, the 16 to 22 um flux density ratio would be slightly larger.
There is an increase in the flux density ratio with increasing metallicity, but the

spread at any given metallicity is large. For any given metallicity there is a wide
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Figure 5.5 The mid-infrared color ratio for galaxies in our sample (red points).
The filled symbols represent galaxies with PAH emission while the open symbols
represent galaxies without PAH emission. Even though none of these galaxies have
Spitzer/IRS spectroscopy to determine the presence of PAH emission we mark in
filled /open triangles as determined by the SED fitting. The xs are galaxies for
which we were not able to determine the presence or absence of PAH emission
from the SEDs. The solid lines are the tracks followed by star-forming galaxies
from the Dale and Helou (2002) (lower line) and Lagache et al. (2003) (upper line)
samples, all of which exhibit PAH emission. The higher luminosity galaxies are at
the bottom right end of the tracks. The black star is the “normal” galaxy from
Lagache et al. (2003).
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range in the slope of the dust continuum, but on average the lower metallicity
galaxies have a steeper slope. As mentioned previously, this steeper slope may
be explained by higher radiation density and increased emission from very small
grains in these dwarf galaxies.

Figures 5.6 and 5.7 demonstrate that these galaxies exhibit a wide range of
dust properties at any given metallicity — there is a wide range in the PAH to

continuum ratio (Figure 5.6) and in the continuum slope (Figure 5.7).

5.4 Star formation rate indicators

Star-formation rate plays an important role in the evolution of galaxies. As the
high redshift universe becomes more and more accessible, star-formation and its
evolution can be studied over a wider range of epochs (e.g., Madau et al. 1996;
Steidel et al. 1999; Giavalisco et al. 2004). Estimates of the evolution in the star-
formation rate come from indicators that span the spectrum from the rest-frame
UV (e.g., Madau et al. 1996; Bouwens and Illingworth 2006) to the optical (e.g.,
Gallego et al. 2002; Hogg et al. 1998) to the infrared (e.g., Wu et al. 2005; Calzetti
et al. 2005). All of the SFR indicators commonly used make assumptions about
the metallicity, stellar make-up, star-formation history (continuous versus instan-
taneous star formation) and/or interstellar medium properties of the systems. In
general the conversion from flux to star-formation rate assumes a standard IMF
in a solar metallicity galaxy with interstellar medium properties consistent with a
“normal” galaxy in the local universe. In order to use these indicators at higher
redshift, where low metallicity star-forming galaxies may be more prevalent, the
connection between flux and SFR must be evaluated for a range of metallicity
and galaxy type. Because it contains a large fraction of low metallicity systems,

this sample can be used to compare the affect of galaxy metallicity on the SFRs
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Figure 5.6 Galaxy metallicity as a function of the 8 to 24 pm flux density ratio.
The black points are galaxies from Engelbracht et al. (2005), the blue diamonds
are blue compact dwarfs from Wu et al. (2006), and the red points are star-forming
dwarf galaxies in this sample. Open points are systems that lack PAH emission
(determined from either spectra or Figure 5.4 for the galaxies from Engelbracht
et al. (2005), from spectra for the galaxies from Wu et al. (2006), and from the
broadband SEDs for the galaxies in this sample) while the solid points are thought
to exhibit PAH emission. Errorbars with no points are galaxies in our sample that
were not detected at the longer wavelengths so SEDs could not be constructed.
The dashed lines delineate the region between log|O/H] + 12 = 8.0 and 8.2
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Figure 5.7 Galaxy metallicity as a function of the 22 or 24 to 16 pm flux ratio. The
blue errorbars are blue compact dwarf galaxies from Wu et al. (2006) for which
the presence or absence of PAH emission is unknown. The red points are galaxies
in this sample. Filled points are galaxies that show evidence for PAH emission
while open points do not. The xs are galaxies for which the presence or absence
of PAH emission could not be determined from the SED fitting. The dashed lines
delineate the region with metallicities between log[O/H| 4 12 = 8.0 and 8.2
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calculated at different wavelengths.

5.4.1 Description of star-formation rate indicators

Spitzer is now providing an unprecedented view of galaxies in the MIR over a wide
range of redshifts. At these wavelengths, PAH emission and the dust continuum
are the primary contributors to the flux. The dust emission at 12 pym was first
shown to be linearly correlated with a galaxy’s bolometric luminosity by Spinoglio
et al. (1995) using data from IRAS. More recently correlations have been found
between 15 pum emission and the total infrared luminosity (TIR, Chary and Elbaz
2001), between both 8 and 24 pm emission and the radio continuum emission from
galaxies (Wu et al. 2005), and between combinations of 8 and 24 pym emission
and TIR (Calzetti et al. 2005). In the ultraviolet (UV), GALEX (Martin and The
GALEX Team 2005) is opening up another window on star formation in the local
universe and providing a probe of the emission from the youngest and hottest stars
in galaxies. This section is devoted to a comparison of star-formation rates derived
using indicators from these different wavelengths ranges (see Table 5.3). Several
of the methods are obviously inappropriate for these galaxies, but the goal is to
understand the errors in the calculated SFR using standard techniques so we apply

them for the sake of comparison.

e Several authors have built libraries of galaxy templates that can be used to
estimate TIR from the 24 um flux densities (Dale et al. 2001; Chary and
Elbaz 2001; Dale and Helou 2002; Lagache et al. 2003; Chanial 2003) alone.
For this measurement only the 24 pm flux density is used to predict the total
infrared emission, not the full SED shape. As shown by Le Floc’h et al.
(2005), these templates all produce similar results; we adopt the Chary and

Elbaz (2001) results here without concern that this will bias our findings
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significantly. A single template was derived for each luminosity bin (see
Chary and Elbaz 2001 for details) and can be used to predict the TIR from
the 24 pm luminosity. The Kennicutt (1998b) conversion was then used
to derive the SFR from TIR. The galaxies that were used to derive these
templates are Arp 220, NGC 6090, M82, and M51 which were selected to
represent ULIRGs, LIRGs, “starbursts”, and “normal galaxies” respectively.
An additional set of far-infrared templates from Dale et al. (2001) were added
to span a wider range of spectral shapes. In §3.1 we used a similar set
of templates from Lagache et al. (2003) and Dale et al. (2001) to fit the
sources in this sample and found that, in many of the cases, the shape of the
low luminosity templates was not appropriate for fitting the galaxies. The
difference between the low luminosity template shape and the galaxy SED

will introduce an error in determining the SFR.

e Wu et al. (2005) used a sample of star-forming galaxies in the Spitzer First
Look Survey to study the correlations between 8 pm and 24 pgm luminosity
with 1.4 GHz and Ha luminosities. These correlations were used to derive
the 1.4 GHz luminosity from either 8 or 24 gum luminosities which was then
used to calculate SFR using the Kennicutt (1998b) conversion. Most of the
Wu et al. (2005) systems are normal galaxies but a few dwarfs are included
and appear to show a different slope between the MIR and radio luminosity.
The difference in the normal and dwarf galaxy slopes is probably driven by a
lack of PAH emission (Figure 5.1 and 5.2) and the wide range of continuum
slopes (Figure 5.7). The more recent calibration of the conversion between 24
pum luminosity and SFR from Calzetti (2007) does not produce significantly

different results than the Calzetti et al. (2005) results plotted here.

o Calzetti et al. (2005) showed that there is a correlation between

158



log[vL,(24)/TIR] and log[L,(8)/L,(24)] for H II regions in NGC 5194.
The SFR was calculated using the Kennicutt (1998b) conversion from TIR.
Calzetti et al. (2005) use log[L,(8)/L,(24)] instead of just 8 or 24 pym lumi-
nosity because the scatter from the ratio is lower. However, there are still
region-to-region differences in the correlation between flux density ratio and
SFR for the H II regions in NGC 5194, all of which are high metallicity (they
are consistent with 2 < Z < 3 Z) so the scatter is probably worse when

studying objects that cover a range in metallicity.

The total infrared star-formation rate has been calculated using the 24, 70,
and 160 pm data for the three galaxies for which all of these data are available
using the method for deriving TIR described by Dale et al. (2005). The SFR
was then calculated using the Kennicutt (1998b) conversion from TIR. For
the galaxies for which 24 and 70 pum data are available but the 160 pm
observation was a non-detection (an additional 8 galaxies), we use the 3 o
upper limit at 160 um to place an upper limit on the total infrared luminosity.
We also obtain a lower limit on the luminosity of these galaxies by assuming
that between 70 and 160 pm the galaxy’s SED is Rayleigh-Jeans which defines
Frz0/Fi60 = 11.94.

Star-formation rates for all of the galaxies in this sample have been computed
from the Ha line fluxes measured from the KISS objective prism spectra.
These spectra reflect the total Ha emission from the galaxy because they
are derived from objective prism observations. A full description of the line
flux measurements and calibration is given by Jangren et al. (2005). In order
to compute the star-formation rate for these galaxies from the Ha flux, the
measurements must be corrected for the presence of blended [N II] emission

(these are low resolution spectra), and for absorption. These corrections are
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derived from slit spectra. The absorption correction is derived using the
reddening coefficient derived from the Balmer line ratios, cyz. From the
[N I1] and absorption-corrected Ha fluxes, the SFRs were computed using

the standard prescription from Kennicutt (1998a).

In addition to using the standard methods for computing SFR from the Ha
emission, we use a method that takes into account the harder radiation field
in low metallicity galaxies (Lee et al. 2002). The stellar population synthesis
models on which the standard conversion assume a softer radiation field than
what exists in these low metallicity systems. This prescription was derived
for a sample of KISS galaxies for which the selection criteria were the same
as for these objects. The resulting star-formation rates are lower than what
is obtained using the standard models because the harder radiation field

produces more Ha emission for a given star-formation rate.

The UV emission from galaxies comes from the youngest, hottest stars. Ken-
nicutt (1998a) provides a conversion from the UV luminosity to SFR which
can be computed across the UV-band because young stars produce a flat
spectrum in this region. The UV SFR for these galaxies has not been cor-
rected for absorption so it is a lower limit which measures only the amount
of star formation not buried behind dust. Therefore, the SFR measured this
way is complementary to that measured in the MIR where all of the emission
is coming from the re-radiation from dust in the galaxy. We compute the
total SFR as described in Bell et al. (2005) as: ¥/ Mg yr~! = 9.8 x 107"
(Lyr+2.2Lyv). We use the Calzetti et al. (2005) measurement of Lz because
the values are generally between the other MIR results. As with the infrared
measurement, the sum of the MIR and UV measurement could overestimate

the SFR if some PAH emission is excited by an older stellar population.
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Table 5.4. Infrared, Optical, and UV SFRs of KISS Galaxies

KISSR SFRCEa’b SFRngB"C SFR24Hma’d SFRCalZa’e SFRHQB"f SFRHQZa’g SFRT]RB"h SFRNUVB"i SFRFUVa’j

191

2292 0.30 0.10 0.21 0.09 0.19 0.07 K 0.19

2300 0.32 0.02 0.22 0.02 0.26 0.08 K 0.11

2302 <0.05 0.01 <0.02 x 0.09 0.09 R 0.22

2309 0.09 0.01 0.06 0.01 0.10 0.03 K 0.20

2316 0.70 0.65 0.56 0.48 0.81 0.68 0.79 0.08

2318 1.66 0.61 1.21 0.54 1.12 1.12 0.5-2.1 0.13

2322 0.12 0.05 0.07 0.04 0.14 0.05 e 0.39

2326 0.38 0.03 0.28 0.04 0.35 0.15 0.1-0.3 0.25 R
2338 1.23 0.09 1.07 0.12 0.51 0.19 0.3-0.7 0.23 0.18
2344 0.12 0.08 0.08 0.06 0.10 0.04 0.16 0.34 0.26
2346 0.41 0.04 0.31 0.05 0.24 0.07 e 0.11 e
2349 0.64 0.05 0.61 0.06 0.24 0.09 0.32 0.18

2357 0.11 0.05 0.07 0.04 0.20 0.09 e 0.30 e
2359 1.87 0.31 1.40 0.32 3.59 2.09 0.6-2.0 0.21 0.14

2368 1.26 0.09 1.08 0.12 0.54 0.18 0.3-1.0 0.47



Table 5.4 (continued)

KISSR SFRCEa’b SFRngB"C SFR24Hma’d SFRCalZa’e SFRHQB"f SFRHQZa’g SFRT]RB"h SFRNUVa’i SFRFUVa’j

2382 0.09 0.07 0.06 0.05 0.08 0.04 0.1-0.2 0.38 0.22
2398 0.15 0.13 0.10 0.09 0.17 0.08 0.1-0.4 0.36 0.26
2403 0.13 0.02 0.08 0.02 0.19 0.09 e 0.10 R

2406 0.27 0.13 0.19 0.10 0.19 0.09 0.1-0.4 0.42 0.32

91

aThe units are Mg yr—*

PSFR from the Chary and Elbaz (2001) models.

¢SFR from the 8 um Wu et al. (2005) relation.

dSFR from the 24 pm Wu et al. (2005) relation.

°SFR from a combination of 8 um and 24 pm flux as described by Calzetti et al. (2005)

fHa SFR from the Kennicutt (1998a) relation.

8Ha SFR from the Lee et al. (2002) relation which accounts for the harder radiation field in low metallicity galaxies.
BSFR from the 24, 70, and 160 pm fluxes using the Dale et al. (2005) and Kennicutt (1998a) relations.

ISFR calculated from the NUV flux using the Kennicutt (1998a) relation.

JSFR calculated from the FUV flux using the Kennicutt (1998a) relation.



5.4.2 Comparison of star-formation rates

Do all measurements of SFR give the same answer and, under what conditions
are the derived SFRs comparable? The answer to this question is critical if mea-
surements of SFR from the MIR and UV are going to be used along with Ha
to compute SFR density over a wide range of redshift. Figure 5.8 shows the re-
lationship between the MIR measurements of SFR and the metallicity-corrected
Ha SFR (left-hand panel) and between SFR measured over a wide range of wave-
lengths and the metallicity-corrected Ha SFR (right-hand panel). The errors due
to the galaxy photometry on all of these these data points (and those in the sub-
sequent SFR plots), with the exception of the NUV values, are smaller than the
points. The NUV SFRs are the exception because the values are all lower limits
since no correction has been made for extinction. There is also a distance error
associated with these measurements but they will only shift all of the points up or
down without altering their relative separations (i.e., it will not change the spread
between the points). These plots show that there is over an order of magnitude
spread in the SFR measurement for a given galaxy and the disagreement occurs
for both high and low SFR sources. However, the plot also shows that several of
the methods give similar answers. The Chary and Elbaz (2001) and the 24 ym Wu
et al. (2005) values are similar as are the 8 um Wu et al. (2005) and the Calzetti
et al. (2005) values. These values agree because they were derived in a consistent
way for normal galaxies and are derived from the same fluxes (24 pum and 8 pym
respectively). The spread in the derived SFRs points to a systematic difference in
the calculation of these values due either to the intrinsic spread in the luminosity-
SFR relationships or to a physical difference between these galaxies and those for
which the luminosity-SFR relationship was derived.

In general, the measurements based on the 24 gm luminosity (Chary and Elbaz
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2001 and 24 gm Wu et al. 2005) tend to indicate a higher SFR than the 8 ym (Wu
et al. 2005) or 8 plus 24 pum (Calzetti et al. 2005) measurements. This result is
consistent with the 8 um to Ha correlation having a steeper slope for dwarf galaxies
than it does for more luminous galaxies as was found in the Wu et al. (2005) study.
For six galaxies in this sample the SFR derived from the 8 ym flux is about an order
of magnitude lower than that derived from the 24 pm flux. All six of these galaxies
are low metallicity systems (Z $0.25 Zg) that have SEDs which show no evidence
for PAH emission. KISSR 2359 which has low PAH emission, has an 8 ym derived
SFR that is 4.5 times smaller than the 24 ym SFR. Clearly the 8 pym emission is
not a good SFR indicator for low metallicity objects that may not exhibit PAH
emission. Alternatively, the 24 pm SFR seems, in general, to overpredict the SFR
in these galaxies relative to the Ha measurement. The galaxies in this sample
are, in general, very compact systems with hard radiation fields because they tend
to also be low metallicity systems. These conditions appear to be driving the
heating of hot dust and/or very small grains that dominate in the region between
8 and 24 pm as has been seen previously in low metallicity systems (Madden et al.
2006). The difference between the 24 ym and Ha SFRs is certainly affected by
the incorrect calibration of the 24 ym SFR for these galaxies which comes about
because the SEDs shown in §5.3.1 are not well fit by the low luminosity templates.

The right-hand panel in Figure 5.8 shows the SFR computed using several
different indicators including the Calzetti et al. (2005) MIR indicator and the
NUV emission. The SFRs computed in the NUV have not been corrected for
extinction. For the highest SFR systems (which are also the highest metallicity
ones), the lack of an extinction correction has led to a low measurement of the
SFR. However, for most of the systems, the SFR computed in the UV is larger

than that computed from the Ha despite the fact that extinction has not been
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taken into account. One factor in the high UV SFR may be that the there is a
metallicity dependence that has not been accounted for. However, the significant
excess in the UV SFR even for galaxies that have metallicities 2 0.5Z, indicates
that this is probably not the only factor. A higher SFR measured in the UV than
in Ha, attributed to declining star-formation from a young but quasi-stellar burst,
has also been seen for intergalactic star-forming regions in NGC 5291 (Boquien
et al. 2007). A declining SFR in the KISS galaxies would explain the discrepancy
between the Ha and UV SFRs since the timescale in the UV is about 10 times
longer than it is in Ha. However, this timescale argument would not explain why
the UV SFR is higher than the MIR SFR which does not decline as quickly. A
different explanation would be that the interstellar medium has been blown out
in these systems so that there is much less gas and dust surrounding the star-
forming region. This explanation is consistent with the mid-infrared spectroscopic
results for a similar sample of galaxies which provides evidence for supernova driven
bubbles surrounding the star-formation regions O’Halloran et al. (2008). A much
more detailed analysis would be required to assess whether there was a strong burst
of star-formation in the recent past that could have blown away the gas and dust.
The plot includes the combined MIR and NUV SFR using the Bell et al. (2005)
formulation. For two of the galaxies, the total SFR is smaller than the Calzetti
et al. (2005) MIR SFR alone because there is a small difference in the calibration
in the two methods. This calibration uncertainty is a systematic error in all of the
calculations and these results are consistent within that error.

Figure 5.9 shows the MIR SFR as a function of the Hoe SFR with point type
specifying those galaxies with and without PAH emission. For the galaxies that
appear to have PAH emission, the 8 and 24 pym measurements of SFR are, in all

but one case, in good agreement with the Ha values. For galaxies that do not
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show evidence for PAH emission, the SFR computed from the 8 pym flux is lower
than what is measured from the Hoa emission, while the value computed from the
24 pm emission is higher in all but one case. The dispersion in the values of
SFR computed in the mid-infrared for these galaxies appears to be driven by a
difference in the properties of the interstellar medium in these galaxies. Both the
PAH emission and the shape of the MIR continuum differ from those of normal
galaxies both in a lack of PAH emission and in excess emission from hot dust
and /or small grains.

Figure 5.10 shows the relationship between the SFR ratio — SFR from a given
indicator divided by the metallicity corrected Ha SFR — as a function of metallicity.
The left-hand panel shows this ratio for the MIR indicators. The right-hand panel
shows the ratio for the Calzetti et al. (2005) MIR SFR, the NUV SFR, and the
combination of the MIR and NUV SFRs. For the MIR SFRs, the two measures
that are derived from the 24 pm emission are the most highly correlated with
metallicity. For the 8 pm computed SFRs, a trend with metallicity is not clear in
these data. The NUV SFR for the highest metallicity systems are low because of
extinction, but there is no clear trend among the lower metallicity systems.

This sample has 3 galaxies that have the properties of dusty starbursts — KISSR
2316, 2318, and 2359. These systems all have SFRs calculated from the total in-
frared emission that are much higher than that calculated from the NUV (which
is not corrected for extinction). These galaxies are some of the most luminous
systems in the sample and the two with known metallicities are the highest metal-
licity systems. Since the derivation of the SFR indicators in the mid-infrared has
generally been based on dusty starbursts one might expect the most consistency
in the derived SFRs from these systems. The rates calculated from Ha, 8 um, 24
pum, and the total infrared are fairly consistent for KISSR 2316 and 2318 (the UV
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Figure 5.8 Comparison of SFR indicators with respect to the SFR calculated from
Ha with a correction for metallicity. The left-hand panel shows a comparison of
the MIR indicators while the right-hand panel shows the Ha not corrected for
metallicity, the Calzetti et al. (2005) MIR values, the NUV measurement, and the
combined NUV and MIR values. Because of a difference in the calibration between
the Calzetti et al. (2005) MIR SFR and the Bell et al. (2005) combined MIR and
NUV SFR, there are a couple of galaxies for which the Calzetti et al. (2005) MIR
SFR is slightly higher than the combined SFR.

values are low because they are not corrected for extinction). However, the SFRs
computed for KISSR 2359 are more problematic. This source has the highest Ha
SFR, (3.59 Mg, yr—!; not correcting for metallicity because the source is close to
Ze) in the sample. The 24 pm SFRs from the Chary and Elbaz (2001) models
and from the Wu et al. (2005) correlation are 1.87 and 1.40 respectively. These
are smaller than the Ha values, but given the spread in the models and correlation
they are still consistent. However, the 8 pm SFR from the Wu et al. (2005) correla-
tion is only 0.31, significantly less than what is measured from the other methods.
The lower value for the 8 um emission may be a reflection of a substantial portion

of the infrared emission coming from a high intensity region where the PAHs are

destroyed.
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Figure 5.9 Comparison of MIR SFR indicators as a function of the metallicity
corrected Ha SFR. The open symbols indicate objects that do not show evidence
for PAH emission while the filled symbols indicate those which do have PAH emis-
sion. The crosses and stars indicate galaxies for which the PAH determination was
uncertain from the SED fitting. The “no PAH data” points are galaxies for which
the longer wavelength data were not available so no SED fitting could be done.
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Figure 5.10 Comparison of SFR indicators, normalized by the Ha corrected SFR
as a function of metallicity. The left-hand panel is a comparison of the MIR
indicators. The right-hand panel is a comparison of the Calzetti et al. (2005), the
NUV, and the combined NUV and MIR values. Because of a difference in the
calibration between the Calzetti et al. (2005) MIR SFR and the Bell et al. (2005)
combined MIR and NUV SFR, there are a couple of galaxies for which the Calzetti
et al. (2005) MIR SFR is slightly higher than the combined SFR.

5.5 Summary

Star-forming dwarf galaxies have a wide range of dust properties that are quite
different from those of the spiral and massive starburst galaxies. These differences
most likely result from a combination of the harder radiation field, the more com-
pact structure of these systems, possibly a lack of dust due to destruction in shocks
or delayed injection, and either a different composition or different heating of the
dust in the interstellar medium.

We have used broadband SEDs and color-color diagrams to determine the pres-
ence or absence of PAH emission in the sample galaxies. It appears that one of the
best indicators of PAH emission may be the 8 to 16pum flux ratio. Mid-infrared
spectroscopy, which is not available at this time, is required to confirm these results.
Nevertheless, the combination of the SEDs and the color-color plots provide more

information on the presence or absence of PAH emission than the trend of color
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with metallicity that was evident from only the Spitzer/IRAC data (Rosenberg
et al. 2006).

One of the most striking properties of the galaxies in this sample is that, de-
spite their simplicity in being compact systems dominated by a small number of
H II regions, they have a wide range of infrared properties. There are low metallic-
ity systems that show some evidence for PAH emission (KISSR 2322, Z=0.247,)
and high metallicity systems for which PAH emission is uncertain (KISSR 2359,
7=0.917) indicating that metallicity is not the only parameter driving the pres-
ence and/or strength of the PAH emission features.

It is not only the PAH emission features in these star-forming dwarf galaxies
that are different from the spirals and massive starbursts, but also the shapes of
the mid-infrared continua. Many of these galaxies have steep, red mid-infrared
continua similar to those observed by Gallais et al. (2004) in starburst galaxies, by
Madden et al. (2006); Hunt et al. (2006) in low metallicity galaxies and modeled
by Galliano et al. (2005) as being due to emission from very small grains.

Applying the model of Draine and Li (2007) it appears that the galaxies with
lower PAH emission have more of their infrared emission coming from higher stel-
lar intensity regions where PAHs are more likely to be destroyed. The smaller
amounts of PAH emission could be an indication that the H II regions are be-
ginning to overlap in these galaxies thereby decreasing the relative volume of the
photodissociation region.

The effect of metallicity on the star-formation rate in galaxies is well studied
(Lee et al. 2004; Kewley et al. 2004; Moustakas et al. 2006), primarily with respect
to the optical indicators. At 24 pum we see a clear connection between the derived
star-formation rate and metallicity, but the connection is not as clear at 8 pum

where other factors must be dominating the dispersion in the relationship between
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flux density and star-formation rate.

The differences between these star-forming dwarf galaxies and the majority
of systems that have been studied in the infrared have two major consequences:
(1) mid-infrared spectral templates do not provide a good fit to the systems, and
(2) the methods that have been developed to determine the star-formation rate
from mid-infrared observations do not work well in these systems. Because these
galaxies are different from the majority of galaxies that have been studied in the
mid-infrared, some caution needs to be exercised in fitting spectral templates and
deriving mid-infrared star-formation rates, particularly at higher redshift where
more information is often not available and where compact star-forming systems
may be more prevalent.
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APPENDIX
A. Description of SED Fitting Procedure

The spectral energy distributions were studied by fitting model templates to each
galaxy. The 5.8 and 8.0 um points which are most affected by PAH emission
were excluded from the fitting so that we could compare the photometry with the
models at these wavelengths. Note that ~10% or less of the 8.0 um emission in
these galaxies is from stellar photospheres, most of the emission is from the dust
continuum or PAH features.

The models consist of an ensemble of starburst galaxy model templates pro-
duced by Lagache et al. (2003) and normal star-forming galaxy templates by Dale
and Helou (2002). Each template is identified by a galaxy luminosity. However,
the templates are used to model the shape of the SED and are not necessar-
ily dependent on the luminosity of the source (we ignore the luminosity scaling).
These templates sample the MIR colors of both normal and ultra-luminous in-
frared galaxies. The Lagache et al. (2003) models also include a single “normal”
(non-starburst) galaxy template. For many of the galaxies, the fits are constrained
only by the 16 and 24 um data points.

In order to fit the broadband data, “synthetic” data points for the IRAC 3.6,
4.5, IRS 16pum, and MIPS 24, 70 and 160um bands were created by convolving
the template spectra with the filter response functions. To fit the near-infrared
portion of the SED, a blackbody spectrum with a temperature in the range 5000
K to 10000 K was added to the template model. A least squares technique was
then used to determine the best fit template plus blackbody (steps of 1000 K were
used to determine the best-fit temperature) with the appropriate scaling factors.
The temperature of the chosen blackbody did not have a significant effect on the
SED fit.
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Out of the 19 sample galaxies, three are not detected at 16m and one of these
is also not detected at 24um. Template fitting was not performed for these three
sources because there were not enough long wavelength points to derive meaningful

constraints.

B. Description of Individual Galaxy SEDs

B.1. Galaxies that show PAH emission

KISSR 2344: has 8um emission that is significantly in excess of the best-fitting
SED template model. As can be seen in Table 5.3, this galaxy also has one of the
largest values for f,(8)/F,(24), £,(8)/F,(16), and R;. While this galaxy probably
does have some of the largest values for each of these parameters, differences in the
size of the apertures used at each of these wavelengths could affect these numbers.
A difference between the apertures would tend to increase the fluxes at the shorter
wavelengths with respect to the longer wavelengths. This is the only galaxy in
the sample for which this should be a significant issue since most of the others are
unresolved or barely resolved.

KISSR 2406: has a metallicity of log[O/H]+12 = 8.3 and PAH emission in excess
of the best-fit template models. In addition, this galaxy falls well within the
PAH-emitting galaxy regions in Figures 5.4 and 5.5 and has a small fraction of its
infrared luminosity coming from the highest intensity regions (fppr =6 — 7).
KISSR 2316: is the highest metallicity system in the sample (log[O/H]+12 = 8.8)
and has PAH emission that is only 1o below the best-fit model template. As
with KISSR 2406, the galaxy falls well within the PAH-emitting galaxy regions in
Figures 5.4 and 5.5 and has a small fraction of its infrared luminosity coming from
high intensity regions.

KISSR 2398: has a metallicity of log[O/H]+12 = 8.4 and 8um emission that is
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only 1o below the best-fit model template. The diagnostics from the other plots,
Figures 5.4 and 5.5, also agreeing with this being a PAH emitting galaxy:.

KISSR 2382: has a metallicity of log|O/H]+12 = 8.2 and 8um emission that is
30 below the best-fit model template. However, the galaxy falls well within the

PAH-emitting galaxy regions in Figures 5.4 and 5.5.
B.2. Galaxies that show no evidence of PAH emission

KISSR 2326: shows no evidence for PAH emission — the data are 300 below the
best-fit template at 8.0 pm in this log[O/H]4+12 = 8.2 galaxy. This galaxy falls
well within the no-PAH regions in Figures 5.4 and 5.5.

KISSR 2346: shows no evidence for PAH emission as the data are 580 below the
best-fit template at 7um in this low metallicity (log[O/H]+12 = 7.8) galaxy. This
galaxy falls well within the no-PAH regions in Figures 5.4 and 5.5.

KISSR 2300: shows no evidence for PAH emission. The best-fit dust template is
700 above the 8.0 um flux from this galaxy. There is no evidence for a rise in the
spectrum above the continuum level at these wavelengths for this galaxy that has
log[O/H]+12 = 7.9. In addition, this galaxy clearly occupies the no-PAH region
in Figures 5.4 and 5.5.

KISSR 2338: shows no evidence for PAH emission in this log[O/H]+12 = 8.1
metallicity galaxy. Even the best-fit dust template, which is the template for an
ultraluminous infrared galaxy (ULIRG), gives an extremely poor fit to these data
(x? = 16.3). This galaxy shows an excess at 5.8, 8.0, and 16 pum that seems to
indicate an unusually large contribution from hot dust and/or very small grains.
The galaxy falls well within the no-PAH regions in Figures 5.4 and 5.5.

KISSR 2349: shows no evidence for PAH emission in this galaxy which has a
metallicity of log[O/H|+12 = 8.1. Even the best-fit template gives a poor fit to

the data (x* = 9.8). Similar to KISSR 2338, the best-fit template is for an ULIRG
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and there appears to be an excess (although not quite as great as for KISSR 2338)
of hot dust and/or very small grain emission. This galaxy falls well within the
no-PAH regions in Figures 5.4 and 5.5.

KISSR 2368: shows no evidence for PAH emission in this log[O/H]+12 = 8.0
galaxy. Even the best-fit dust template which, similar to KISSR 2338 and 2349, is
a ULIRG template, provides an extremely poor fit (y? = 21.9). As with the other
two galaxies, there is some evidence for an excess of hot dust and/or very small

grains. This galaxy falls well within the no-PAH regions in Figures 5.4 and 5.5.
B.3. Galaxies for which the existence of PAH emission is uncertain

KISSR 2309: is a low metallicity galaxy (log[O/H]|+12 = 8.0) which has an 8 pum
flux density that is 7o below the best-fit SED template. In Figure 5.4 the galaxy
falls within the no-PAH region. In Figure 5.5, KISSR 2309 is the left-most galaxy in
the no-PAH region with errorbars that touch the tracks for the spectral templates
which include PAH emission.

KISSR 2322: is another low metallicity galaxy (log[O/H]+12 = 8.0) which has
an 8 pm flux density that is 7o below the best-fit SED template. In contrast to
KISSR 2309, KISSR 2322 falls within the PAH-emitting region in Figure 5.4 and
between the PAH and no-PAH galaxies in Figure 5.5.

KISSR 2359: is a high metallicity galaxy (log[O/H]+12 = 8.6) yet it has an 8 um
flux density that is 140 below the best-fit SED template. In Figure 5.4 the galaxy
falls just outside the no-PAH region, although the errorbars overlap with the region.
In Figure 5.5 KISSR 2359 has the second lowest value of f,(8)/f,(16) of the galaxies
for which the PAH classification is uncertain, placing it closer to the no-PAH
galaxies than the PAH emitting ones.

KISSR 2318: has an unknown metallicity and an 8 pm flux density that is 120

below the best-fit SED template. Nevertheless, this galaxy falls well within the
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PAH-emitting galaxy region in Figures 5.4 and has one of the higher f,(8)/f,(16)
ratios of the galaxies with uncertain PAH emission in Figure 5.5.

KISSR 2292: is another fairly low metallicity galaxy (log[O/H|+12 = 8.1) which
has an 8 pm flux density that is 130 below the best-fit SED template. The galaxy
falls in the PAH-emitting region in Figure 5.4 and has one of the higher £, (8)/f,(16)

ratios of the galaxies with uncertain PAH emission in Figure 5.5.
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CHAPTER 6
DUST IN THE EXTREMELY METAL-POOR BLUE COMPACT
DWARF GALAXY 1ZW 18: THE SPITZER MID-INFRARED
VIEW*

Abstract 1Zw 18, a blue compact dwarf (BCD) galaxy with the 2nd lowest
metallicity measured in a star-forming object, has been observed with all three in-
struments on board the Spitzer Space Telescope. We present the deepest 5—36 um
mid-infrared (mid-IR) spectrum of this galaxy as yet obtained, as well as 3.6 ym
to 70 pm imaging results. As with SBS0335-052E, another BCD with similar
metallicity, I Zw 18 shows no detectable emission from polycyclic aromatic hydro-
carbons (PAHs). However, the continuum emission, from 15 to 70 ym, of [Zw 18
has a much steeper slope, more characteristic of a typical starburst galaxy of so-
lar abundance. The neon abundance as measured from the infrared fine-structure
lines is ~ 1/23Z¢, and the sulfur abundance is ~ 1/35%Z¢, generally consistent
with the nebular oxygen abundance of 1/30Zs derived from optical lines. This
suggests that the extinction to the infrared emitting regions of this galaxy is low,

also in agreement with the optical Balmer line ratios.
6.1 Introduction

Low-metallicity galaxies may have been the first sites of star formation in the early
universe (White & Rees 1978; Dekel & Silk 1986). Consequently understanding
their properties may provide valuable insights into the formation of the first gen-
eration of normal stars and the subsequent enrichment of the interstellar medium.

However, finding truly primordial galaxies in the distant universe is beyond the

*Originally published as: Yanling Wu, V.Charmandaris, L.K. Hunt, J. Bernard-Salas, B.
R.Brandl, J. A.Marshall, V. Lebouteiller, Lei Hao, J. R.Houck (2007), The Astrophysical Journal,
662, 952
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reach of current technology. At high redshift, observational limitations introduce
biases toward the detection of high-mass high-luminosity systems in which the
short time-scales of massive star formation lead to the identification of systems
that are already chemically enriched (i.e., Maiolino et al. 2003). An alternative
approach is to identify and study unevolved galaxies in the local universe. Such
a sample are the blue compact dwarf galaxies (see the review by Kunth & Ostlin
2000).

Since its discovery by Zwicky (1966) and the seminal paper of Searle & Sargent
(1972), I Zw 18 has been studied extensively at many wavelengths. With an oxygen
abundance determined from the optical lines in Hi1 regions of 12+log(O/H)=7.17
(Skillman & Kennicutt 1993; Izotov & Thuan 1999), or ~1/30Z?, it has remained
the lowest metallicity BCD for over two decades until the recent study of the
western component of SBS0335-052 (Izotov et al. 2005; Papaderos et al. 2006),
which has slightly lower metallicity (12+log(O/H)=7.12). Distance estimates to
1Zw 18 range from ~10 Mpc (Hunter & Thronson 1995), ~12.6 Mpc (Ostlin 2000),
and up to ~15 Mpc (Izotov & Thuan 2004). Here we adopt a distance of 12.6 Mpc
(1”~61pc). 1Zw18 consists of two bright knots of star-formation, a northwest
(NW) component and a southeast (SE) one, together they form the “main body”
of the system. Both the NW and SE components contain numerous young star
clusters, with ages ranging from 3 to 10 Myr, but the age of the underlying stellar
population in I Zw 18 is still a matter of debate, with maximum ages ranging from
500 Myr to 5 Gyr (Aloisi et al. 1999; Ostlin 2000; Recchi et al. 2002; Hunt et al.
2003; Izotov & Thuan 2004; Momany et al. 2005). Approximately 22" northwest
of the “main body”, there is a blue irregular low surface brightness star-forming

region, called the “C component”, which is embedded in a common HI envelope

Nzotov & Thuan (1999) give 1/50Zs. Here, we use the new oxygen solar abundance of
12+1og[O/H]=8.69 (Allende Prieto et al. 2001), which results in a metallicity of 1/30Ze.
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(van Zee et al. 1998; Izotov & Thuan 2004).

It is well known that some BCDs are forming stars at a rate that can only
be maintained for ~1/10 of Hubble time given their store of available hydrogen.
SBS 0335-052E, which has a similar metallicity (12+log[O/H]|=7.31), is forming
stars at a high rate in dense compact regions (Houck et al. 2004b). 1Zw 18 is
forming stars at a slower rate in complexes which are diffuse and extended (Hunt
et al. 2005a). These differences have been attributed to different star-formation
modes. SBS0335-052E is in an “active” mode with relatively high star-formation
rate (SFR) in compact dense regions, while in IZw 18 star-formation occurs in a
“passive” mode in more extended regions with a relatively low SFR (Hirashita &
Hunt 2004).

In this paper, we present a detailed analysis of the infrared properties of the
“main body” of I Zw 18 based on the current deepest mid-IR spectra for this galaxy,
obtained using the infrared spectrograph (IRS, Houck et al. 2004a) on the Spitzer
Space Telescope (Werner et al. 2004). We also discuss the results of photometric
observations with IRAC (Fazio et al. 2004) and MIPS (Rieke et al. 2004) observa-
tions. We describe the observation and data analysis in §2. The Spitzer images and
spectra are discussed in §3, along with the observed morphologies and abundance
estimates. A discussion of the SFR of [ Zw 18 is given in §4 and we summarize our

conclusions in §5.
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6.2 Observations

6.2.1 Spitzer/IRS Spectroscopy

[ Zw 18 was observed as part of the IRS? Guaranteed Time Observation program
on 27 March 2004 using all four instrument modules. It was re-observed on 23
April 2005 with the short-low (SL) and long-low (LL) modules with increased
integration time to achieve a higher signal-to-noise ratio (SNR) over the 5 — 36 um
mid-IR continuum. A third even longer observation was made on 16 December
2005 with all four TRS modules. The target was acquired using the 22um (red)
peak-up camera in high-accuracy mode, and the details of the observations are
presented in Table 6.1.

The data were processed at the Spitzer Science Center (SSC) (pipeline ver-
sion 14.0). The two-dimensional image data were converted to slope images after
linearization correction, subtraction of darks, and cosmic-ray removal. Finally,
the data were co-added. In order to increase the SNR of the subtracted back-
ground for SL and LL, we combined the background observed in off-order and
off-nod positions. A detailed explanation for this method on faint source extrac-
tion can be found in Weedman et al. (2006). After subtracting the background,
the one-dimensional spectra were extracted from images with a script version of
the Spectral Modeling, Analysis and Reduction Tool (SMART, ver. 6.0.4, Hig-
don et al. (2004)). We used tapered column extraction starting from intermediate
pipeline product droop files, which only lack stray light and flat-field correction.
The data from short-high (SH) and long-high (LH) droop files used the full slit
extraction method from the mean of the combined images. We calibrated the flux

densities by multiplying the extracted spectrum with the relative spectral response

2The IRS was a collaborative venture between Cornell University and Ball Aerospace Corpo-
ration funded by NASA through the Jet Propulsion Laboratory and the Ames Research Center.
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Table 6.1. Spizer Observations of 17Zw 18

AORKEY Date Instrument On-source Time
(sec)

9008640 2004-03-27 IRS (SL) 84
IRS (LL) 120

IRS (SH) 240

IRS (LH) 120

4330759 2004-04-03 IRAC (3.6 um) 120
IRAC (4.5 pm) 120

IRAC (5.8 um) 120

IRAC (8.0 um) 120

4349184 2004-04-07 MIPS (24 pm) 48
MIPS (70 pm) 231

MIPS (160 pm) 42

12622848 2005-04-23 IRS (SL) 480
IRS (LL) 240

16205568 2005-12-16 IRS (SL) 2040
IRS (LL) 840

IRS (SH) 2880

IRS (LH) 1440
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function (RSRF), which was created from the IRS standard stars, HR6348 for SL,
HD173511 for LL and & Dra for SH and LH, for which accurate templates are
available (Cohen et al. 2003).

6.2.2 Spitzer Imaging with IRAC and MIPS

The galaxy was imaged at 3.6, 4.5, 5.8 and 8 um using IRAC on 3 April 2004,
as well as at 24, 70 and 160 pm using MIPS on 7 April 2004 (Engelbracht et al.
2005) (PID:59) (See Table 6.1). The IRAC high dynamic range mode was used
with a 4 point small cycling pattern of 30 seconds exposure time for each frame.
This resulted in an on-source time of 120 seconds for each IRAC filter. The MIPS
photometry mode was used in small fields with 1 cycle x 3 seconds at 24 pym and 2
cycles x 10 seconds at both 70 and 160 pm. Two offset positions (+12") were used
to allow proper subtraction of bad pixels. The total on-source times were 48, 231
and 42 seconds for the MIPS 24, 70 and 160 gm bands. The imaging data were
processed by the SSC pipeline version 14.0 and the final mosaics were obtained

from the Spitzer archive.

6.3 Results

6.3.1 Mid-IR Morphology

Many ground-based and space-born instruments have been used to obtain opti-
cal/UV to near-IR data for IZw 18 (Hunter & Thronson 1995; Aloisi et al. 1999;
Ostlin 2000; Cannon et al. 2002; Hunt et al. 2003; Izotov & Thuan 2004). Hunter
& Thronson (1995) first resolved the “main body” of I Zw 18 into stars using the

Hubble Space Telescope (HST). They have also detected filaments of ionized gas
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up to 450 pc from the center of the galaxy. Keck II spectra revealed Ha emission
as far as ~1800pc from the “main body” of 1Zw18. Izotov et al. (2001) have
also shown that the equivalent widths of emission lines are large in this extended
envelope. This, together with the optical and near-IR colors, suggests that ionized
gas dominates the emission in the outermost regions.

In Figure 6.1 we present images of the “mainbody” of 1Zw 18 in four infrared
bands (3.6, 4.5, 8 and 24 um). At 3.6 um, where most of the light is due to
the stellar photospheric emission, the morphology of 1Zw 18 is very similar to
that in deep near-IR imaging (Hunt et al. 2003) and broad band optical optical
imaging (Izotov & Thuan 2004). The NW component is noticeably more extended
and brighter than the SE one. At 8um the components are still clearly resolved
while the contrast in the brightness between the two components has decreased.
In normal star forming galaxies the emission sampled by the IRAC 8 um filter
is typically dominated by dust continuum, and PAH emission when PAHs are
present. Some continuum emission from the nearly Rayleigh-Jeans tail of stellar
photospheric emission may also be present, even though its contribution is typically
small in late type or irregular galaxies (see Smith et al. 2007). As we discuss in
the following section, no PAH features are detected in the IRS spectrum of [ Zw 18
down to our 10 ~0.2mJy sensitivity limit. To estimate the contribution of the
stellar continuum to the observed 8 um flux density we follow the approach of
Jackson et al. (2006) and apply a scale factor of 0.4 in the 4.5 ym emission from the
galaxy. This suggests that no more than ~25% of the 8 um flux can be attributed to
the stars (Engelbracht et al. 2005). This was also to be expected given the observed
steeply rising slope of the mid-IR spectrum. Therefore most of the “mainbody”
emission seen in the 8um band is due to dust continuum emission. Hence we

interpret this gradual shift in brightness from the NW to the SE component to
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Figure 6.1 IRAC 3.6, 5.8, 8 um and MIPS 24 ym images of I Zw 18 as observed by
Spitzer. The galaxy is resolved into a NW and a SE component at 3.6 um which
gradually become blended to a single extended source at 24 um. At the distance of
12.6 Mpc, 1” corresponds to ~61 pc. The image is centered on the optical centroid
of the galaxy (o =09°34'02.0”, 6 =55°14’28"). Note the change in morphology and
peak of the emission as the wavelength increases.
the probable presence of more embedded star formation in the SE component
which was obscured in the optical broad band imaging. Interestingly, while optical
recombination line ratios give an average extinction of only Ay~ 0.2mag, there
are also statistically significantly high Ha/HS flux ratios (~3.4, corresponding to
Ay~ 0.5mag) in the SE component (Cannon et al. 2002), suggesting the existence
of an appreciable amount of dust within the galaxy. Moreover, as can be seen
in Figure 6.2, there is some extended 8um emission, though at low levels, to the
west of the NW component. This emission has similar morphology as the radio
continuum emission detected in the X-band and L-band by Cannon et al. (2005)
and Hunt et al. (2005b), which has been attributed to low-frequency flux from a
synchrotron halo.

In Figure 6.2, we show contour overlays of the 8 um and 24 ym emission on the
HST V-band image of the “main body” of [Zw 18. At 8 um, the source is clearly
resolved into two components. The centroids of the two components, especially

the NW one, are slightly displaced from their optical counterparts. Moreover, this

displacement becomes even more pronounced at longer wavelengths. At 24 yum,
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Figure 6.2 a) Top: Contour overlay of the IRAC 8 um image on the HST/WFPC2
F555W image taken from the HST archive. The astrometric calibration of the HST
image has been derived using stars from the U.S. Naval Observatory Astrometric
Catalog B1.0, and is the same image as used in Hunt et al. (2005b). The contours
range from 40 (6=0.03 MJysr—!) above the sky level (1.40 MJysr~!) to the peak
value of 1.71 MJysr~!. The location of the IRS SL (3.6” in width) and LL (10.5")
slits, are also indicated with the dashed and dash-dotted lines respectively. Note
that due to the extent of the galaxy, and the fixed position angle of the slit, part
of both the NW and SE components are not fully covered by the SL slit. The size
of the PSF at 8 yum (1.8”) is also shown at the lower right of the panel. b) Bottom:
the same optical image with the contours of MIPS 24 ym emission (from 4o and
above). The size of the PSF is 5.4”.
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the two components are blended into a single source, the centroid of which is
located slightly closer to the SE region. This displacement is real and indicates
the presence of more 24 pym dust emission in the SE cluster. To confirm this change
in morphology we convolved the 8 um image to the ~ 5.4” size of the 24 ym point-
spread-function (PSF). Even though the resulting marginally resolved source is
also elongated in the SE to NW direction, the peak emission was further to the
NW than the peak of the 24um image. This suggests an actual change in the
spatial distribution of the various dust temperature components in the galaxy. In
Figure 6.2, we also overlay the IRS SL/LL slit on the image of the galaxy. As one
can see, since the SL slit is only 3.6” wide, some of the flux from both components
is not properly sampled, resulting in an underestimate of the extended emission
from the galaxy. However, because the spectrograph is not sensitive to the low-
surface brightness emission from the areas denoted by the lowest 8 um contours,
this does not bias our analysis of the global spectral properties of the system or

affects any of conclusions drawn.

6.3.2 Mid-IR Spectral Features

Figure 6.3 shows the 5.3-36 ym low-resolution spectrum of 1Zw 18 as observed by
the IRS. The SNR is ~3 times higher than that shown by Wu et al. (2006). As we
will discuss in §3.4, the global shape of the mid-IR spectrum, reveals that the IRS
spectrum of 1Zw 18 continues to rise steeply with wavelength from 5 pm all the
way to 36 um. This is unlike the case of SBS0335-052E (Houck et al. 2004b), the
third lowest metallicity galaxy to date, which has a nearly flat continuum peaking
at ~28 ym in f,.

The improved SNR of the new spectrum enables us to detect for the first time

several mid-IR forbidden lines. Fine structure lines, such as [SIV] at 10.51 pm

191



Q
o
o
&)
T

[SV] ]
~[Nell]? ]
[Nelll] ]

~[sH]

~.[owv]

S 10 15 20 25 30 35
Rest Wavelength (um)

Figure 6.3 Spitzer/IRS 5-36 pm low-resolution spectrum of 1Zw 18. No scaling
factors have been applied to stitch the different orders and modules. We indicate
several of the well known mid-IR fine structure emission lines, detected in the
spectrum (see also Fig. 4).
and [NellI] at 15.55 um can clearly be seen, even in the low-resolution spectrum.
Several additional forbidden lines, such as [Nell] at 12.81 pm, [SIII] at 18.71 and
33.48 um, as well as [Sill] at 34.82 um are identified in the high-resolution spectrum
(see Figure 6.4). [OIV] at 25.89 um and [Fell] at 25.99 um are blended in LL, but
clearly be resolved in LH. The line fluxes measured from the IRS high-resolution
spectrum are reported in Table 6.2. The observed line ratio of [Nelll]/[Nell] is ~ 5
and the ratio of [SIV]/[SIII](18.71 pm) is ~ 2. This indicates that the radiation field
in I Zw 18 is much harder than in a typical starburst galaxy, where [Nelll]/[Nell] is
usually < 1 (Brandl et al. 2006), and even harder than the majority of the BCDs
observed so far (Hunt et al. 2006; Wu et al. 2006).

As was the case with SBS 0335-052E, the 5-15 um spectrum of I Zw 18 does not
show any detectable Polycyclic Aromatic Hydrocarbon (PAH) emission. Using the

new mid-IR spectrum, we measure a 30 upper limit of 3.5x1072*Wem =2 for the
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Figure 6.4 Mid-IR fine structure lines of [SIV] (10.51pm), [Nell] (12.81pm), [Nelll]
(15.55pm), [SIII](18.71, 33.42um) [OIV] (25.89um), [Fell] (25.99um) and [Sill]
(34.82pm) from the high-resolution spectrum of I Zw 18. Note that the sky emission

has not been subtracted.
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Table 6.2. Fluxes and ionic abundances®

Arest Feature Obs. Flux® Nion/ Np°
10.51 [S V] 4.840.3 1.3x10°7
12.81 [Ne I1] 0.940.1 1.4x1076
15.55 [Ne ITI] 4.640.2 3.6x107°
18.714 [S 111] 2.340.2 2.8x1077
25.89 [O1V] 4.940.3 e
25.99 [Fe 1] 3.440.3

33.484 [S 111] 12.0+1.2

34.82 [Si 11] 15.841.8

?Only the abundances of ions used to calculate the
metallicities in this work are listed in this table.

In units of 107 erg cm 2571

“Ionic abundance relative to hydrogen.

dHere we use the [S ITI] at 18.71 yum when calculat-
ing the sulfur abundance because this line is in the SH
module and provides us a more reliable measurement as
compared to the 33.48 um line which is at the edge of the
LH module and is noisy.
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6.2 pm PAH feature, as well as an equivalent width (EW) of <0.23 ym. The 11.2 ym
PAH emission has an upper limit of 1.3x1072?Wem™2 and EW of <0.12 um. The
decreasing strength of the PAH features in low metallicity environment is a current
topic of interest (see Engelbracht et al. 2005; Wu et al. 2006; O’Halloran et al.
2006; Jackson et al. 2006; Madden et al. 2006; Beirao et al. 2006). The exact
reason why PAHs tend to be absent in low-metallicity, high-excitation star-forming
regions is not yet clear, although it almost certainly has to do with a combination
of several effects, such as low carbon abundance, shock destruction of grains by
supernovae, high ionization or excitation resulting from low metallicity and/or

extreme radiation field intensity.

6.3.3 Neon and Sulfur Abundances

The fine-structure lines of sulfur and neon measured in the high-resolution spec-
trum can be used to derive the ionic abundances relative to hydrogen. To derive
these abundances one needs at least one hydrogen recombination line (usually Hf3),
as well as an estimate of the electron temperature (T.) and electron density (N.).
The Hf fluxes for 1 Zw 18 reported in the literature often correspond to small re-
gions of the galaxy or of one of the two components. The IRS SH slit from which
the IR lines were measured contains part of both components. We derive the Hf
flux from the thermal component of the 3.6 cm continuum (Cannon et al. 2005),
which is not affected by extinction effects and encompasses the entire “main body”.
The SH slit includes ~52% of the total HG emission and this gives an HS flux of

2571, The reported electron temperatures in the literature range

6.1x10~ Hergs cm™
from 18000 to 20000 K for O II and O III (Skillman & Kennicutt 1993; Izotov
& Thuan 1999; Thuan & Izotov 2005; Shi et al. 2005), with a slightly lower value

for S 11 (T, ~15500 K). The infrared lines are less sensitive to T, and here we
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adopt an average temperature of 19000 K. An electron density (N,) of 100 cm™3
was assumed (Shi et al. 2005; Izotov & Thuan 1999). Using the above quantities
and resolving the population of the levels for each ion, the ionic abundances can
be derived (see Bernard Salas et al. (2001), their eq. 1).

The calculated ionic abundances are presented in Table 6.2. The elemental
abundances can be obtained by adding the contribution of each ion. In the case
of neon, only Ne IT and Ne IIT are observed. The presence of O IV suggests that
some Ne IV may be present. Assuming that the contribution of Ne IV is 10% of
that of Ne IIT as has been found in some planetary nebulae (PN3, Bernard-Salas
et al. (2003)), the total neon abundance is 5.3x107%, which is 1/23 Z. Similarly,
adding up the ionic abundance of S IIT and S IV, the total sulfur abundance is
4.0x1077, which is 1/35 Zs. However, this might be a lower limit because sulfur
abundance as derived from galactic planetary nebulae and HII regions is lower than
the solar sulfur abundance (Pottasch & Bernard-Salas 2006; Maciel & Costa 2003),
probably due to an overestimate of the solar value. Comparing directly with the
ionic abundance from the optical (Izotov & Thuan 1999), our Ne III abundance
is nearly twice as high while S III abundance agrees quite well. The difference
in Ne IIT could come from the electron temperature that is used to derived the
ionic abundance. The optical is more affected by the change in temperature as
compared to the infrared. Lowering T, from 19000 K to 15000 K would double
the Ne III abundance derived from the 3869A line. It is known that in some PN,
the temperature obtained from the Ne III ion is lower than that from the O III
(Bernard Salas et al. 2002). Another possible explanation is that there are some
regions with dust obscuring the optical emission lines. Overall, the neon (1/237Z)

and sulfur (1/35%Z) abundances we derive using the infrared lines are consistent

3The high excitation and densities in BCDs are a closer match to PN than the typical H 11
regions found in normal starburst galaxies.
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with the nebular oxygen abundance (1/30Z), which supports the low extinction

(Ay=0.2mag) derived from hydrogen recombination lines by Cannon et al. (2002).

6.3.4 Comparison with SBS 0335-052E and NGC7714

[Zw 18 and SBS0335-052E share some properties but are very different in other
aspects. Perhaps the most salient difference between their spectral energy distribu-
tion (SED) is the fraction of their luminosities emitted in the IR. Using the 15 ym
and 30 um flux densities of [ Zw 18 and applying an empirical relation in starburst
galaxies (Brandl et al. 2006), we derive Lig=1.8x10"M,. While SBS 0335-052E
has Lig ~ 10° Ly, and Lig/Lp ~ 1.3, IZw 18 has Lig ~ 107 Ly and Lig /Lp ~ 0.3;
the relative infrared luminosity is a factor of 4 times greater in SBS0335-052E.
Another important difference in the infrared SEDs of I1Zw 18 and SBS 0335-052E
is the peak wavelength of the SED. The SED of SBS 0335-052E peaks at ~28 ym in
f space (Houck et al. 2004b), indicating very little cold dust. 1Zw 18 has a clear
detection of 34+2.4mJy at 70 pum(Engelbracht et al. 2007, in preparation), and
the ratio of f7/fy4 is more than a factor of 5 while the same ratio in SBS 0335-052
is less than 1. This suggests that contrary to SBS 0335-052E, which is a similarly
low metallicity BCD, there is a significant amount of cold dust in 1Zw 18.

We can further compare the properties of 1 Zw 18 with higher-luminosity and
more metal-rich starbursts. In Figure 6.5, we present the spectra of 1Zw 18 and
SBS 0335-052E, together with a typical starburst galaxy, NGC7714 (Brandl et
al. 2004), all of which have been normalized to the flux density of 1Zw 18 at
22 pm. Setting aside the strong PAH emission features present in NGC7714, there
is a striking similarity between the mid-IR continuum of 1Zw 18 and NGC7714,
although the latter has a metallicity of more than half solar. At short mid-IR

wavelengths (A <10pm), the warm dust component dominates and it does not
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Figure 6.5 The mid-IR spectra of 1Zw 18, SBS 0335-052E and NGC7714 between
5-36 pm. The spectra have been normalized to the flux density of I Zw 18 at 22 pum.
SBS 0335-052E stands out as having a very flat continuum in the mid-IR, indicating
there is much less cold dust in this galaxy. [Zw 18 and NGC7714 display a striking
resemblance in this wavelength range.

change much even for an extended starburst galaxy (Brandl et al. 2006). At longer
wavelengths, emission from larger cooler grains is dominant. After normalization
at 22 um, the 70 pm flux of 1Zw 18 differs less than 20% when compared to the
70 pm flux of 9.53 Jy (Engelbracht, private communication) or the TRAS 60 um
flux of 11.16 Jy for NGC7714. Figure 6.5 suggests that similarly low metallicity
galaxies can have both very flat or very steep spectral slope, while in the latter
case, the spectral slope can be as steep as that of a typical starburst. This leads
us to conclude that metallicity is not the main parameter driving the difference in
the shape of the mid-IR spectral slope (Wu et al. 2006) and the infrared part of
the SEDs.

Based on the new Spitzer measurements of the mid- and far-infrared emission

from I Zw 18 one could in principle attempt to model the global SED of the galaxy.
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Table 6.3. Star Formation Rate Estimates of [ Zw 18

SFR indicator SFR Reference 2
(Meyr™1)
Lo 0.05 (1)
Lua© 0.03 (2)
L1k 0.003 (3)
. 0.006 (4)
Lirioy 0.02 (5)
Lthormal 0.1 (6)
Lnon—thormal 0.03 <6>

2References: 1) Kennicutt et al. (1994), 2) Lee et
al. (2002) 3) Kennicutt (1998) 4) Wu et al. (2005)
5) Bell et al. (2005) 6) Condon (1992).

PNot corrected for low-metallicity effects.

¢After correcting the low-metallicity effects.

We did explore this avenue using modelling tools such as DUSTY (Ivezi¢ et al.
1999), but with only limited success. The complex geometry of IZw18 and the large
number of free parameters in the available models prevented us from significantly
constraining the physical conditions of the dust. We thus refrain from elaborating

on these results until more data are available.

6.4 Star Formation Rate in I Zw 18

Deriving the star formation rate in nearby galaxies from various observational
indicators and understanding the possible variations in the results is extremely
useful for “predicting” the properties of high-redshift galaxy populations, where
only sparse data are available. Using the available data, we calculated the SFRs

of IZw 18 from different indicators and we present our results in Table 6.3.
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The SFR estimated from the Ha luminosity gives a value of 0.05 Moyr—! (Ken-
nicutt et al. 1994; Cannon et al. 2002). However, [Zw 18 has only 1/30Zs and
lower metallicities may result in a reduced SFR for a given Ha luminosity (Lee et
al. 2002; Rosenberg et al. 2006). Using the metallicity correction recipe of Lee et
al. (2002), the SFR would be ~0.03 Mgyr—.

The radio continuum emission is another important diagnostic of star-formation
process and it is not affected by dust extinction effects. The thermal free-free emis-
sion is a direct indicator of SFR and it is typically only ~10% of the total radio
continuum at 1.4 GHz for normal galaxies (Condon 1992). However, in [ Zw 18, the
fraction of thermal component is three times the typical value (~30%: Hunt et al.
2005b; Cannon et al. 2005). Using the relation between radio free-free emission and
SFR, we derive a SFR=0.1 Myyr~! (Hunt et al. 2005b). The non-thermal compo-
nent of the radio continuum can also be used to calculate SFR and we derive a SFR
of 0.03 Moyr~—! (Condon 1992), a factor of 3 lower than the thermally-derived SFR.
This difference is a direct consequence of the unusual value of the “thermal/non-
thermal” fraction in I Zw 18. This is an important caveat that should be considered
when applying the standard correlations, which have been established for normal
star forming galaxies, in very young low-metallicity systems.

Finally, the SFRs estimated from the infrared are significantly lower. Using the
total infrared luminosity of 1.8x 107 L, we derive a SFR=0.003 Moyr~! (Kennicutt
1998), while using the 24 ym emission, we find that SFR=0.006 Moyr~! (Calzetti et
al. 2005; Wu et al. 2005). This is probably because the dust content in I Zw 18 is so
low while the above relations have been calibrated for sources of high optical depth,
where virtually all of the UV radiation is converted to infrared luminosity. A simple
calculation using the reddening curve of the Small Magellanic Cloud assuming an

Ay=0.2 mag suggests that a significant amount of UV light has leaked out without

200



being absorbed by the dust, thus the lower SFRs estimated from the infrared are
not unexpected. The readers should be aware of these complications when applying
the canonical infrared relations for estimating the SFR in environments with low
dust optical depth. If we were to assume that Lz accounts for the bolometric
luminosity of the obscured populations while Lyy (Kinney et al. 1993) represents
the contribution of the unobscured stars, and use the eq.1 of Bell et al. (2005)%,
we find a SFR of 0.02Mgyr~!, more consistent with the SFRs derived using the

Ha or radio luminosities.

6.5 Conclusions

We have explored the mid-IR and far-IR properties of the archetype BCD [Zw 18
based on Spitzer data:

1.Using the low-resolution modules of the IRS, we have acquired the deepest
mid-IR spectrum of this galaxy obtained so far. No PAH emission is found which
confirms the absence of PAHs in low metallicity systems. However, the mid- to far-
IR spectral slope of 1 Zw 18 is surprisingly similar to NGC7714, a typical starburst
galaxy with half solar metallicity. This, especially the MIPS 70 um detection,
would suggest the presence of a significant amount of cold dust in [ Zw 18.

2.Variations in the morphology of the galaxy from 3.6 to 24um imaging imply
that more dust emission is present in its SE component than in the NW one. This
agrees well with the results of Cannon et al. (2002).

3. The mid-IR fine-structure lines identified in the high-resolution spectrum
of IZw 18 imply a neon and sulfur abundance of 1/23 and 1/35 Zg respectively,
consistent with the optically derived oxygen abundance of 1/30Z,.

4. Estimates of the star formation rates calculated from different indicators

4SFR=9.8x10"!! (Lir+2.2 Lyv)
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show considerable scatter. Lig and Losum give lower SFRs when compared with
results using Ha or Ly 4qn,, probably because the low dust content in this galaxy
can only convert a small fraction of the UV radiation emitted by stars into Lig.
This should be considered when interpreting star formation rates derived for high-
redshift low metallicity galaxies.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

The research presented in this thesis is aimed at understanding the general physics
of low metallicity star-forming galaxies, the blue compact dwarfs. This is for the
first time, a large sample of BCDs can be studied systematically in the infrared,
inspecting their properties in many different aspects, thanks to the unprecedented
sensitivity of the Spitzer Space Telescope.

The Polycyclic Aromatic Hydrocarben emission in BCDs

The superb sensitivity of the IRS on board Spitzer has provided us a wonderful
tool to investigate the PAH features in low-metallicity environment. PAHs have
been found ubiquitously in many types of objects, such as galactic HII regions, re-
flection nebular, star-forming galaxies, etc. PAH emission is prominent in starburst
galaxies, however, it is missing in the extremely metal poor BCDs, SBS0335-052E
and 1Zw18. Whether the absence of PAH molecules in metal-poor environment is
due to a deficit of carbon atoms, the intensive UV radiation field, or some other
effects, is still not proven. We obtained high quality 5—36 um low-resolution spec-
tra for 12 BCDs using IRS, and measured the equivalent widths (EWs) of PAH
features at 6.2, 7.7, 8.6 and 11.2 um, which later were used to correlate with sev-
eral physical parameters of the galaxies. We found that the strength of the PAH
emission varies in the environment of BCDs and is best represented by a combi-
nation of formation (characterized by metallicity) and destruction (described by
the hardness and the intensity of the interstellar radiation field) effects (Wu et al.
2006).

Elemental Abundance Determination with the IRS

As we have mentioned in the introduction chapter, even though BCDs are

defined based on their morphological properties, the majority of them are found
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to have low, sub-solar metallicities. Since the low elemental abundances are an
important charactersitics of BCDs, an accurate determination of abundances is
critical for studying these objects. The infrared fine structure lines can be used to
derive the elemental abundances. The infrared observations are much less affected
by extinction effects, thus allowing us to probe the dust enshrouded regions in
galaxies. The fine-structure lines are also less sensitive to the uncertainties in the
electron temperatures as compared to the optical. The most important ionization
stages of neon and sulfur are available in the infrared, thus avoids the need of
ionization correction factors. For the 13 BCDs we studied using IRS high-resolution
spectroscopy, the neon and sulfur abundances correlate very well with each other.
Overall, the infrared and optical derived elemental abundances also agree well,
though neon is slightly higher than the optical values (Wu et al. 2008a). This
indicates that either the metallicities of the dust enshrouded region are similar to
the optically accessible regions, or that if they are different they do not contribute
substantially to the total infrared emission of the host galaxy:.

IR /radio Correlation in Low luminosity Galaxies

The FIR/radio correlation is well-known to be ubiquitous among late type
star forming galaxies as revealed by the IRAS mission (Helou et al. 1985; Condon
1992). However, little could been done for low luminosity systems (Hopkins et
al. 2002). Recently, a number of deep Spitzer mid-IR and FIR surveys can now
probe a population of galaxies with low infrared luminosities, for which ancillary
data including deep radio imaging are becoming available. We have compiled a
sample of 28 low luminosity star forming dwarf galaxies and studied the IR/radio
correlation in these sources (Wu et al. 2008b). We found that BCDs follow the
same mid-IR /radio and FIR/radio correlation typical of normal galaxies, though

the scatter in the ratio of log(fas/f1.4cn,) is significantly higher than the dispersion
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in the FIR /radio correlation, which we attribute to the higher intrinsic variation
in the 15~30 um SEDs of dwarf galaxies. Moreover, the star formation rates
(SFRs) estimated from the radio and mid-IR data are in good agreement. This
indicates that in these low metallicity systems, the competition of the lower dust
content and the suppressed synchrotron emission balance each other and results
in underestimating the SFRs by similar factors (Bell 2003).

Future Work

Using Spitzer observations, we have found that the strength of PAH emission
varies subtantially in metal-poor environment, and it is probably due to a com-
bination of formation and destruction effects, however, the exact constraints on
these parameters are not clear yet due to the limited amount of data available
in the early of the Spitzer mission. Now a much larger sample of low-metallicity
star-forming galaxies have been observed by Spitzer in the past five years, and
in addition to that, data on individual HII regions in star-forming galaxies have
been collected or being collected from Spitzer Legacy surveys, such as the SING
and LVL. This will allow us to investigate and quantify the impact of different
physical parameters, thus leading to a better understanding to the abundance of
PAH features in metal-poor galaxies.

Another problem that still remains unsolved is what triggers the star formation
in BCDs. An intriguing explanation is the galaxy merging scenario. An interaction
with another galaxy or HI cloud ignites the star formation in one BCD, which
is the one that have been captured by us now, while the other companion still
remains quiescent. This has been suggested for SBS03350-052, of which the eastern
component is strongly forming stars, while the western component is extremely
faint and only become detectable recently with deep optical spectroscopy. While

(?7) have suggested that the majority, perhaps as many as 80% or more of the BCDs
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are involved in interactions, only a small fraction of them display clear tidal tails
and other obvious distortions characteristics of larger scale mergers. I suggest taht
identifying companions of BCDs via deep imaging and calculating the correlation
function may provide an answer to the merger hypothesis for the star formation
in BCDs.

In the next few years, several new instruments will be launched. The HER-
SCHEL Space Telescope is scheduled to fly in sping 2008, which will extend our
capability of obtaining IR spectrsocopy to the far-infrared wavelengths. The James
Webb Space Telescope will be launched in 2013, providing better sensitivity as well
as better spatial resolution in the mid-infrared. A new era for studying the BCDs

in the infrared is yet to come !
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