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Abstract

In this dissertation, I use infrared spectral maps of star-forming regions to explore
the circumstances of star formation in the centers of cool-core galaxy clusters. Using
Spitzer's IRS and MIPS instruments, we present a rich spectral map of the nearest
super star cluster, 30 Doradus, which acts as as a laboratory for extreme modes of
star formation. Photoionization from local hot stars dominates in the region. We
present IRS spectra based on sparse spectral maps of BCGs in nine cool-core galaxy
clusters. Eight of the nine targets show optical and ultraviolet evidence of star forma-
tion. We compare MIR indicators of obscured star formation to evidence of exposed
star formation. We find that the BCGs have weaker thermal dust continuum emis-
sion than expected for normal star-forming galaxies, relative to several metrics. In
six of the targets, we find that star formation is progressing in an unusually exposed
environment, consistent with a model of extended filaments with fine substructure
containing star-forming knots. Two other galaxies in the sample evidently have vig-
orous star formation in a normal disk or nuclear starburst. The efficiency of star
formation is high, assuming that the cooling gas is the source of fuel. We find tem-
peratures and masses of the warm H, and contrast with other luminous sources of
Hy associated with shocks. We find that star formation powers the PAH and dust
emission, but another source of heat (perhaps associated with the surrounding hot
ICM) is responsible for the molecular gas emission in the galaxies in at least some
targets. We consider shocks and energetic particle heating for the Hy. There are
inconsistencies between our data and the type of shocks that power other MOHEGS,
and our data are consistent with the particle heating model, but we do not rule out

shock heating.
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General Introduction
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Though stars make up less than one percent of the mass-energy budget of the
Universe, star formation has a fundamental impact on the evolution and morphology
of astronomical systems at all size scales, from the details of how a molecular core
fractures into nascent solar systems, to the enrichment of the interstellar medium, up
to the mechanics that help to regulate enormous cool core galaxy clusters.

The study of star formation is an active and changing field. While star formation
leaves its signature across the electromagnetic spectrum, two major windows into its
processes are in the optical / ultraviolet and infrared electromagnetic bands. The
optical and ultraviolet evidence of star formation includes the distinctive continuum
light profile of young, hot stars and narrow line emission from hydrogen gas ionized
by the light of the newborn stars. Optical wavelengths are easily accessed from the
ground, and space-based missions have expanded the ultraviolet study of star forma-
tion. The optical and ultraviolet wavelengths, however, are extremely vulnerable to
attenuation from intervening material. Considering that star formation occurs within
dark molecular cores, some absorption is inevitable. In active, embedded starbursts,
the optical and ultraviolet light of the young stars can be almost completely absorbed
by the clouds of gas and dust.

The infrared regime offers several major advantages in the study of star forma-
tion. The grains of dust or aromatic molecules that enshroud the star-forming regions
effectively absorb the optical to FUV light of hot young stars. Large dust grains in
thermal radiative equilibrium absorb most of the high-energy light, re-radiating the
energy as a thermal infrared continuum at long wavelengths (~ 20 — 1000 pm).
Smaller dust grains and molecules are stochastically heated when they absorb in-
dividual high-energy photons. Temporarily reaching temperatures between 100 and

1000 K, they emit continuum and broad line emission at short to intermediate MIR
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wavelengths (~ 5 — 20 pm). The missing light from the optical and ultraviolet bands
can be recovered by studying star-forming regions in the infrared. Hot young stars
also ionize atomic gas and excite molecular hydrogen, giving rise to a range of inter-
esting and useful transitions in the mid-infrared.

The infrared band, a double-edged tool, has a second major advantage in that gas
and dust are also poor absorbers of infrared light. The distinctive profile of infrared
absorption can allow an observer to distinguish whether a source of light lies in front
of or behind a cloud of dust, or even to distinguish whether the source is completely
unrelated to star formation. However, when high-energy light is reprocessed into
infrared emission by dust, it is generally able to escape unhindered, allowing an
observer to stare into the dark heart of a molecular core and find the stars being born
there.

The Spitzer Space Telescope, launched in 2003, threw open a window into the
infrared world. The near-infrared bands can be observed from the ground, but the
atmosphere absorbs most mid- and far-infrared light. The new satellite telescope
greatly improved upon the sensitivity of earlier missions, permitting sophisticated
analysis of the infrared properties of large surveys of objects ranging from bodies in
our own solar system to nearby star-forming regions to galaxy clusters. In particular,
the Infrared Spectrograph (IRS), available during Spitzer’s cold mission from 2003 to
2009, offered sensitive spectroscopy of the active 5 - 30 ym band. Its mapping mode
allows the construction of spectral maps giving detailed spectroscopic information
across a region, a powerful tool for spatially resolving the complex processes that
contribute to infrared emission.

The wavelengths accessed by the IRS cover a wealth of spectroscopic indicators.

These include:
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e Thermal emission from warm dust grains, heated by (and yielding clues about)

star formation or the light from an active galactic nucleus (AGN);

e Broad, complex bands of emission from aromatic molecules heated by star for-

mation or diffuse galactic light;

e Narrow emission lines of atomic gas which offer information about the conditions
under which the gas was ionized, such as the hardness of the radiation field
shining upon the gas (which can indicate the age of recently formed nearby

stars), or the density of the gas, or the violent presence of an AGN;

e A series of narrow emission lines from the rotational modes of molecular hy-
drogen, the most abundant molecule in the Universe, tracing the processes that
heat the molecules. These might include star formation, shocks, or interaction

with an AGN jet and the surrounding hot gas.

1.1 Parts of the Thesis

In Chapter 2, we construct a rich spectral map of the 30 Doradus star-forming region,
the massive complex that dominates the Large Magellanic Cloud. Nearby and easily
studied, 30 Doradus provides a laboratory to study the processes of star formation
in detail, and acts as a bridge between the smaller star-forming regions distributed
in the disk of our galaxy and large, extreme forms of star formation in the more
distant universe. Star formation processes in 30 Doradus are potentially a template
for the early universe, where small irregular galaxies were commonplace and the
overall metallicity lower. We use the strong low to moderate ionization emission lines
that dominate the spectra to analyze the physical conditions in the ionized gas, as

well as studying other features like regions of high extinction.
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In Chapter 3, we present Spitzer IRS spectra based on sparse spectral maps of a
sample of nine brightest cluster galaxies (BCGs) residing in cool-core galaxy clusters.
Galaxy clusters have deep gravitational potential wells, dominated in mass by dark
matter and a diffuse halo of the X-ray-emitting intracluster medium (ICM) at millions
of degrees K. The BCGs at their cores are large ellipticals which generally do not
exhibit signs of active star formation. However, about half of nearby galaxy clusters
have low central entropy, allowing the cooling time in the center of the galaxy to
fall below the age of the cluster. The inner mass of the ICM begins to contract
under the overlying pressure, and radiates away its heat. Unchecked, it would quickly
condense onto the BCG in a cooling catastrophe, fueling large rates of star formation.
Evidence demonstrates that there is a remarkably efficient feedback process, not fully
understood but probably linked to cooling-fueled jets from the AGN, to maintain
the gas at a high temperature and prevent major cooling. Radio jets carving out
X-ray cavities are a common feature of cool core BCGs, as demonstrated by the cover
page image of Hydra A (citation above). While most of the gas is maintained in a
hot state, 10% is able to cool down and provides fuel for star formation, which is
measured in optical and ultraviolet light in 70% of cool core BCGs, and in eight of
our nine targets (see Chapter 4). Cool core BCGs are undergoing active study in
X-ray, radio, optical/UV, and infrared fields. The spectacular filamentary networks
of ionized gas and warm Hs emission detected in the nearer, better-resolved systems
are of particular interest. We seek to expand the understanding of star formation
in BCGs by studying them in infrared light. We expect to find high rates of star
formation based on infrared evidence, considering that the optical and ultraviolet
evidence represents only the amount of light able to escape from star forming regions

which may be deeply embedded.
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We find most of the BCGs to have strong emission from low-ionization atomic
and rotational molecular hydrogen lines. We measure emission from dust and PAH
features and, and analyze the properties of the material emitting these separate spec-
tral components, and the character of their heating sources. We model the spectra
with a set of simulated time-averaged starburst spectra.

In Chapter 4, we expand upon the analysis of the IRS spectra of the cool core
BCGs, focusing on the indicators of star formation activity. We review the conclusive
optical and ultraviolet evidence that star formation is actively occurring in these
targets. We analyze the MIR features, including the low-ionization atomic emission
lines, the PAH emission, and continuum emission, to obtain information about the
extinction, excitation levels, and temperature of the infrared-emitting material. We
derive star formation rates from a variety of mid-infrared features (atomic line, PAH,
and continuum emission) and compare with existing estimates in an attempt to refine
the overall rate and character of star formation occurring in these targets. We use the
relative strengths of the star formation rate indicators as a metric of the relative power
of each component of the spectrum. We calculate the efficiency of star formation in
these targets relative to the cooling rate, which nominally provides most of the fuel
for star formation.

Finally, in Chapter 5, we analyze the extraordinarily luminous pure rotational
emission lines of Hy. The most abundant molecule in the universe, composing the
dense molecular clouds inside which normal star formation takes place, is nearly
invisible. It can be directly studied in distant targets, however, when it is heated
up to temperatures between 100 and 2000 K by the processes of star formation, in
shocked regions, or potentially by some of the heating processes that act in a cool

core galaxy cluster BCG. Hy gas may exist in a filament morphology in these sources,
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dredged out of the core of the BCG by the jets from the AGN and magnetically
supported in a complex thread structure. In such a morphology, the Hs is vulnerable
to an array of heating sources which may also include shocks, or cosmic rays from the
hot radio lobes, plasma waves, or conduction from the surrounding hot ICM.

We perform excitation analysis to find temperatures and masses of warm Hs, and
compare to other luminous sources of warm Hs emission. We contrast with other
MOHEGS, in which Hs is generally heated by shocks, and consider whether shocks or
saturated conduction from the ICM are more likely to heat the Hy in the filaments.
We test the efficiency of the Hy heating relative to the power of star formation and

relative to low-ionization emission, and discuss the source of heat for the H,.

1.2 Explanation of Credit

The thesis comprises four major chapters, as well as a general introduction and con-
clusion. Each chapter is intended to stand alone as a refereed publication. In this
letter, I explicate my contributions. While I have major contributions to each chap-
ter, all of which played a significant role in my development as a scientist, the last two
chapters are the ones in which the scientific analysis and writing should be considered
primarily my work.

Chapter 2 appears as Indebetouw et al. (2009). As the second author, I prepared
the IRS spectral map of 30 Doradus, wrote the data reduction sections including the
appendices, prepared many of the figures, created the Humphreys extinction map,
and performed and wrote much of the extinction analysis. In addition to advising
me on that work, the first author reduced the MIPS cube, performed almost all of
the analysis, particularly the analysis of the ionized conditions in 30 Doradus, and

wrote the majority of the paper. The paper benefited significantly from the SAGE



collaboration and the contributions of co-authors.

I have also participated in subsequent collaboration on this work, including serving
as a fourth co-author and editor for Martinez-Galarza et al. (2011, accepted), which
employs the reduced MIR spectral map of 30 Doradus as a test case for Bayesian
models of starburst SEDs based upon the Groves et al. (2008) models.

Chapter 3 appears as Donahue et al. (2011). As the second author, I prepared
the IRS spectra of cool core galaxy cluster BCGs and the extracted feature strengths
and other measurements of the spectra. I prepared several figures and tables. I wrote
the observations and data analysis section, which received major revision from the
first author. I contributed revision, editing and close discussion throughout the paper.
The first author performed most of the writing and analysis, as well as closely advising
my work. The third author, R. O’Connell, served as the primary advisor to my work
as well as working closely with us on the content. Co-author A. Hoffer prepared the
IRAC and MIPS broadband photometry, which plays a key role throughout Chapters
3 and 4. Additional co-authors contributed discussion and review.

Chapters 4 and 5 will be submitted for publication shortly, appearing under my
name. They are primarily my work, with major help from the second author (R.W.
O’Connell) who served as the primary advisor as well as contributing some of the
writing for Chapter 4. The thesis committee and co-authors offered significant and
helpful feedback. In particular for Chapter 4, co-author B. McNamara provided
evidence and discussion of optical and UV evidence for star formation, and co-author

M. Donahue consulted throughout upon this work.



Chapter 2

Physical Conditions in the Ionized
Gas of 30 Doradus
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2.1 Abstract

We present a mid-infrared spectroscopic data cube of the central part of 30 Doradus,
observed with Spitzer’s IRS and MIPS/SED mode. Aromatic dust emission features
are well-detected but not particularly strong. Also present are emission lines of Si
IT, molecular and atomic hydrogen. The dominant spectral features are emission
lines from moderately ionized species of argon, neon, and sulphur, which are used
to determine the physical conditions in the ionized gas. The ionized gas excitation
shows strong variations on parsec scales, some of which can plausibly be associated
with individual hot stars. We fit the ionic line strengths with photoionization and
shock models, and find that photoionization dominates in the region. The ionization
parameter U traces the rim of the central bubble, as well as highlighting isolated
sources of ionization, and at least one quiescent clump. The hardness of the ionizing
radiation field T4 reveals several “hot spots” that are either the result of individual
very hot stars or trace the propagation of the diffuse ionizing field through the sur-
rounding neutral cloud. Consistent with other measurements of giant H II regions,

log(U) ranges between -3 and -0.75, and T,,4 between 30000 and 85000K.

2.2 Introduction

The 30 Doradus region of the Large Magellanic Cloud (LMC) is an ideal labora-
tory in which to study the effect of massive star formation and its feedback on the
circumcluster interstellar medium (ISM). Star formation processes in the Magellanic
Clouds are potentially a template for the early universe, where small irregular galaxies
were commonplace and the overall metallicity lower. In particular, the star forma-

tion rate measured relative to molecular mass may be high in the LMC compared to
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our Galaxy, but that measurement is complicated by interpretation of CO data in
molecular clouds that are known to be more porous and deeply penetrated by ultra-
violet radiation, and an uncertain CO-Hy conversion factor (e.g. Poglitsch et al. 1995;
Bernard et al. 2008).

30 Doradus itself, the brightest star formation region in the LMC, contains several
105 My, of molecular hydrogen traced by ?CO(1-0) (Johansson et al. 1998), much of
which is in two elongated clouds that form an arc or ridge in the center of the nebula
(see Figure 2.1 for a multiwavelength view and Figure 2.2 for the distribution of
CO). That molecular material is probably only the remnant of the cloud that formed
the central cluster and thousands of OB stars. Observations of higher energy CO
transitions suggest that this remnant ridge of molecular gas is quite warm and dense
(Kim 2007), and near-infrared observations have revealed that it is actively forming
new stars (Hyland et al. 1992; Rubio et al. 1998; Maercker & Burton 2005)

The dominant star-forming cluster of the 30 Doradus HII region is NGC 2070,
whose dense center, R136, is usually considered the nearest super star cluster (SSC).
R136 contains 39 O3 stars, a total stellar mass of ~5 x 10* My within 2.5 pc, and
stellar densities exceeding 5 x 10* Mgpc™ (Hunter 1999; Walborn 1991). Extra-
galactic SSCs are the hosts of one of the most extreme modes of star formation in the
universe, may develop into globular clusters, and play a key role in galaxy formation
(Johnson 2004). At a distance of 50+2.5 kpc (see discussion of the LMC distance
and uncertainty in Schaefer 2008), 30 Doradus is close enough to study at the parsec-
scale resolution that is required to understand the formation and feedback effects of
individual stars, and a prime target for detailed study of the same mechanisms which
operate in more distant and massive SSCs.

Observations at mid-infrared (MIR) wavelengths offer several advantages for study-
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ing star formation and its interaction with circumcluster dust and gas. MIR (here
roughly defined as 5-50 pm) continuum emission is generally dominated by radiation
from very small dust grains (VSGs); the broad shape of the continuum is sensitive to
the VSG size and temperature distribution, and hence indirectly to the radiation in-
tensity in photon-dominated regions, and to the destruction of smaller grains as would
be expected above 2000K and in H IT regions. Broad (~1 pm) dust emission features
are also present between 3 and 19 pm. These previously named “unidentified infrared
bands” result from distortion (bending, stretching) modes of aromatic molecules con-
taining tens to hundreds of carbon atoms. (Most features have been attributed to
polycyclic aromatic hydrocarbons, PAHs, but unique astrophysical identification is a
work in progress). Analysis of relative strengths of PAH features reveals their size and
ionization state which is expected to change in intense radiation fields. Extinction by
dust in the infrared is low compared to other wavelength regimes. Observations in the
MIR can pierce cold molecular clouds and reveal the star-forming regions that they
shroud. There are two major bands of absorption by silicate dust at 9.7 and 18 pm,
whose shape and strength provide further diagnostics of the dust in the region. Mid-
infrared (MIR) spectroscopy of the entire 30 Doradus region with ISO-SWS (Sturm
et al. 2000) revealed a continuum-dominated spectrum with very weak silicate ab-
sorption and also only modestly strong aromatic emission features. The 4 spectra
taken in 30 Doradus with ISOPHOT (Vermeij et al. 2002) similarly show low ratios
of PAH strength to IR continuum.

The most recent and sensitive MIR continuum observations of the Magellanic
Clouds were obtained as part of the Spitzer (Werner et al. 2004) Legacy program
“Surveying the Agents of a Galaxy’s Evolution” (SAGE), using IRAC (3-8 pum; Fazio
et al. 2004) and MIPS (24-160 um; Rieke et al. 2004). The goals of SAGE are to
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conduct a detailed study of the dust processes in the ISM, to complete a census
of newly formed stars in order to find the star formation rate in the LMC, and to
study evolved stars with high mass loss rates in order to determine the rate of mass
injection into the ISM (Meixner et al. 2006). Figure 2.1 places the MIR emission from
30 Doradus in its multiwavelength context. 8 pm emission traces the same arc-shaped
ridge seen in the optical, delineating the edge of a bubble probably blown by R136
and filled with hot X-ray emitting plasma. The remaining molecular material in the
region is also located in that ridge.

This paper presents a new spatially filled spectral cube of 30 Doradus with the
low-resolution modules of Spitzer/IRS (Houck et al. 2004) and with the SED mode
of Spitzer/MIPS (Ricke et al. 2004; Lu et al. 2008). The sensitivity of this dataset
greatly exceeds the previous ISOCAM-CVF data (Madden et al. 2006), which only
provided maps of the few strongest ionic lines, but tentatively showed a gradient of
decreasing excitation in the [Ne III] /[Ne II] ratio as a function of distance from R136,
and signs of PAH destruction in the central regions of the nebula.

The data are described in sections §2.3. In particular, §2.3.1 and §2.8 discuss re-
duction and artifacts, §2.3.3 the line and feature fitting procedure, and §2.9 quality as-
surance tests including a comparison with high-resolution IRS data from Lebouteiller
et al. (2008). In §2.4.1 we describe the general results — the spatial distribution of
emission lines and their ratios. §2.5 describes the derived distribution of matter —
electron density and dust, and §2.6 the distribution of radiation evident in the exci-
tation of the gas. We compare the data with photoionization and shock models, and

summarize and discuss implications in §2.7.
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Fig. 2.1.— The 30 Doradus nebula. Red: IRAC 8 um image (SAGE). Green: EO B-
band image. Blue: broad-band soft X-ray image, 0.5 —2 keV (private correspondence
and Townsley et al. 2006). All images are on a linear scale. White contours: 2CO(1-
0) emission (Johansson et al. 1998). Black contour: a single level of 3cm radio
emission, to guide the eye (see Figure 2.2). Magenta mark: the star cluster R136,
core of NGC 2070, at 5"38™42° -69°06'00”. Cyan mark: the star cluster Hodge 301,
at 5"38™16° -69°04’00”. Yellow mark: an IR point source in the molecular cloud
[JGBY8] Dor-06 (Johansson et al. 1998), at 5"38™31.63° -69°02'14.6”. This source is
also marked in white in Figure 2.4 and discussed in §2.3.2.
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Fig. 2.2.— IRAC 8 pum image (log scale). White contours: high-resolution 3cm
continuum from Lazendic et al. (2003). Contour levels: 6, 9, 12, 15, 18, and 21
x 107 Jy/bm. Sources of interest marked here are listed in Table 2.2, described in
§2.4.3, and their spectra shown in Figure 2.17.
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2.3 Observations

The Spitzer Infrared Spectrograph has 2100 times greater spectroscopic sensitivity
than the previous premier infrared observatory, ISO-SWS, and 210 times higher spa-
tial resolution than the SWS aperture size. We used the four low resolution modules
of the IRS. The spectral resolution ranges from 60 to 120 (Spitzer Science Center
2006)!, with reliable wavelength coverage as noted in section 2.8.3. The four modules
are the short wavelength / low resolution second order (SL2), short wavelength / low
resolution first order (SL1), long wavelength / low resolution second order (LL2), and
long wavelength / low resolution first order (LL1). Our data is divided into eigh-
teen Astronomical Observing Requests (AORs), each containing many BCD (basic
calibrated data) frames, which are pipeline-processed images of the IRS chip.

We observed 30 Doradus over five days in September of 2006, using Spitzer’s
spectral mapping mode in order to obtain detailed spatial information. The total
amount of time on target was 74 hours. We used 3440 slit pointings, covering 40.5
square arcminutes in the short-wavelength modules and 69.1 square arcminutes in the
long-wavelength modules (see Figure 2.3). Each slit overlaps half of the preceding
one, and each row of slits overlaps half of the preceding row, so every point on the
map was observed at four separate slit pointings. There were three repetitions per
pointing for the SL observations, at 14 seconds each (for a total time of 168 s for each
point on the SL maps), and four repetitions per pointing for the LL observations, at
6 seconds each (for a total time of 96 s for each point on the LL maps). The result is
four large and dense spectral cubes, one for each module.

We also made separate observations of a nearby region of comparatively blank

sky, bracketing our target observations in time, to comprise background observations

! Available at: http://ssc.spitzer.caltech.edu/documents/SOM/
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and to better characterize rogue pixel response. The total time on background was

44 minutes.

2.3.1 Reduction of IRS data cube

We used the basic calibrated data (BCD) from the Spitzer Science Center pipeline
version S14.4.0. The main tool for the assembly and reduction of our data cube
was CUBISM (Smith et al. 2007a), which is designed for spatially dense IRS maps.
The functions of CUBISM include tools to reduce the data (subtracting background,
applying a slit loss correction function, trimming the slit in the spatial direction,
masking pixels that are flagged by the pipeline, and applying algorithms to identify
rogue pixels) and to extract spectra and maps from the data cube.

§2.8 describes in detail our procedure for calibrating and adjusting the flux levels
such that the different spectrograph modules could be combined into smooth spectra.
In brief, we used contemporaneous off-source background observations to subtract
the thermal background. We used measurements of the slit-loss correction function
provided by the Spitzer Science Center to undo that part of their point-source-based
calibration (since our observations are more similar to a uniform diffuse source than
a point source). Finally, we adjusted spectra from different modules to match each
other.

§2.9 describes our comparisons of high and low-resolution spectra in 30 Doradus
to test the fidelity of our fitting process. We find that the strengths of even somewhat

blended lines are recovered well in the low-resolution spectra.
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Fig. 2.3.— IRAC 8 pum image with the scope of coverage in each of the IRS modules
shown. Red: LL1. Yellow: LL2. Blue: SL1. Magenta: SL2. Green: high resolution
GTO apertures (see §2.9).



19

2.3.2 Artifacts in IRS data cube

There are two major artifacts which appear in a 2-D map of our data cube at any
given wavelength. In all four modules, there are numerous faint stripes, one pixel
wide, which cross the map in the direction that the slit scans. In the two SL modules,
there is a broad intensity discontinuity and associated bright region in one area of
the map. The affected region varies with wavelength. The faint stripes appear to
be mainly caused by hot pixels on the IRS chip. As the slit was stepped across
30 Doradus, each hot pixel was “dragged” across the map, creating a bright stripe.
They can be eliminated via two cleaning methods: wavsamp trimming and rogue
pixel masking. The intensity discontinuity is caused by saturation in the peak-up
image, and must be corrected by fitting a correction factor to the regions of the chip
between the SL modules.

The Spitzer Science Center has defined a polygon, called the wavsamp, defining the
active area to extract from the IRS chip for each module. In the case of 30 Doradus,
the default wavsamp tends to be too generous in the spatial direction, including a
few pixels where the spectral response is reduced. By trimming it, we were able to
eliminate some of the faint stripe artifacts.

It is possible to determine which pixels on the IRS chip contribute to a given point
in the data cube, using a CUBISM tool called backtracking. Backtracking from the
artifacts in the maps demonstrated that most, if not all, of the remaining faint stripes
are caused by individual rogue pixels, whether hot or cold. In addition to masking
the pixels automatically flagged by the Spitzer Science Center pipeline, we employed
CUBISM’s automatic rogue pixel masking algorithms at both the global and record
levels. At the global level, we masked any pixel which deviated by at least 2.5 sigma

from the median pixel level in at least 35% of the records. At the record level, it was
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necessary to be much more conservative to avoid masking out real spectral features.
We masked any pixel which deviated by at least 7.5 sigma in 70% of its occurrences
in the cube. The procedure missed some pixels which were clearly hot or cold, so we
also manually marked a set of global and record level rogue pixels. In the resulting
cubes, the faint stripes were greatly reduced.

The other major artifact, the intensity discontinuity, is caused by saturated sources
on the peak-up image (PUI), primarily by bright point sources in the northern part
of the region which are marked in white in Figure 2.4. The northernmost of these
is the source marked in yellow in Figure 2.1. By examining the records associated
with the affected region on the map, we can see that where a source saturates several
neighboring pixels in the peak-up image, there is a bleed-over effect that reduces the
response of the rest of the IRS chip (BCD image) in those rows, and may increase the
response in neighboring rows. The result is broad, uneven dark or bright stripes in a
2D map extracted from the cube. The location varies with wavelength because as the
PUI is scanned across the bright source in space, the artifact changes position on the
BCD frame, i.e. changes wavelength. Simply masking all affected pixels at the record
level results in holes in the maps at many wavelengths. Instead, we chose to mend
the response. We selected all rows that intersected a group of saturated pixels on
the peak-up image, with a margin of two rows on either side. These are the affected
rows. We found the continuum level in adjacent rows, excluding major emission lines,
and linearly interpolated across the affected rows. In the case of affected rows that
corresponded to continuum emission, we replaced the values with the interpolated
values. In the case of affected rows that corresponded to atomic or PAH emission, we
attempted to restore the base continuum level below the emission line by adding the

interpolated value, and subtracting out the median value of the affected rows in the
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region between the SL1 and SL2 chips, which is the bias level of the affected rows. The
artifact is reduced, though not eliminated. The result is a complete cube, but with
localized regions that have larger uncertainty in the SL1 and SL2 modules (see the
cyan and magenta regions marked in Figure 2.4). For the purposes of presentation,
the areas where the artifact’s effect is still distinct have been cropped out of each
map.

At some wavelengths in the SL cubes, a large region of somewhat elevated emission
is still visible after our corrections. This artifact appears to be another result of the
saturation in the peak-up images. After a saturation event, the response of the chip
is elevated for the remainder of the AOR. The resulting artifact, which can be seen
in maps at a variety of wavelengths (for example, 5.2, 6.3 and 10.7 pum), is localized
in space. This low-level artifact is also generally reduced in continuum-subtracted
images, because the effect is broad on the BCD frame, and thus broad in wavelength

as well.

2.3.3 Spectral Features and Line Fitting

Hot dust emission is responsible for the overall shape of the continuum in 30 Doradus
and its strong rise toward the red. Using the fitting package PAHFIT (Smith et al.
2007b), we fit the continuum with an assortment of four thermal functions from 40 to
300K and a stellar blackbody of 5000K (the fit is insensitive to exact temperature as
long as it peaks blueward of our shortest wavelength 5 pm). The integrated spectrum
of the entire region is shown below in Figure 2.5, and astrophysically interesting
spectra are described below in §2.4.3.

The broad PAH bands and unresolved atomic lines are blended in some parts of

the spectrum. In order to decompose them, we fit the whole suite of emission lines
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Fig. 2.4.— Three-color log-scale image generated from the IRS cube (see §2.3.1)
with regions of interest overlaid. Black contour: a single radio contour to guide
the eye (see Figure 2.2). The emission line maps are continuum-subtracted, and
each is plotted at a scale that brings out detail. Red: [S I1I]A33.4 pm, in the LL1
module. Green: [S IV]A10.5 pm, in the SL1 module. Blue: PAH at 6.2 pm, in
the SL2 module. The areas outlined in bold black are vulnerable to falling response
(saturation) and strong fringing in the LL1 module (see §2.9). Continuum fits in
these areas should be regarded with caution, as should the fitted line strengths of
long-wave emission lines. The sources marked in white saturated the peak-up camera
and caused dark stripes and other artifacts in the SL modules elsewhere in the map.
The cyan regions represent the total affected area for the SL1 module, while the
magenta regions represent the total affected area for the SL2 module. However, the
main effect of the saturation is a stripe across the map that changes with wavelength.
There are generally no severe effects in the rest of the map for a given wavelength.
The approximate location of this stripe is marked by a series of bold lines, for several
wavelengths corresponding to major emission lines in our spectra. Blue: [Ar ITJA7.0
pm. Cyan: PAH at 6.2 um. Magenta: Humphreys-y A5.90 ym. Green: [Ar III]A9.0
pm. Yellow: [S IV]A10.5 pm. Red: [Ne ITJA12.8 pum. See §2.3.2 for more detailed
discussion.
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at once. Detailed analysis of the dust features will be addressed in a future work.
The feature of greatest potential concern is blending of [Ne I1]JA12.8 pum with the 12.7
pum PAH feature. The PAH contribution is much lower than the atomic line over
much of 30 Doradus. In particular, Sturm et al. (2000) found that at the higher
spectral resolution of ISO-SWS, the 12.7 um PAH feature was undetectable relative
to [Ne IIJA12.8 pm within the two ISO-SWS apertures (located on the ridge) — the
lowest ratio of PAH to [Ne II] of any H IT region they studied. We used comparisons
with high-resolution spectra (see §2.9) and tests in parts of 30 Doradus that should
be completely PAH-free, like the core of R136, to determine that the joint fitting of
those two features is robust in 30 Doradus and uncertainties are properly accounted

for.

2.3.4 MIPS SED cube

We also made contemporaneous observations? of 30 Doradus using the SED mode
of the MIPS (Rieke et al. 2004; Lu et al. 2008). The raw data are responsivity-
corrected, dark-subtracted, and illumination-corrected using the MIPS germanium
pipeline (Gordon et al. 2007), with the difference that the illumination correction
is derived from Galactic cirrus rather than zodiacal light. Wavelength correction is
derived from observations of bright planetary nebula. Since 30 Doradus is so bright,
we use the chopped “background” area simply as additional on-source observation,
and assume that the thermal background is much less intense than the emission from
the nebula itself. As with the IRS data, mapping the area with offsets equal to half of
the slit width, perpendicular to the slit direction, yields a fully sampled spectral cube,

with resolution \/6A ~25. Even with such poor resolution, we detect [N IIIJA57.3

2AOR keys 18633728 and 18634240
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pm with high significance over most of the map, and tentatively [O IJA63.1 pym in the
very center (§2.4.1). The shape of the dust continuum will be discussed in a future
publication on the dust content of 30 Doradus, but we note that the SED peaks

shortward of 75 pm, consistent with very high average dust temperatures (Figure 2.5).
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Fig. 2.5.— The spectrum of the entire 30 Doradus nebula (a square about 4’ or 60
pc on a side centered on 05"38™44% -69°05'28"). The observed spectra from IRS and

MIPS/SED, and infrared photometric points, are plotted with symbols, while the fit
we made to the IRS data is displayed with a solid line.
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2.4 Results

Figure 2.5 shows the integrated spectrum of 30 Doradus, with dust and atomic fea-
tures labeled. The overall continuum shape is typical of hot small dust grains in H IT
regions. The MIPS/SED data clearly show that the spectral energy distribution of
the entire nebula peaks shortward of 70um, indicating a quite warm average dust
temperature. A full discussion of dust properties will be the subject of a subsequent
publication. We note that the aromatic features are well-detected but not extremely
strong - comparable to Galactic compact H II regions or compact blue galaxies, and
weaker than the integrated spectra of entire spiral galaxies or the diffuse emission
of the Milky Way (Galliano et al. 2008a; Peeters et al. 2002). The equivalent width
of the 6.2 um feature, averaged over this large aperture, is 0.61 pym. In particular,
the weak 17um feature may indicate a dearth of large neutral PAHs (Smith et al.
2007b) in this intensely ionized environment. The strongest spectral features are the
ionic emission lines which are sensitive to physical conditions in the ionized gas. In
the following sections we describe the spatial distribution of emission lines and their

ratios, and show spectra of notable compact regions.

2.4.1 Spatial distribution of emission

Figures 2.6-2.14 show maps of ionic line emission in 30 Doradus. To first order,
line emission follows the diffuse emission pattern seen at other wavelengths, of a
broad arc or “ridge” surrounding an evacuated hole. The overall excitation of the
region is immediately clear from the distribution of [Ar II] and [Ar III] — there is
no detected [Ar II] in the evacuated hole. With an ionization potential of 15.7eV,
the photoionization cross section and charge transfer with hydrogen ensures very

little Ar™ within an HIT region (e.g. Sofia & Jenkins 1998). (Ionization potentials
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are listed in Table 2.1 for reference.) We note that the Ar*" recombination rate
is highly uncertain, so absolute calibration of [Ar III|/[Ar 1I] has large systematic
uncertainty (Morisset et al. 2004; Stasinska & Schaerer 1997). The similarity of
overall morphology amongst the Ar, Ne, and S lines suggests that any variation of
excitation across the nebula will be correlated with the structure seen in continuum
from radio to infrared, although as we will explore thoroughly below, the shape of
the hole varies somewhat, and there are some distinct locations of high excitation.
The [Si IT] distribution appears somewhat displaced away from R136 and the cavity,
as would be expected since the line is strong in PDRs as well as ionized gas.

Lower ionization species have tentative detections in a few places, but never very
strongly or widely distributed. Of particular interest is a peak near 5"38M44.9% -
69°05'13" (source “0”, §2.4.3), at which we also detect [N III]A57.3 pm and [O IJA63.1
pm in MIPS SED observations (see the northeastern region marked in Figure 2.11).
The spectra in this part of the map are affected by fringing in the LL1 module (>20
pum), so a [Fe IIJA26.0 um detection in the same region is considered tentative. The
ratios of [Ne III] /[Ne II] and [S IV]/[S III] (and the MIR continuum) are high in this
general area, but this region in the center of the ridge is complex, and the higher
ionization species do not peak in exactly the same location as these lower ionization
species. In fact, the peak of low-ionization species falls between two peaks of the
[Ne I11] /[Ne II] map.

Molecular hydrogen emission is detected in the central molecular ridge and marginally
detected in several other locations. Only the S(3) 9.67um line is reliably detected over
much of the map. Tentative detections in our low-resolution spectra of the S(0) 28
pm line can be ruled out by examining the handful of high-resolution spectra in

30 Doradus. Detection of the S(2) 12.28 um line independently of the neighboring
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Humphreys-a A\12.37 pm line is not very reliable with low-resolution spectra as de-
scribed in more detail below, and from the high-resolution spectra we find that the
molecular line is weaker than the atomic line everywhere, and less than 15% over
most of the central part of the map.

Higher excitation species [O IV] and [Ne V], which have strong lines in the IRS
bandpass, are not detected in our maps. As discussed in §2.6.2, this favors photoion-

ization over shocks as the dominant physical process in the region.

Table 2.1. lonization Potentials.

I II 111 v
O 13.62 35.12 54.94 77.41
Ne 21.56 40.96 63.45 97.11
S 10.36  23.33  34.83  47.30
Ar 15.76 27.63 40.74 59.81

Note. — Units are eV.
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2.4.2 Line Ratios

Figure 2.15 shows the three line ratio maps [Ar IITJA9.0 pum/[Ar II]A7.0 pm, [Ne IIIJA15.5
pum/[Ne ITJA12.8 pm, and [S IV]A10.5 pm/[S I11]A33.4 pm. These species all have ion-
ization potentials above 13.6eV, and thus are sensitive to the shape or hardness of
the ionizing spectrum (we will call this T,.q, because it is often parameterized by
the temperature of the best-fitting black-body over A <912A) and the intensity of

ionizing radiation. The latter is usually quantified as the dimensionless ionization

1 [ F,
vl / L
n Jiseev chv

or ratio of ionizing photon density to atom density. Any single line ratio cannot

parameter

distinguish between elevated U or T,.,4, but because the spacing of the ionization
potentials differs with atom, different ratios have different U and 7,.,4 dependencies,
and measuring two ratios can break the degeneracy. (This has been discussed by many
authors, see especially the discussions in Morisset et al. 2004; Martin-Hernédndez et al.
2002; Dopita et al. 2006, ,and §2.6.1 and Fig 2.20 below.).

All ratios increase with U, but locations where the ratios are not well correlated
can indicate changes in the hardness of the ionizing field. In 30 Doradus the ratios are
very well correlated (correlation coefficient of 0.7 between the neon ratio and argon
ratio map, 0.8 between the neon and sulphur ratios, and 0.7 between the argon and
sulphur ratios). The Ne and S ratios are telling us similar things over much of the
region. For example, there is high excitation in a “hot spot” between the two lobes
of the ridge (source “A”, §2.4.3), and in the region to the south of the bubble. There
is a low excitation ridge to the north (source “F”, §2.4.3). The location noted above
for low argon emission (source “G”, §2.4.3) is significantly low in all three line ratios.

Interestingly, the Ne and S line ratios show quite different behavior on the eastern
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Fig. 2.15.— Line ratios on a linear scale. White contours: a single level of 3cm radio
emission, to guide the eye (see Figure 2.2). The white region in the middle of the
argon ratio plot indicates nondetection of [Ar IIJ]A7.0 ym and a very high value of the
ratio. Small masked regions in the lower left of the plots are affected by artifacts (see
Fig. 2.4).
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edge of the bubble, where [Ne III]/[Ne II] is high but [S IV]|/[S III] is low (the red
region in Figure 2.6.1 below, centered on source “E”, §2.4.3). The S ratio is more
affected by extinction since [S IV]A10.5 pm is in the silicate dust absorption feature, so
that could be a region of very high extinction or a region of particularly hard ionizing
radiation. In this case, the sulphur ratio does not vary dramatically throughout the
bubble, and it is the neon ratio which is higher at the western end, which argues for
harder ionizing radiation. An extinction effect would require simultaneous increase
in the ionization parameter or strength of the ionizing field and increased extinction.
The specific extinction difference (A([S IV]A10.5 pm)-A([S IIIJA18.7 pm))/A(2.1 pm)
equals 0.42+0.03 (uncertainty reflects differences between published extinction curves;
we used that in PAHFIT, Smith et al. 2007b), whereas the effect of extinction on the
neon ratio is small (A([Ne IIIJA15.5 ym)-A([Ne ITJA12.8 ym))/A(2.1 pm) = 0.0£0.07.
Reproducing the observed line ratios without changing the hardness of the ionizing
field would require A(2 pum)~0.75, or Ay ~6. Such significant extinction seems
unlikely given the overall relatively low extinction in the region, and is not detected
in our extinction maps (§2.5.1).

One question that is possible to investigate with this dataset is whether the op-
tically known hot stars in 30 Doradus can completely account for the ionization
structure, or whether embedded star formation affects gas excitation measured in the
infrared that otherwise might be concealed by at other wavelengths. On Figure 2.16
we plot show the location of Wolf-Rayet stars and early O stars (there are discrepan-
cies between spectral types determined by different authors, and our intent is to show
the most massive stars, not provide the most precise spectral typing possible). There
is a cluster of WR stars between the two lobes of the ridge, coincident with very

high excitation gas. There is not a dramatic increase of excitation centered on R136,
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although the excitation is generally high in the area. Figure 2.16 also shows the 3.5
pum-excess sources of Maercker & Burton (2005), representing a crude selection of pos-
sible protostellar candidates. Other kinds of sources, including some of the previously
identified WR stars, can also display infrared excess. Nevertheless, this selection of
sources does trace what is known from more precise studies with incomplete spatial
coverage (e.g. Rubio et al. 1998; Brandner et al. 2001), that the young embedded
sources in this region are concentrated along the IR-bright ridge. The protostellar
candidates shown here do not show any particularly striking correlation with regions
of high excitation — in fact the southern part of the region has high excitation and
few protostellar candidates. We conclude that the ionization structure in 30 Doradus

is primarily determined by the (optically) known hot stars.

2.4.3 Notable Regions

Figure 2.17 shows the spectra of small regions which stand out in the continuum
(Fig 2.1), in the feature maps (Figures 2.6 through 2.14), or in the line ratio maps
(Fig 2.15). They have been chosen to illustrate the range of excitation, extinction, and
continuum shape in the 30 Doradus nebula. These regions of interest were marked

on Figure 2.2, and are listed for reference in Table 2.2.

Table 2.2. Notable Sources

label RA Dec description

“0” 5h38m45s -69d05ml13s  brightest point on ridge

“A” 5h38m42s  -69d05m05s  hot spots between molecular clouds
“B” 5h38m49s  -69d05m32s  Parker (1993) #1445 MI star

“Cc” 5h38m42s  -69d06m00s R136

“D” 5h38mb6s  -69d04m18s  example of high extinction

“E” 5h38mb57s  -69d06mO07s  isolated WN6 star R145

“g7 5h38mb57s  -69d03m42s  low-excitation trough

“G” 5h38m28s  -69d06m30s SW low-excitation region
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White contours: a single level of 3cm radio emission, to guide the eye (see Figure

2.2).
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Fig. 2.17.— Spectra of the seven regions described in §2.4.3, with errorbars. For
comparison, the spectrum of the entire region (Fig 2.5) is repeated at the top, with

feature labels.
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Source “07 is the brightest point on the ridge in most tracers, including infrared
continuum, many lines, and centimeter continuum. We detect [N IIIJA57.3 pm and
[O 1JA63.1 pm in MIPS SED observations at this location, and tentatively [Fe ITJA26.0
pm, although this small region of the map is affected by residual fringing and satu-
ration in the LL1 module, raising the uncertainty of the [Fe 11]A26.0 pm detection.

Source “A” is a diffuse region between the two lobes of the molecular ridge. We
describe it as a “hot spot” because it has locally elevated excitation seen in the line
ratios (Fig 2.15), and when analyzed with photoionization models, is best fit with a
hotter or harder radiation field (Fig 2.6.1, §2.6.1). There are known hot stars in the
vicinity, but it is not completely clear if they are responsible for the locally higher
excitation in the H II region.

Source “B” is a prominent point source from optical to MIR wavelengths, and
has been spectroscopically classified as an M supergiant Parker (1993, ; see also refs
therein). Their quoted absolute V magnitude appears to place the star at twice the
distance to the LMC, but other authors note that it is likely in the foreground. It
seems unlikely in any case that it is located in the bubble or affecting the ionization
structure. Because this source exhibits silicate emission at 9.8 and 18 pm rather than
absorption, PAHFIT cannot be applied to it using the parameters used on the rest
of the spectral cube. It is the only source in Figure 2.17 without the fitted spectrum
overlaid on the data points and errorbars.

Source “C” is the R136 cluster core.

Source “D” is a prominent mid-infrared point source outside the main cluster
and bubble. The surrounding ionized gas has quite high atomic line ratios and thus
appears quite highly excited, but we were unable to find a hot star cataloged in the

literature which might be responsible for this local excitation. This region also shows
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relatively high extinction compared to the rest of 30 Doradus. Extinction can raise
the sulphur line ratio but has relatively small effect on the neon line ratio, so in our
opinion the extinction is not responsible for the apparently high excitation.

Source “E” is a known WNG6 star R145, fairly isolated from other catalogue hot
stars at the eastern end of the bubble. The high fitted radiation temperatures in
the neighborhood of this source (§2.6.1) are consistent with excitation by the harder
expected radiation field from a Wolf-Rayet star.

Source “F” is an east-west extended region that appears to be a trough or low
point in the excitation and line ratios. The electron density is not remarkable, neither
does there appear to be any molecular gas traced by CO emission in the vicinity. It
is possible that the feature is in the foreground of this three-dimensional nebula.

Source “G” is a region associated with two peaks in the CO emission [JGB98] 30
Dor-12 and 13 (Johansson et al. 1998), just to the west of the main ridge. There is
a peak in both argon line maps at this location, and the region is a low point in all
three excitation ratios [Ar III]/[Ar II], [Ne III]/[Ne II] and [S IV]/[S III]. There are in
fact several discrete parsec-sized regions of low excitation in the vicinity There is little
3cm continuum at those locations, which lie almost exactly on the opposite side of
a molecular cloud from R136. One spot coincides with a knot in the infrared diffuse
continuum (#29) noted by Hyland et al. (1992). There is a 3.5 pum-excess protostellar
candidate (Maercker & Burton 2005, and Fig. 2.16) nearby, but not coincident with
the low-excitation spots. High resolution and sensitivity molecular observations may
reveal dense, starless molecular clumps in this part of 30 Doradus, (self)-shielded

from the intense radiation.
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2.5 Distribution of Matter: Extinction and n,

2.5.1 Extinction

Previous estimates of the extinction in 30 Doradus found Ay=1.14£0.1mag (Dickel
et al. 1994, and refs therein), with two possible locations of higher extinction at
05"38™39° -69°07'30” and 05"38™32° -69°06'22”. Rosa & Mathis (1987) found ex-
tinction corrections at HB of 0.5-1.0 (Ay=0.4-0.8) at ten locations in the outer parts
of the region we are studying. We make three estimates of extinction in the region,
two directly from our dataset. All methods suffer from systematic uncertainty and
modest signal-to-noise, but we can be confident of higher extinction in the regions
that all three methods agree.

First we use the ratio of centimeter continuum to Ha emission to derive a map of
extinction in 30 Doradus, following the procedure used in Lazendic et al. (2003) and
using their centimeter data that they kindly provided (magenta contours, in Fig. 2.18).
We assume that all of the centimeter continuum emission in the 30 Doradus region is
thermal. Single dish measurements estimated that the nonthermal component con-
tributes less than 2% at 6cm (Shaver et al. 1983, and refs therein). Lazendic et al.
(2003) identified two possible supernova remnants from comparison of cm synthesis
images and optical recombination lines, but their own analysis and subsequent fol-
lowup with optical and Xray imaging and optical spectroscopy suggests that these are
merely extinguished H II regions (Chu et al. 2004). The relationship between ther-
mal bremsstrahlung centimeter continuum and hydrogen recombination line emission
depends weakly on the electron temperature, but Rosa & Mathis (1987) and Peck
et al. (1997) both found that T, variations are small in 30 Doradus (< £300K), so

it is unlikely that the calculated extinction variations are actually misinterpreted T,
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variations.

We derived two more maps of extinction directly from the IRS spectral cube.
Amorphous silicate dust is responsible for two broad bands of absorption at 9.7 and
18 pm. The PAHFIT package reports the fitted optical depth at 9.7 pum. The
resulting map for 30 Doradus is shown in Figure 2.18, in green contours. The fit to the
absorption feature is sensitive to noise in the spectrum. We cropped away southern
parts of the map that were clearly artifacts, and any part of the map where the
signal-to-noise was less than 2. Finally, we median-smoothed the resulting map with
a window of 3 pixels. The result is a sparse map showing the regions of comparatively
reliable elevated silicate absorption.

The ratio of Hydrogen recombination line strengths can also be used to calculate
extinction, most commonly by assuming an intrinsic (unextincted) ratio from Case B
recombination. Our dataset includes Humphreys-ao (7-6) and Humphreys-y (9-6).
Due to modest signal-to-noise and to a systematic tendency of PAHFIT to slightly
underestimate the continuum level near these wavelengths, the absolute value of ex-
tinction calculated from this ratio has a large systematic uncertainty. It is also dif-
ficult to resolve the weak Humphreys-« line from Hy S(2) 12.28m in low-resolution
spectra. We quantified the amount of potential contamination to the Humphreys-a
line strength in several ways: We fit our low-resolution spectra with and without
the molecular hydrogen line (the central wavelengths of both lines are very tightly
constrained by PAHFIT), and found that the Humphreys-a line strength was only
decreased by 15% (that flux was attributed to Hy) when both lines were included.
We also fit the high-resolution GTO spectra, in which the lines are easily separated
and reliably measured, and found that over most of our area, Hy was less than 20% of

Humphreys-a. We examined fits to both the high and low-resolution spectra in the
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few high-resolution apertures where the Hy and Humphreys-a strengths are compa-
rable (Hy never exceeds Humphreys-a in strength) and found that the low-resolution
Humphreys-a strength used in our analysis was at most overestimated by 40% by the
presence of the Hy line on the wing of the Humphreys-a line. While some level of
contamination of Humphreys-a by Hy S(2) may be present in our maps, we do not
expect that to change any of our conclusions including the regions of high extinction
identified in Figure 2.18.

Further systematic uncertainty arises in the choice of extinction curve, since the
lines lie on the wings of the silicate absorption features, which vary in amplitude and
width in different studies. However, all extinction curves that we considered show
greater relative extinction at Humphreys-a A12.37 pm than at Humphreys-y A5.90 pm.
We examined the extinction curves of Chiar & Tielens (2006) for the Galactic Center
and the ISM, and the average LMC extinction curve® based on the carbonaceous-
silicate grain model of Weingartner & Draine (2001). All of the extinction curves
roughly agree in the vicinity of the Humphreys-a emission line. Near the Humphreys-y
line, the Chiar & Tielens curves agree well with the near-infrared extinction for the
ISM found by Indebetouw et al. (2005). Thus, extinction correlates with the flux ra-
tio of Humphreys-y A5.90 pm to Humphreys-a A\12.37 pum, and we can still find the
relative level of extinction across 30 Doradus from the Humphreys-oo/Humphreys-v
ratio, even though the absolute normalization is uncertain.

We calculated the signal-to-noise of the ratio based on the RMS variance of the
individual maps of emission line strength, and removed all regions of the map where
the signal-to-noise was less than 2. We cropped away the parts of the map where
an additive correction was made to the SL spectra (see §2.8.3), because this subset

of the map encloses some spectra which have an unphysical plunge at the red edge

3 Available at: www.astro.princeton.edu/~draine/dust/dustmix.html
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of the SL2 module. The fit to those spectra generally underestimates the continuum
near the Humphreys-y line, and thus overestimates the ratio of Humphreys-y to
Humphreys-o. We also cropped away the parts of the map where the reduced x? of
the fit was greater than 5. Finally, even after applying these filters, it was necessary
to trim away some regions from the low-signal edge of the map where the noise levels
were still untrustworthy. The ratio map shown in grayscale in Figure 2.18 is now
mainly limited to those areas of 30 Doradus where we obtained both good detections
of these two faint lines and a good fit.

Despite the level of noise in the maps of extinction, particularly the map de-
rived from the Humphreys-a and Humphreys-v lines, there are three areas where all
three methods agree on especially high extinction. These areas have been marked
on Figure 2.18. Generally, there is not much extinction by dust in 30 Doradus. As
discussed above, extinction has a small effect on the Neon excitation ratio, but raises
the [S IV]/[S II] (due to the shape of the extinction curve), which in turn will get
interpreted as higher T,.,4 in our photoionization models. The regions of interestingly
high T, .4 do not turn out to correspond to regions of clearly high extinction, but the

effect should be kept in mind in interpreting the data.

2.5.2 Electron Density

Figure 2.19 shows the electron density calculated from [S IITJA18.7 pm/[S IIIJA33.4
pm. The [S HIIJA18.7 pm map was convolved to the lower resolution of the [S III|A33.4
pm map, and the line ratio converted to electron density using the conversion in Dudik
et al. (2007) at T,=10*K (their Figure 9 and section 6: Those authors calculated the
line ratio as a function of density and temperature for a five level atom using the

collision strengths from Tayal & Gupta (1999) and radiative transition probabilities
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Fig. 2.18— Map of extinction in 30 Doradus. Grayscale linear image: the IRS
Humphreys-y/Humphreys-a ratio, which is proportional to extinction. Dark ar-
eas of the map indicate high extinction. The Humphreys lines are weak, and
this map has been severely cropped to remove areas of the worst signal-to-noise.
Green contours: the optical depth of silicate absorption from the IRS spectral map,
7 = 0.10,0.27,0.43,0.60. Areas of low signal-to-noise have been masked out of this
map as well. Magenta contours: The ratio of the 3cm continuum (Lazendic et al. 2003)
to Ha emission (MCELS, http://www.ctio.noao.edu/~mecels/), also proportional to
attenuation. The northernmost magenta source corresponds with the molecular cloud
marked in yellow in Figure 2.1. White contours: a single level of 3cm radio emission,
to guide the eye (see Figure 2.2). The areas where all three maps tend to agree on
high extinction have been marked in black. The northeasternmost corresponds with
source “D” in Figure 2.2 and §2.4.3.
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from Mendoza & Zeippen (1982)). The calculated ratio is not a strong function of
temperature. The ridge is prominent in the [S III] ratio or n, map, and in fact the n,
map is quite similar to the 3cm continuum in morphology. The density is elevated to

the south of the bubble and R136, in a region of relatively high excitation.

2.5.3 Abundances

Variations in elemental abundances can in principle change the diagnostic ratios that
we are using to measure physical conditions in the 30 Doradus nebula. Previous
studies have found very small internal abundance variations in 30 Doradus and other
giant H IT regions. Peck et al. (1997) found no significant variations on 15" scales in
the He abundance Yt = Het/H"™ = 0.1340.02 measured from radio recombination
lines. Rosa & Mathis (1987) found little variation between several positions measured
with optical spectroscopy. Of more direct relevance to this work, Lebouteiller et al.
(2008) found less than 0.01 dex dispersion of Ne/H, S/H, and Ar/H, using the high
resolution GTO Spitzer spectra mentioned above.

Small scale abundance variations in HII regions including 30 Doradus (Tsamis
& Péquignot 2005) have been proposed to explain discrepancies between optical and
infrared abundance determinations. We might hope to detect sub-parsec scale abun-
dance variations in this dataset by using three infrared line ratios to solve simulta-
neously for U, T,.q, and Z. In practice, we find that the excitation variations can be
adequately explained without abundance variations, which would be seen as residuals
in our fitting of U and T,,4. The signal-to-noise especially in our argon line ratio is
insufficient to detect abundance variations at the 0.1 dex level predicted by Tsamis
& Péquignot (2005).

Overall, abundances in 30 Doradus are not particularly low: Rosa & Mathis (1987)
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found Ne/O, S/O, and Ar/O ratios close to solar. Lebouteiller et al. (2008) found
Ne/H and Ar/H of 12+log(X/H)=7.76+0.02 and 6.3240.06, respectively, within 0.25
dex of the range of solar values (Lodders 2008, 2003; Asplund et al. 2005). They
found S/H of 6.7740.03, only about 0.3 dex sub-solar. We also find that on average,
half-solar abundances result in modestly better agreement between the three infrared
line ratios in our photoionization models than solar or 0.1-solar models. In practice,
systematic effects such as the argon recombination rate have a larger effect on this

agreement than the abundances (Morisset et al. 2004; Stasiniska & Schaerer 1997).
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2.6 Distribution of Radiation and Gas: Excitation

2.6.1 Photoionization models

As mentioned above, if photoionization is assumed to be the dominant physical pro-
cess, the ionic line ratios depend on U, T,.q, and to a lesser degree metallicity. If
one assumes constant abundances and hardness or T},4, then the line ratio maps in
Figure 2.15 are maps of the ionization parameter U, varying from log U ~-3 to log
U ~-1.5.

A somewhat more sophisticated analysis is to solve for 7,4 and U simultaneously.
We prepared a grid of photoionization models using Cloudy (Ferland et al. 1998) as
a 0-dimensional tool to solve for the ionization structure and line emissivities given
a specified radiation field and ionization parameter (we used the output of the first
zone in each simulation). We explored different input spectra, including ATLAS
(Castelli & Kurucz 2004), Tlusty (Hubeny & Lanz 1995), CoStar OB and Wolf-Rayet
atmospheres (Schaerer & de Koter 1997; Smith et al. 2002), and black-bodies. In
the end we used a grid of Tlusty atmospheres calculated at half-solar metallicity,
extrapolated to hotter effective temperatures using black-body atmospheres to set
the functional dependence of line ratios on effective temperature, and normalizing
the ratios to those of the hottest Tlusty models. (We found that adopting different
stellar atmospheres primarily changes the line ratios by a constant multiplicative
factor, and has very little effect on the functional dependence of the line ratios on
effective temperature and ionization parameter.) We were not able to find freely
available grids of more modern atmospheres (e.g. WMBASIC, CoStar) at subsolar
metallicity, but we performed careful comparisons of our modeling at solar metallicity

to understand the systematic effects. If nebular abundances are set at solar levels in
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the photoionization models, and stellar atmospheres calculated at solar abundance are
used for self-consistency, the derived ionization parameter U decreases systematically
by about 0.1 dex, and the derived radiation temperature increases systematically by
10%. At solar metallicity, WMBASIC atmospheres result in about a factor of two
lower [Ne III] /[Ne H]ratio and a 50% lower [S IV]/[S IIIJratio. That would increase the
derived ionization parameter in 30 Doradus systematically by ~0.15 dex, and lower
the derived radiation temperature by 5-10%. These effects have been explained in
detail by other authors, especially Morisset et al. (2004). None of the changes in stellar
atmospheres or metallicity that we explored would result in qualitative changes in our
conclusions, merely small systematic shifts in derived parameters. We also varied the
dust prescription in terms of abundance and grain size. Neither had a strong effect
on the line ratios as a function of 7}.,4 and U, provided that U was calculated locally,
i.e. from integrating the diffuse ionizing field in the simulation above 1 Ry, rather
than assuming some geometry-dependent expression such as N, /c4mr®n,.

Figure 2.20 shows typical behavior - each measured ratio defines a curve in U —T,..4
space, but the lines have different slopes because the ionization potentials are spaced
differently for the different atoms. This is equivalent to the nearly parallel arrows for
U and T,,q in Morisset et al. (2004) (see also Martin-Herndndez et al. 2002; Dopita
et al. 2006). Two measured ratios can better constrain U and T,.4. We will focus on
the Ne and S ratios since [Ar II] is not detected over large parts of the HII region.

Figure 2.6.1 shows the fitted U and T}.,4 across 30 Doradus. The ridge is a region
of high ionization parameter, as previously noted from simple examination of the line
ratios. The region around the relatively isolated source at 5"38™56.5° -69°04’17" to
the north of the ridge is also highly excited, probably due to the local effects of that

star (source “D”, Figure 2.2, §2.4.3). We note two regions of high U in particular.
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The most prominent is between the two parts of the ridge (just south of source “A”,
§2.4.3), where young stars may be locally ionizing the gas and beginning to lower
the density and disperse the ridge (see Figure 2.16 for the location of protostars
and the most energetic optically identified stars). Alternately, the density is simply
lower there and ionizing radiation can more easily leak out from the bubble region
around R136. The northern side of this “hot spot” shows evidence for hardening of
the radiation field, which could result of the radiation originates in the bubble or on
its rim, and is propagating northward, and being absorbed by gas and dust (both
of which will harden the field). The high degree of porosity and mixing between
molecular and ionized material in 30 Doradus is well known (see e.g. Poglitsch et al.
1995). On the south side of the bubble is another region of high ionization parameter
- this region also shows high electron density in the [S III] ratio, so the field must
be locally strengthened, perhaps by the WR stars known in that region (Fig 2.16).
Particularly interesting is the region on the eastern side of the bubble, which shows
up in the fitted parameter maps as high 7,4, but not particularly high U. There is a
single catalogued Wolf-Rayet star (R145, WNG type, source “E”, §2.4.3) in the center
of that area, which may be energizing the eastern end of the bubble.

The radial variation of physical conditions in 30 Doradus, as a function of distance
from R136, is of particular interest, to determine whether feedback in the nebula is
dominated by that cluster core, or whether individual hot stars scattered throughout
the region are equally important. We have already seen that the latter is true, for
example the hot eastern end of the bubble apparently excited by the WNG6 star source
“E”. Within several tens of parsecs from R136, however, there does appear to be a
global effect. The top panel of Figure 2.22 shows the radial dependence of the ionic line

ratios and fitted 7,,4 and U. The bubble at ~10pc radius is clearly evident in lowered
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Fig. 2.21.— Top left: fitted T,,q based on the S and Ne line ratios. Top right: fitted
U. Higher values are dark in both grayscale images. Bottom: fitted T,,4 (red) and
U (green), plus optical B band (blue). All images are in log space except for the B
band map. White contours: a single level of 3cm radio emission (see Figure 2.2).
The black lines indicate a scale of 17 or 15 pc. Sources of interest (see Table 2.2) are
labeled on the T, map. The derived parameters, T,,4 and U, should be compared
with the ratio maps in Figure 2.15.
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T,qq and raised U. Outside the bubble there is a modest gradient in the hardness of
the fitted radiation field, but not much gradient in the ionization parameter U. This
is sensible in a region which has the hottest stars in the center, but some ionizing
sources distributed more widely. As R136 is apparently driving an off-center “blister”
type H II region, it is interesting to separate the radial dependencies of the ionized
gas parameters in the eastern and western direction. the second panel of Figure 2.22
shows this comparison, showing clearly the bubble wall at ~5pc distance in the east,
and the hot bubble between R136 and the ~25pc distant bubble wall in the west.
Unfortunately the effects of saturation make the measurements less reliable beyond

the bubble wall in the west (see §2.3.2).



T [kK]

0,0S’ 50 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
L ‘ o .
“‘\ T )
Arlll/Arll ]
0.04 NeIII/NeII - = = 4
5 SIV/SII (x5) — — — —
0.03|
40
0.02 é'
-
351 L 4
0.01} - AN ]
r L \ ]
- . N
_ 7 RN o N 1
F NN - 1
0.00L 301 N = —
\\1\ R
25 IIIIIIIIIilIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 10 20 30 40
distance from R136 [pc]
70-||||||||5|‘||||||||||||||||||||||||||||||I||||<
i radial average ——— ||
C E s |
i W= ]
60~ -
50} : ]
L //\ 1
0
¥ Al i~ "~
(0] P P P PP B
0 10 20 30 40

distance from R136 [pc]

25

20

15

line ratios

10

0.08

0.04

0.02

0.00

o4

Fig. 2.22.— (top) Radial dependence of conditions in the ionized gas as a function of
radial distance from R136. The different lines show azimuthal median values of the
ionic line ratios and of the fitted T,,4 and U from photoionization models. (bottom)
Radial parameters in the eastern and western directions. R136 is an off-center blister

H II region, much closer to the bubble wall in the eastern than western direction.



55
2.6.2 Shock Models

Protostellar shocks can also produce MIR fine-structure emission, but only if the
excitation (shock velocity) is high enough. [Ne II] requires J-shocks with v60km s~*
(Hollenbach & McKee 1989) and [Ne II1] velocities in excess of 100km s~! (Molinari &
Noriega-Crespo 2002). Lefloch et al. (2003) detect [Ne II]JA12.8 ym and [Ne III]JA15.5
pm in HH 2, but only from the highest excitation working surface. Similar results are
being found with Spitzer, detecting [Ne IIJA12.8 pym but not [Ne IIIJA15.5 pm, and
[S IIT]A33.4 pm but not [S IV]A10.5 pm in HH46/47 (Noriega-Crespo et al. 2004b),
Cep E (Noriega-Crespo et al. 2004a), and HH7-11 and 54 (Neufeld et al. 2006). Even
the bow shock near a runaway 09.5 star (France et al. 2007) and the stronger shocks
in SNR (Neufeld et al. 2007) show similar relatively low-excitation MIR emission.

The (few) MIR observations of regions containing both shocks and photoionization
tend to show photoionization dominant. In [Ne II] and [S IV] maps of the massive
star formation region W51 IRS2; high spectral resolution mapping with TEXES (Lacy
et al. 2007) allows the high velocity emission to be separated from that at the ve-
locity of the molecular cloud. The authors do not note dramatically different line
ratios in the high velocity emission from that at the systemic velocity, but rather
confirm earlier ground-based observations of MIR fine structure lines consistent with
photoionization by late O-type stars (Okamoto et al. 2001). Lacy et al. (2007) inter-
pret their observations as a neutral jet emerging from the molecular cloud and being
subsequently photoionized.

More recent work with Spitzer in the Galactic center (Simpson et al. 2007) cannot
produce the observed O*? abundance with any reasonable photoionization model,
even including hot supergiant atmospheres and 10°~°K blackbodies representing dif-

fuse X-ray emission. The proposed alternative of ~100km s~! shocks can match the



o6

observed [O IV] line emission. The authors do not require shock excitation to explain
their Ne and S line ratios, but do note that the highest excitation gas is found between
the two stellar clusters, which is indicative of shock excitation.

We ran a set of shock models using John Raymond’s code (Raymond 1979; Cox &
Raymond 1985; Hartigan et al. 1987) with a range of velocities and pre-shock densities.
The ratios of relevant fine-structure lines are shown in Figure 2.23, along with the
observed ranges in 30 Doradus. To first order, all three ratios can be matched with

Lin quite low-density gas (n < lem™3).

shocks on the order of a few hundred km s~
However, we have significant nondetections of emission from the higher ionization
species [O TV] and [Ne V], with 3-0 upper limits less than 1072 relative to [S ITI]A18.7
pm across the map. The predicted ratios for those two species relative to [S III]
are also calculated, and shocks of this order should produce easily detectable [O IV].
Shocks can also produce [Ne V] (e.g. in supernova remnants Rakowski et al. 2007),
but it is more usually used as an indicator of very hard radiation from AGN or WR
stars (Abel & Satyapal 2008, and Table 2.1). Thus we conclude that in 30 Doradus
as elsewhere, although shocks certainly exist, the ionization structure of the gas is
dominated by photoionization and not shock activity. Furthermore, while the effects
of hard radiation from WR stars affects the ionization balance in some parts of the
nebula, the radiation field on ~0.5pc scales is not apparently hard enough for very
high ionization species to be very important.

It is particularly interesting to consider the “hot” region on the eastern side of
the bubble where the photoionization models are driven to high T.s; and moderate
U by low [S IV]/[S III] and moderate [Ne III]/[Ne II]. That low [S IV]/[S III] ratio

makes this part of 30 Doradus more consistent with shock models than other parts,

although the nondetections of [O IV] and [Ne V] are still problematic. We suggest
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that of anywhere in the nebula, the eastern end of the bubble may have the highest
likelihood of excitation by shocks, as would be expected from winds of the WNG6 star

located there hitting the denser sides of an evacuated bubble.

2.7 Conclusions

We present an infrared data cube of 30 Doradus, observed with the InfraRed Spec-
trograph and Multiband Imaging Spectrometer on the Spitzer Space Telescope. Aro-
matic dust emission features are of modest strength in the 30 Doradus region, con-
centrated in the arc-like two-lobed ridge coincident with CO emission and partially
encircling the central R136 cluster. Detailed analysis of the dust content of the re-
gion from these features will follow in a subsequent publication, although the high
average dust temperature is immediately obvious from the shape of the MIPS/SED
spectrum. Of the pure rotational lines of molecular hydrogen, only S(3)A9.67 pm
is detected with any significance, peaking on the bright “ridge” that dominates the
morphology of the region at many wavelengths (see Fig 2.8). Low-ionization atomic
lines are present but not particularly strong: [Si 1] is detected in the outskirts of
the mapped region, outside the region of strongest centimeter continuum (highest
emission measure ionized gas). [Fe II] A26.0 pm is only tentatively detected in two
locations.

Two hydrogen recombination lines Hua (7-6) and Huy (9-6) can be mapped over a
large fraction of the observed area, and from these a relative measure of the extinction
can be calculated. Independent estimates of the extinction are calculated from fitting
the strength of the 10 pm silicate feature, and from the ratio of Ha to centimeter
continuum. While none of the three extinction measures is extremely high signal-to-

noise, the locations where all three show higher extinction should be quite secure - in
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particular three distinct locations in the west, southwest, and northeast, outside of
the “ridge” (Fig 2.18).

The strongest atomic or molecular features in the data cube are the moderate-
ionization ionic lines [Ar IIJA7.0 pm, [Ar IIIJA9.0 pum, [Ne IJA12.8 pm, [Ne IIIJA15.5
pm, [S MIAL8.7 pm, [S HIJA33.4 pum, and [S IV]A10.5 pm. These lines are most
sensitive to physical conditions in the ionized gas: the ionization parameter U and
hardness of the ionizing field, parametrized by the radiation temperature 7,.,4. We fit
the Neon and Sulphur ratios with photoionization models to derive a 2-dimensional
map of U and T,,4. We find that the excitation generally follows the “ridge and
bubble” morphology, and that under the assumptions of pure photoionization, there
are “hot spots” of hardened ionizing field in the east of the bubble and between the
two lobes of the ridge (corresponding to two molecular clouds). We also compare the
line ratios to shock models and find poorer agreement with the data. In particular
the nondetections of emission from more highly ionized species [O IV] and [Ne V]
suggest that photoionization dominates over collisional excitation by shocks. Overall,
the local effects of hot stars in 30 Doradus (such as the single WR star on the eastern
side of the bubble) appear to dominate over any large-scale trend with distance from

the central cluster R136.

2.8 Flux calibration and adjustment (Appendix A)

2.8.1 Background subtraction

Our off-target background observations bracket the data set in time. We chose to
take an average (with minima and maxima trimmed) of all the background records

and subtract that from all of the data records. It was possible that the two sets of
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background records could be appreciably different, reflecting a gradual change in the
instrument (e.g. electronic drift), and that a linear interpolation of the two sets over
time would be more appropriate as the background for each data record. Indeed, the
mean flux level of our background records tends to increase with time, varying by
8% between the first and last exposures. Therefore, the average of the second set of
background records has a higher mean flux level than the average of the first set.
We tested three different background subtractions on several apertures from the
SL1 module: using only the first background set, using only the second, and using
the mean of the two sets. The difference between the resulting spectra was very
small. Specifically, the difference in continuum levels between typical spectra using
the different background subtractions was on the order of 2%. For very low signal-to-
noise spectra extracted from faint areas of the map, the continuum difference could
reach 10%. We emphasize that, even then, the shape of the spectrum and the strength
of the emission line features did not appreciably change. For the highest signal-to-
noise spectra, the continuum difference was reduced to about 0.1%. We conclude that

using the mean of all background records is adequate.

2.8.2 Flux calibration

The IRS SL slit is approximately 3.6 arcseconds wide, and the LL is approximately
10.6 arcseconds wide (see Spitzer Science Center 2006, Table 7.5). Some fraction
of the instrument point-spread function (PSF) falls outside of the slit, depending
on wavelength. For example, the full width half max (FWHM) of the PSF at 14.5
pm, at the upper wavelength range of the SL first order, is about 3.74 arcseconds
(see Spitzer Science Center 200688.1.2.1). Optimized for point sources, the Spitzer

Space Center pipeline adjusts the data for this loss of flux. However, in the case of
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a spatially uniform extended source, there is no net loss of flux. CUBISM can apply
a slit loss correction factor which re-corrected the data to the original levels. In the
case of 30 Doradus, an extended sources, we opted to do so. However, it is important
to note that in some areas of the map, there are bright features which are neither
point sources nor uniformly extended emission, which have some net loss of flux. The
magnitude of this loss is at most 36% (see Sheth 2006, Slide 13)? . This loss may be
responsible for some of the mismatches we experienced between the flux densities in

the four different modules at some points in the map.

2.8.3 Final adjustments to the spectra

The wavelength range of the spectra needs to be trimmed. The full range of the
IRS in each of the four modules includes bins where the response is unreliable. In
the LL modules, where the spectrum of 30 Doradus is generally smooth, the drop in
response at the long-wave edge of the LL2 module and the increase in noise at the
long-wave edge of the LL1 module are evident.We trimmed the LL modules based
on these observations. The spectrum of 30 Doradus is more complex in the SL
modules, however, with many emission lines and an unclear continuum. In order
to determine the range of wavelengths which can be trusted in each SL module, we
examined the IRS low resolution staring mode spectrum of a Lacertae, an A1 dwarf
star whose smooth spectrum is well known. In each of the SL modules, the spectrum
departs from its smooth curve at the margins. We trimmed our SL spectra to the
wavelengths where the IRS spectrum of a Lac stayed faithful to the smooth curve.
We also found, based on some spectra from 30 Doradus, that the limit at the long-

wave edge of the SL1 module based on the spectrum of a Lac was not conservative

4Available at: ssc.spitzer.caltech.edu/sust/workshop/2006data2/talks/kartik.pdf
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enough; consequently, we decreased the trusted upper limit on wavelength for the
SL1. We could not use the spectrum of o Lac to determine the reliable wavelengths
for the LL modules because the stellar spectrum has low signal-to-noise at such long
wavelengths.

After extracting our spectra, we found that some of the SL spectra were suspi-
ciously low, even negative for some counts. This may be a problem with background
subtraction, and thus requires an additive correction. We raised both SL. modules by
the additive quantity necessary to make the floor of the SL2 spectrum (the median
of the five lowest counts) non-negative. Over 72% of the map, this correction was
unnecessary. Over the remaining 28%, mainly in areas of low signal, the SL spectrum
was raised by a mean level of 5.5 MJy /sr, with standard deviation of 6.5 MJy/sr. For
comparison, the mean level of the background spectrum in the SL is 3.2 MJy/sr and
the mean level of the background-subtracted SL spectrum averaged across a large
region of 30 Doradus is about 100 MJy /sr.

The different modules of an IRS spectrum do not always match up well in flux
density. The mismatches between the SL.1 and SL2 modules, and between the LL1 and
LL2 modules, were rarely serious. However, we noticed more consistent mismatches
between the SL1 and LL2 modules. The primary cause is probably that the emission
in the 30 Doradus region is often best characterized as neither a point source nor as
a uniform extended source, but instead as something in between. We have treated
it as a uniform extended source (see §2.8.2), likely losing some flux. This would call
for a multiplicative correction. We found logarithmic fits to the continuum emission
close to the junction in each module and multiplied the SL spectra by the ratio of the
fits in the overlapping wavelengths. The mean value of the multiplicative correction

is 1.2 with a standard deviation of 1.2.
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2.9 Quality Assurance (Appendix 2)

In order to check our work on reducing the spectral map, we compared our spectra,
taken with the low resolution modules of the IRS in mapping mode, to spectra of
several areas of the 30 Doradus nebula taken with both the low and high resolution
modules of the IRS, in staring mode (private correspondence and Lebouteiller et al.
2008)°. These spectra will henceforth be referred to as the GTO spectra. The aper-
tures they span are displayed in green in Figure 2.3. By selecting the subsets of our
map that coincide with the GTO apertures, we can produce spectra which should be
consistent with theirs. We applied PAHFIT, the same fitting algorithm that we use
on our spectral map, to the GTO spectra. We made some adjustments to PAHFIT
to allow for the much higher spectral resolution in the GTO spectra redward of about
10 pm, where there is coverage from the high resolution modules.

In Figure 2.24, the fitted spectra from two of these apertures are shown. The
overall agreement in the shape of the spectrum is clear, with a notable exception in
the continuum from 20 to 32 um (likely the result of nonlinearity in the short-low
detector response). In the upper panel, taken from an aperture toward the south of the
30 Doradusnebula, at around 053850 -69°06'41”, where the continuum emission at
long wavelengths is relatively faint, the agreement between the GTO spectrum and
ours is close, but the effect starts to become noticeable at higher flux densities. In
the lower panel, taken from a brighter part of the 30 Doradus nebula at 05"38™48%
-69°04'10” where the falling response in the LL1 is more severe, the difference between
the GTO spectrum and ours is larger.

We are most concerned with whether we can obtain the same emission line strengths

by fitting the GTO spectra in the same manner as ours. Figures 2.24 and 2.25 show

5IRS GTO program, ID#63, AOR keys 4382720, 12081152, and 12081408
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that the PAHs have similar profiles, while the unresolved atomic lines are narrower
with higher central intensities in the long-wave, high resolution part of the GTO spec-
tra. The integrated strengths of several of the long-wave emission lines of interest are
plotted in Figure 2.26, for twelve GTO spectra and the corresponding apertures in
our map. Perfect agreement falls along the line of unity.

The fits to the PAH complex at 11.3 pum agree well only at low strength. This
may be because of detailed fine structure that appears in the PAH complex at high
resolution. In the low resolution spectrum, only a broad feature at 11.3 pm, with a
shoulder at 11.0 um, is apparent. A Drude profile is sufficient to fit that, and a more
complex fitting profile would not be appropriate because of the lack of resolution. In
high resolution such as in the GTO spectra, the shoulder at 11.0 gum resolves into
a completely separate feature (see Figure 2.25), possibly another PAH feature. This
might also be the Paschen-y HI recombination line, although so significantly shifted
from its rest wavelength at 10.95um as to make such an identification questionable.
The main PAH feature at 11.3 pm displays a different profile that would require a
more complex fitting algorithm. Thus, we are not concerned about this disparity.
The conclusion is that PAHFIT is adequate for fitting PAHs at low resolution, but
may not sufficiently describe the same features at high resolution — not surprising,
as the list of features used in PAHFIT was empirically tuned using low resolution
spectra.

A systematic disparity is evident in the comparison of the Humphreys-a A\12.37 pm
fitted line strength. Upon closer examination, two factors surfaced. Both support the
trend that the fitted line strength at low resolution is higher than the line strength
at high resolution. First, the fainter molecular hydrogen line, Hy S(2) A12.28 pm, is

resolved in high resolution. The fit to the high resolution Humphreys-« line therefore
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does not include any of the flux from the molecular hydrogen line. Meanwhile, in
the low resolution spectrum, the flux from both lines contributes to the same broad
feature. We are confident that Humphreys-a contributes most of the flux we see in
low resolution, in part because the line center more closely coincides with 12.37 than
with 12.28 um, and in part because, as we can see in the high resolution spectra, the
Humphreys-a line is equal to or stronger than Hy S(2) in all of the areas of our map
covered by the high resolution spectra. However, the flux of both emission lines is con-
tributing to the low-resolution fit, and so to some extent, our fits to the line strength
of the Humphreys-« line are overestimated. Quantitative comparison between high-
and low-resolution spectra and between fits with and without the molecular hydro-
gen line show that the contamination of the Humphreys-« line strength is at most
~20% (see §2.5.1). This effect is weakest in the parts of 30 Doradus dominated by
ionized gas that are the focus of this paper, but should be kept in mind for analysis
of the outer parts of the region and PDR physics in future papers. The second factor
that contributes to the disparity seen in the second panel of Figure 2.26 is the PAH
feature at 12.6 um. As discussed above in the context of the PAH complex at 11.3
pm, the fitting package PAHFIT is intended for the relatively smooth features seen
in low resolution, and does not handle the complex morphology of PAHs seen at high
resolution as well. In the case of the PAH at 12.6 pm, its line strength in the high
resolution fit is generally overestimated. Its broad wings thus lead the strength of the
Humphreys-« line to be underestimated in the high resolution fit. The slight overes-
timation of the line in the low resolution spectrum and the slight underestimation of
the line in the high resolution spectrum both contribute to the disparity.

The results for the forbidden neon lines, as for most of the stronger lines, show

a tighter correlation. The close agreement in the fits to the low and high resolution
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spectra for the weaker [Ne IIJA12.8 um is particularly encouraging because one of
our concerns in interpreting the neon ratio was the possible entanglement of the
[Ne II] atomic emission line with the above-mentioned PAH at 12.6 gm. In the high
resolution spectrum, the PAH (with its often-unusual shape) and the atomic line are
resolved. As in the case of the Humphreys-«r line, the strength of the [Ne II] line
may be slightly underestimated because of the poor, overestimated fit to the PAH
at 12.6 um. The close agreement between the low resolution and high resolution fit,
across almost all of the twelve apertures, regardless of PAH strength in each aperture,
indicates that there are no systematic errors to the low resolution fit that do not also
appear in the high resolution fit. Thus, our results may share the slight bias toward
underestimating the [Ne II] strength, but we are generally able to decompose [Ne II]
and the PAH at 12.6 pum despite the lack of spectral resolution.

Finally, the correlation for the fitted line strength of [Ne IITJA15.5 pm is similarly
good, with the exception of two apertures where the high resolution fitted line strength
is significantly higher than the low resolution fitted line strength. These two apertures
(displayed with squares rather than diamonds in Figure 2.26) are located in a small
region of the map that exemplifies the extreme of the trend shown in Figure 2.24,
where the response in the LL1 module falls until the module finally saturates. In these
cases, our fit to the continuum with thermal dust components is not very successful.
The fitted continuum is dragged down in the area from 20 to 32 pm, which forces it
up in the region of 15 pm. This causes our estimation of the strength of [Ne III] to
be underestimated.

For these two anomalous apertures, we conducted a test by removing the faulty
LL1 spectrum and fitting only the remaining spectrum, to get a better estimation

of continuum in the region of [Ne III]. This increased the fitted strength of [Ne III],
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though not enough to get it to agree with the value we obtained by fitting the high-
resolution spectrum.

The effect of long-wave line strengths being underestimated in our low resolution
spectra compared to the high resolution GTO spectra is seen for [Ne IIIJA15.5 pm
and [S TI1JA33.4 pm in some areas of the map. Empirically, the line strengths of
[Ne I1]A12.8 pm and [S IITJA18.7 um appear to be unaffected, as shown by their close
agreement with the GTO spectra. It is crucial to note that this effect is restricted to
the small areas of the map where we can see falling response in the LL1 module, as
drawn in Figure 2.4. In that localized area, we can expect our values of [Ne III] and
[S TI1]A33.4 pm to be underestimated relative to the GTO results by perhaps 30%,
as shown in Figure 2.26 (the effect is very similar for [S I1I]A33.4 pm). Outside these
small areas of the map, the agreement between our spectra and the high-resolution

GTO spectra is excellent for these two emission lines.
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Fig. 2.24.— In blue, the fit to our low resolution spectra. In red, the same type
of fit applied to the high resolution GTO spectra, with high resolution data at long
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at about 10 pum). Top: a relatively faint area in the southern part of the 30 Doradus
nebula. Bottom: a brighter area, where the low resolution spectrum suffers from
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from the same aperture on the sky.) Both the measured spectra (symbols) and our fits
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resolution spectrum has higher resolution for the lines, and the continuum strength
may vary, the overall strength of the lines agree. Also note that the PAH has a fairly
smooth appearance in the low-resolution plot and a more complex morphology in
the high-resolution spectrum, which can cause problems when attempting to fit PAH

strength in high-resolution. See §2.9.
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Fig. 2.26.— Comparison of the fitted integrated strengths of four emission lines. On
the horizontal axis are the results from our low resolution spectra. On the vertical
axis are the results of using the same type of fit on the GTO spectra, which are
high resolution longward of about 10 pum. Each symbol represents one area of the
30 Doradus nebula, with horizontal and vertical error bars. The discrepancies from
the line of unity are discussed in §2.9. Among those discrepancies, the fitting al-
gorithm we used is not designed to fit the more complex structure of PAHs that is
resolved in the high resolution spectrum. Another reason for the discrepancy in the
Humphreys-a is that our fits to the line also include the fainter Hy S(2) A12.28 pym
emission line, which is not well resolved at low resolution. The square symbols in the
lower right plot call attention to two outlying points discussed in §2.9.
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3.1 Abstract

We present measurements of 5—25 pm emission features of brightest cluster galaxies
(BCGs) with strong optical emission lines in a sample of nine cool-core clusters of
galaxies observed with the Infrared Spectrograph on board the Spitzer Space Tele-
scope. These systems provide a view of dusty molecular gas and star formation, sur-
rounded by dense, X-ray-emitting intracluster gas. Past work has shown that BCGs
in cool-core clusters may host powerful radio sources, luminous optical emission-line
systems, and excess UV, while BCGs in other clusters never show this activity. In
this sample, we detect polycyclic aromatic hydrocarbons (PAHs), extremely lumi-
nous, rotationally excited molecular hydrogen line emission, forbidden line emission
from ionized gas ([Ne II] and [Ne III]), and infrared continuum emission from warm
dust and cool stars. We show here that these BCGs exhibit more luminous forbidden
neon and Hy rotational line emission than star-forming galaxies with similar total
infrared luminosities, as well as somewhat higher ratios of 70 gm/24 gm luminosities.
Our analysis suggests that while star formation processes dominate the heating of
the dust and PAHs, a heating process consistent with suprathermal electron heating
from the hot gas, distinct from star formation, is heating the molecular gas and con-
tributing to the heating of the ionized gas in the galaxies. The survival of PAHs and
dust suggests that dusty gas is somehow shielded from significant interaction with

the X-ray gas.

3.2 Introduction

Infrared spectroscopy provides critical clues about the power sources of luminous

galaxies whose energy sources are shielded from visual inspection by layers of dust and
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gas (Genzel et al. 1998; Kennicutt 1998a; Laurent et al. 2000), including star formation
activity and AGN (e.g., Roussel et al. 2001). The Infrared Spectrograph (IRS) on
board the Spitzer Space Telescope (Houck et al. 2004), exploiting the sensitivity and
spatial resolution of Spitzer, delivered stunning infrared spectra from galaxies of many
types. A key project, Spitzer Infrared Nearby Galaxy Survey (Kennicutt et al. 2003),
as a survey of nearby galaxies (D < 30 Mpc), was limited to mainly spirals and a few
ellipticals. Studies targeting the brightest infrared galaxies in the sky (e.g., Armus
et al. 2009) included mainly the most luminous IR galaxies (LIRGs) and nearby IR~
bright, star-forming galaxies. Spitzer programs such as these have produced a treasure
of infrared spectra of galaxies as well as improved and standardized techniques for
measuring infrared features (e.g., Dale et al. 2009). These recent theoretical and
observational efforts have identified useful infrared diagnostics, which now allow a
physical interpretation of the spectra based on models (Dale et al. 2006; Farrah et al.
2007; Smith et al. 2007Db).

We explore here the infrared spectral signatures of Brightest Cluster Galaxies
(BCGs). BCGs are not common even in large samples of galaxies, because massive
clusters themselves are rare (of order a few in a box 100 Mpc on a side), so in general,
to study an interestingly large and bright sample of BCGs, they must be specially
targeted. Although most BCGs have red colors and are dust-free, suggesting little
star formation, some 15-25% show evidence of significant star formation (rates up
to ~ 100 My yr~!) in their UV and optical continua (e.g., Johnstone et al. 1987;
McNamara & O’Connell 1989; Fabian 1994; Crawford et al. 1999; Hicks & Mushotzky
2005; Rafferty et al. 2008; Bildfell et al. 2008; Hicks et al. 2010; Donahue et al. 2010).

Star-forming BCGs seem to be exclusively found in the centers of clusters whose

hot intracluster medium (ICM) cores exhibit gas cooling times shorter than about
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1 billion years or low hot gas entropies (K) where K = kTne /% < 30 keV cm™2,
(e.g. Cavagnolo et al. 2008; Rafferty et al. 2008; Hudson et al. 2010) These clusters,
once known as cooling flows, are called “cool-core” clusters. About half of the nearby
X-ray luminous clusters fall into this category. This trend for cooling flow clusters to
host BCGs with powerful emission line nebulae was first found by Hu et al. (1985),
who noted a ~ 14 billion year threshold, limited by the far cruder X-ray data avail-
able at the time. Then, astronomers suspected that gas cooling from the hot phase
was somehow related to these nebular emission line systems although the emission
lines themselves were too bright to be generated directly by cooling gas. Almost
two decades later, X-ray Multi-Mirror (XMM) spectroscopy failed to show [Fe XVII]
and [O VII] emission lines, conclusively demonstrating that very little X-ray emit-
ting gas existed at temperatures 1/2-1/3 the temperature of most of the ICM (e.g.,
Peterson et al. 2003). However, the disproof of the simplest massive cooling flow
model did not explain why BCGs in these systems frequently exhibited properties
indicative of activity: extended emission line systems (Heckman et al. 1989), includ-
ing vibrationally-excited molecular hydrogen at 1000 — 2000 K (Elston & Maloney
1994; Jaffe & Bremer 1997; Donahue et al. 2000), CO masses indicating cold Hy at
~ 100 K (Edge 2001), UV excesses (most recently, O’Dea et al. 2010; Hicks et al.
2010; Donahue et al. 2010), radio sources (e.g., Burns 1990; Cavagnolo et al. 2008),
IR emission from warm dust (Egami et al. 2006b; Donahue et al. 2007b; O’'Dea et al.
2008). It is important to note that the XMM spectral results ruled out the enormous
X-ray cooling rates inferred from the simple cooling flow model (~ 100s Mg yr—!),
but do not provide limits near the cooling rates similar to the typical star forma-
tion rates estimated for these BCGs (~ 1 — 10s Mg, yr™!), with quantities an order

of magnitude higher for the most extreme systems. Early Herschel results of a few
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classic examples of these active brightest cluster galaxies in cool-core clusters reveal
far-IR spectra of similar sources that are consistent with the short wavelength Spitzer
observations: strong peaks in broadband photometry from dust warmed by recently
formed stars and powerful interstellar coolant lines of OI (63 pm) and CII (153 um)
(Edge et al. 2010a,b), and Spitzer IRS measurements of individual BCGs reveal that
some, like Zwicky 3146, have not only have powerful IR emission from warm dust
but unusually luminous molecular hydrogen (Egami et al. 2006a), while others, like
NGC4696, have luminous molecular hydrogen but only faint dust emission (Kaneda
et al. 2008).

These brightest cluster galaxies also pose a challenge to galaxy formation models.
The so-called “over-cooling” problem in galaxy formation simulations creates massive
galaxies that are bluer, even more luminous, and with higher star formation rates than
observed (see Balogh et al. 2001; Croton et al. 2006; Bower et al. 2006). To remedy
this situation, models must include AGN feedback in the form of non-radiative energy
in addition to stellar feedback to quench the formation of stars (e.g., Springel et al.
2005) and prevent the rapid cooling of hot intergalactic gas (e.g., Churazov et al.
2001; McNamara & Nulsen 2007). Furthermore, the accretion of hot gas has been
proposed as the dominant mode for forming the most massive (> 10'!* M) galaxies
(e.g., Keres et al. 2005).

Conveniently, BCGs provide a laboratory for this type of galaxy formation. Chan-
dra observations clearly show AGN interactions with the hot ICM in the form of
cavities in the hot atmospheres of clusters and galaxies. The mechanical energy as-
sociated with these cavities is is sufficient to offset cooling (Birzan et al. 2004; Dunn
& Fabian 2006), and to somehow regulate or quench star formation in most systems

(Rafferty et al. 2006). However, energetic feedback from AGN is apparently unable
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to offset cooling entirely in all BCGs, and these systems that are struggling to offset
rapid cooling are rich in cold gas and star formation (O’Dea et al. 2008). The correla-
tion between star formation and short central cooling times in the hot gas shows that
the gas fueling star formation may well have cooled from the hot ICM (Cavagnolo
et al. 2008; Rafferty et al. 2008). Assessing and decoding the state of gas, dust, and
stars in these galaxies, using Spitzer spectra, will yield clues about which physical
processes are most relevant in determining a system’s appearance and star formation
rate during accretion of hot gas.

We present here Spitzer Infrared Spectrograph (IRS) (Houck et al. 2004) mea-
surements of a sample of nine BCGs residing in cool-core clusters. We describe the
measurement procedures, including the scaling we applied to the data to match aper-
ture photometry, in §2. We present our results in §3. In §4, we compare the full
spectra to a set of simulated time-averaged starburst spectral energy distributions
(SEDs). In §5 we compare the emission line and polycyclic aromatic hydrocarbons
(PAH) ratios and correlations seen in our sample to those seen in other types of galax-
ies. In §6 we discuss the correlation and lack of correlation in the various spectral
components that suggest that at least two sources of heat must be considered in order
to interpret the observations of these systems. We assume Hy = 70 km s~ Mpc™1,

and a flat, {23, = 0.3 cosmology throughout.

3.3 Observations and Data Reductions

3.3.1 Observations

The Spitzer IRS observations took place in 2005 and 2006 (see Table 3.1), and the data
were reprocessed in April 2009 (v18.7). Both short (SL) and long (LL) wavelength



Table 3.1. Observation Log.

Cluster Redshift* Spitzer IRS Mode Obs Date Duration (s) # of Slit Positions

BCG ID SL LL SL LL
2A03354-096 0.0347 20345 Staring 2006 — 09 —16 10156 1698 12 12
Abell 478 0.0860 20345 Staring 2006 — 03 —17 10156 1698 12 12
Abell 1068 0.1386 3384 Mapping 2005 —04 —21 2925 234 6 2
Abell 1795 0.0633 3384 Mapping 2005 — 02 —07 11701 1879 24 16
Abell 1835 0.2520 3384 Mapping 2005 —-02—-13 2925 234 6 2
Abell 2597 0.0821 3384 Mapping 2005 — 06 — 30> 6826 704 14 6
Hydra A 0.0549 3384 Staring 2005 —12—-14 7313 1509 12 12
MS 0735.6+7421 0.216 20345 Staring 2006 — 04 —25 21280 2768 4 4
PKS 0745-19 0.1028 20345 Staring 2006 — 05— 16 10640 1384 4 4

2BCG redshift sources, from emission lines: 2A03354+096 (Donahue et al. 2007a), Hydra A (Smith et al.
2004), Abell 1795 (CGCG 162-010) (Hill & Oegerle 1993), Abell 2597 (PKS 2322-12) (Voit & Donahue 1997;
Colless et al. 2003), see also http://www.mso.anu.edu.au/2dFGRS/, Abell 478 (NVSS J041325+102754)
(Zabludoff et al. 1990), PKS 0745-19 (Hunstead et al. 1978), Abell 1068 (FIRST J104044.4+395712)
(Allen et al. 1992), MS0735 (ZwCl 1370 or BCG 4C +74.12) (Stocke et al. 1991), Abell 1835 (SDSS
J140102.07+025242.5) (SDSS DR2 ; see also Allen et al. (1992).

b Also 2005-07-05.

L.



Table 3.2.  Spitzer MIPS/IRAC Observation Log.

Cluster IRAC AOR Obs Date Duration MIPS AOR® Obs Date DurationP
BCG (s) (s)

2A0335+096 18646528 2006 — 09 — 26 108 18636544 2007 — 02 — 27 400, 300
Abell 478 11579904 2005 — 09 — 16 1200 14944256 (1), 14944512 (2 & 3) 2006 — 02 — 22,2006 — 03 — 02 550, 1500, 1200
Abell 1068 18650368 2006 — 12 — 27 108 18638336 2006 — 12 — 08 400, 320
Abell 1795 e e e 8788480 2004 — 07 — 11 36, 42
Abell 1835 4404480 2004 — 01 — 16 3600 4764160(1), 4744448(2 & 3) 2004 — 02 — 20,2005 — 06 — 28 1800, 600, 150
Abell 2597 13372160 2005 — 11 — 24 3600 13371904 2005 — 06 — 18 140, 150, 60
Hydra A 26923008 2008 — 06 — 09 3600 4707584 2004 — 05 — 04 140, 120, 180
MS0735.6+7421 7858688 2003 — 11 — 20 500 e cee e
PKS 0745-19 18667776 2006 — 12 — 27 108 18667520 2006 — 12 — 08 400, 300

2Channel (1) is the 24-pm channel, Channels (2 & 3) are the MIPS 70- and 160-pm channels respectively.

PTwo durations indicate total exposure time in seconds for 24- and 70-um MIPS observations, respectively. Three durations indicate exposure times
for 24-, 70-, and 160-pm MIPS observation sequences, respectively.

8L
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observations were obtained, at low spectral resolution, R ~ 60 — 130. With two
spectral orders each, we obtained a total of four spectral modules. We have sparse
spectral maps of nine cool-core BCGs, though we analyze only the central region here.
We used IRSCLEAN v1.7 to apply the bad pixel mask supplied by the Spitzer pipeline
and to find additional rogue pixels using a WCLEAN formula with an aggressive level
of 0.5 (suitable for relatively faint targets such as these). The LL pixels are 5.1” across,
while the SL pixels are 1.8” across (Houck et al. 2004).

To cross-check our flux calibration of the IRS spectroscopy, we also analyzed
photometry data from the Spitzer Infrared Array Camera (IRAC) (Fazio et al. 2004)
and the from the Multiband Imaging Photometer for Spitzer (MIPS) (Rieke et al.
2004). We list the archival observations (known by their Astronomical Observation

Requests or AORS) in Table 3.2. The aperture photometry is discussed in § 3.3.3.

3.3.2 Spectral Data Filtering and Extraction

This section discusses our choices regarding the IRS spectral extraction process, with
particular attention to the treatment of extended sources compared to point sources.
We used the software package CUBISM v1.7' (Smith et al. 2007a) to combine the
exposures into a data cube, or spectral map. To reduce noise near the ends of the slit,
we trimmed the exposures in the cross-dispersion direction by 3 — 5%. We confirmed
that the off-target, paired observations for each spectrum were indeed source-free.
These blank sky spectra were used for background subtraction.

To remove rogue pixels which were not caught by IRSCLEAN, we composed bad
pixel lists using CUBISM’s autobadpiz algorithms, on both the global and individual

record levels. At the global level, we flagged any pixel which deviated by more than

Thttp://ssc.spitzer.caltech.edu/dataanalysistools/tools/cubism/
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Cluster Module FWHM FWHM Type Aperture center (J2000) Aperture size 0* Factor?
() (kpc) RA DEC (") )
2A03354096 SL2 Extended 3:38:40.5 9:58:12 10.8 x 10.8 17 1.16
SL1 8.0 5.7 3:38:40.6 9:58:11 10.8 x 10.8 17 1.16
LL2 10.5 7.5 3:38:40.4 9:58:9 30.6 X 15.3 —80 1.01
LL1 3:38:40.5 9:58:10 30.6 X 15.3 —80 1.01
Abell 478 SL2 Extended 4:13:25.4 10 : 27 : 55 7.2 X 7.2 14 2.26
SL1 7.0 12.3 4:13:25.4 10 : 27 : 56 72X 7.2 14 2.26
LL2 8.4 14.7 4:13:25.3 10 : 27 : 57 15.3 x 10.2 8 1.71
LL1 4:13:25.3 10 : 27 : 56 15.3 x 10.2 8 1.71
Abell 1068 SL2 Point 10 :40:44.5 39 :57:11 12.6 x 5.4 —40 0.65
SL1 3.7 10.6 10:40:44.4 39 :57:11 19.8 x 3.6 —40 1.00
LL2 9.0 25.6 10 : 40 : 44.7 39 :57:9 35.7 x 10.2 43 1.00
LL1 10:40:44.6 39 :57:10 56.1 x 10.2 43 1.00
Abell 1795 SL2 Extended 13:48:52.5 26 : 35 : 33 12.6 x 3.6 —6 1.87
SL1 8.1 10.5 13:48:52.5 26 :35: 34 12.6 X 3.6 —6 1.87
LL2 12.7 16.5 13:48:52.2 26 :35:35 20.4 x 10.2 78 1.33
LL1 13:48:52.3 26 :35: 36 20.4 x 10.2 78 1.33
Abell 1835 SL2 Point 14 :1:2.1 2:52:41 16.2 X 3.6 —11 1.20
SL1 3.8 19.4 14 :1:2.1 2:52:42 16.2 X 3.6 —11 1.20
LL2 9.5 49.2 14:1:1.9 2:52:40 45.9 x 10.2 72 1.00
LL1 14 :1:2.0 2:52:39 45.9 x 10.2 72 1.00
Abell 2597 SL2 Extended 23:25:19.9 —12:7:27 9.0 X 3.6 27 3.42
SL1 6.4 10.7 23:25:19.8 —12:7:27 9.0 X 3.6 27 3.42
LL2 15.0 25.3 23:25:19.7 —12:7:26 15.3 x 10.2 21 1.87
LL1 23:25:19.8 —12:7:26 10.2 x 10.2 21 1.87
Hydra A SL2 Point 9:18 : 5.7 —12:5:43 14.4 x 3.6 —20 1.70
SL1 4.7 5.3 9:18 : 5.7 —12:5:44 18.0 x 3.6 —20 1.70
LL2 8.7 9.7 9:18:5.4 —12:5:43 35.7 x 10.2 63 1.70
LL1 9:18:5.5 —12:5:44 35.7 x 10.2 63 1.00
MS 0735 SL2 Extended 7:41:44.6 74 :14: 39 5.4 X 3.6 -7 3.58
SL1 6.2 27.5 7:41:44.6 74 :14: 39 3.6 X 3.6 -7 3.58
LL2 10.4 46.0 7:41:44.2 74 :14 : 39 10.2 x 10.2 —13 1.72
LL1 7:41:43.8 74 :14 : 39 10.2 x 10.2 —13 1.72
PKS 0745-19 SL2 Point 7:47:31.4 —19:17: 39 12.6 X 3.6 —11 3.36
SL1 4.9 10.3 7:47:31.4 —19:17 : 36 27.0 X 3.6 —11 1.29
LL2 9.4 19.7 7:47:31.3 —19:17 : 37 25.5 X 10.2 72 1.00
LL1 7:47:31.2 —19:17 : 36 25.5 X 10.2 72 1.00

(a) Angle of longer axis of aperture, in degrees east of north (CCW). (b) Factor applied to the extracted spectrum, to scale it up to
the total light in a similar broadband aperture (only for extended-source spectra) and in a few cases to co-register modules and improve

agreement with broadband measurements.
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2.50 from the median level in at least 50% of its appearances in the cube. This
method flags only a few pixels, but each of these pixels has a relatively large effect
on the spectral map. At the record level, we conservatively flagged any pixel which is
a bo outlier in at least 75% of its appearances in the cube. This method flags more
pixels, but only in individual exposures. We also manually removed obvious rogue
pixels.

The Spitzer pipeline is optimized for single-slit observations of point sources, in-
cluding a correction for the light lost from the slit, which can be as much as 36%
(Smith et al. 2007a, Figure 4). However, CUBISM includes an option to remove
this slit-loss correction factor, in order to extract spectra of extended sources. To
determine which targets to treat as point sources, we used CUBISM to create a map
combining all SL1 wavelengths, and averaged the two rows which covered the peak
source emission. Using this light profile, we measured the FWHM along the slit (see
Table 3.3). We did the same for the LL2. These modules were selected because their
signal-to-noise is highest. Spitzer’s PSF has an average FWHM of 2.6” in the SL and
6.6” in the LL 2. Four of our nine galaxies have a FWHM in the SL1 of < 5.5” and
were considered to be point sources. The other five sources do not uniformly fill the
Spitzer slit, but they are not well characterized as point sources.

For the point sources, we extracted spectra using an aperture that just spans
the slit (2 pixels) and a length that captures most of the light along the slit (see
Table 3.3). Spitzer data are calibrated for point sources and for this kind of aperture.
Single-pointing software such as SMART? (Higdon et al. 2004; Lebouteiller et al.
2010) uses a similar aperture with its “tapered column” extraction, increasing the

length of the aperture as the PSF broadens with wavelength, and further optimizing

2http://ssc.spitzer.caltech.edu/irs/irsinstrumenthandbook/
3http://ssc.spitzer.caltech.edu/dataanalysistools/tools/contributed /irs /smart /
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the extraction by weighting each pixel by its signal-to-noise (Lebouteiller et al. 2010).
In order to use the same software for all of our spectra, we used CUBISM to extract
our point-source spectra, approximating the tapered column type of aperture. (For
PKS 0745-19 SL2, we truncated the aperture to avoid a noisy region. For Abell 1068
SL2, CUBISM spreads the light from those two pixels across three rows.) To check
our procedure, we also extracted the point-source spectra using SMART and found
agreement to within about 10%, sometimes to within 2%.

For the extended targets, we removed the pipeline slit-loss correction factor. Our
apertures include much of the available light with good signal-to-noise. However, our
sparse spectral maps do not cover the full extent of the source.

After extraction, any noisy edges were trimmed from each order. In the observed
frame, the four low-resolution IRS modules span the following wavelength ranges:
SL2: 5.2 —7.6 pm; SL1: 7.5 — 14.5 pm; LL2: 14.3 — 20.6 pm; LL1: 20.5 — 37.5 pm.
Spectra extracted from CUBISM are reported in units of MJy sr~!, so the size of
the extraction aperture is used to convert spectra to units of flux density (mJy). We
then corrected to the rest frame for each target (see Table 3.1) by dividing both the

wavelength and fluxes by a factor of (1 + z).

3.3.3 Aperture Photometry and Systematic Uncertainties

The light collected by the narrow Spitzer slit and our sparse spectral maps represents
only a portion of the MIR light. Therefore, to obtain meaningful luminosities, we rely
on IRAC and MIPS photometry (see Table 3.4) (as in Egami et al. (2006a)). The
broadband aperture diameters are approximately three times the source’s FWHM
measured using the IRS (or equal to the FWHM of Spitzer’s PSF for the 70 and

160 pm points) with subtraction of background computed from a larger annulus. We
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adjusted the aperture size to exclude unrelated foreground or background sources, and
applied the suggested aperture corrections given by the MIPS Instrument Handbook.
At 24 pm, the corrections are 1.17 (for apertures of 26” and 30”) and 1.13 (for
apertures 50”). For 70 and 160 pm the corrections are 1.22 and 1.752 respectively.
The photometric uncertainty is 5% for IRAC, and 10, 20 and 20% for the MIPS 24,
70 and 160 pm points respectively.

Because the spectra within the cited IRAC and MIPS circular apertures may differ
from the spectra obtained from within our smaller, rectangular IRS apertures, our
analysis and conclusions rely most heavily on relative quantities, i.e., ratios, rather
than absolute quantities. All correction factors for each module are listed in Table 3.3.
The interested reader can recover the flux in the apertures listed in Table 3.3 by
dividing the fluxes published here by this factor.

In three cases (Hydra A, A1795, MS0735), we do not have complete IRAC and
MIPS coverage in the IRS wavelength range, and we needed a robust, standalone
scaling procedure. For this purpose, we developed a scaling procedure that did not
rely on IRAC or MIPS photometry. We validated this procedure, with scaled IRS
spectra for sources with IRAC and MIPS photometry, by comparing the resulting
spectrophotometry to IRAC and MIPS photometry. We now describe our scaling
procedure.

For the sources we identified as extended, we fit Gaussian, azimuthally symmetric
light profiles (and neglected the fainter extended haloes) to estimate how much of the
source was included within a circle of the same area as our rectangular aperture. The
spatial profile from the SL1 map was used as the reference to determine the scale for
the SL1 and SL2 spectra for light from outside the rectangular aperture. The profile

from the LL2 map was used for both LL orders. For point sources, this scaling has
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already been performed by the pipeline (See § 3.3.2).

An additional scale factor is needed to match the orders of the IRS spectrum. Flux
mismatches are expected between the spectral orders extracted with CUBISM, be-
cause it is impossible to perform an exact tapered column extraction using CUBISM.
Even tapered column extractions with SMART sometimes show mismatches. In our
sample, three targets had mismatches between the first and second orders (SL1/SL2
or LL1/LL2), and three had mismatches between the SL and LL. Some spectra are
plagued by noise or decreased signal at the module interface (e.g. 2A0335 near 7.1
pum). We selected the LL2 spectrum as the photometric reference point because of the
good agreement between the LL spectrum and MIPS photometry in a similar aper-
ture and because the LL is less vulnerable to slit loss due to pointing errors (because
of its larger pixels) (Smith et al. 2007a). As mentioned above, the LL2 has superior
signal-to-noise to the LL1. We used low-order polynomial continuum fits to match
the modules when major features did not interfere.

In three cases an additional overall factor was needed (Hydra A (1.70), A478
(1.55), MS0735 (1.12)), probably because of extended halo light contained within the
broadband aperture but not represented by our Gaussian profile. This procedure
worked well, because agreement between the IRS spectra and broadband photometry
was relatively good, almost always within 10%), and usually within 5% (see Figures 3.1-
3.2). Therefore, while the IRS spectrum appears to exceed the IRAC value at 8
pm for Hydra A, the agreement between the integrated spectrum and the IRAC
photometry point is actually excellent. Note that the comparison here is between
the MIPS and IRAC photometry and the observer-frame IRS spectra integrated over
appropriate bandpasses. These flux points should not be confused with the integrated

IRS photometry in the rest-frame 24-um MIPS bandpass reported in Table 3.5.
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For analysis and plots, we combine the uncertainty calculated by the SSC pipeline
in quadrature with a 15% systematic uncertainty to all fluxes to account for the
uncertainty in scaling the IRS photometry relative to Spitzer broadband photometry.
The systematic uncertainty dominates in almost all measurements. An additional
5% absolute photometric uncertainty is applied when making comparisons with data

from other telescopes.?.

3.3.4 PAHFIT Spectral Decomposition

We used the spectral-decomposition package PAHFIT v1.2 (Smith et al. 2007b) to
make empirical fits to the IRS spectra and to facilitate direct comparison with results
from other workers using the same method. The short-wavelength PAHFIT results
are plotted in Figures 3.1-3.2 and the full-wavelength results are shown in Figure 3.3.
PAHFIT fits the following components: a starlight continuum, several thermal dust
continuum components, broad PAH emission bands, narrow atomic and molecular
emission lines, and broad silicate absorption bands (Figures 3.1-3.2.) We customized
the list of fitted emission features to a limited set, excluding those that were very
weak. In the case of 2A0335, small parts of the spectrum (below 5.3um and between
7.05 and 7.35um) were excluded from the PAHFIT analysis because noise in those

parts of the spectrum hindered a successful fit.

4http://ssc.spitzer.caltech.edu/spitzermission/missionoverview /spitzertelescopehandbook/



Table 3.4. Broadband Spitzer Photometry

Band 2A03354+096  Abell 478  Abell 1068  Abell 1795  Abell 1835  Abell 2597 Hydra A MS 0735 PKS 0745-19

3.6 9.2 [12] 4.2 [20] 2.1 [10] 2.5 [14] 4.5 [20] 1.4 [20] 3.0 [14]
4.5 5.6 [12] 2.8 [20] 2.0 [10] 2.0 [14] 2.9 [20] 2.9 [14] 1.0 [20] 2.1 [14]
5.8 4.4 [12] 2.0 [20] 2.7 [10] 1.3 [14] 1.8 [20] 0.7 [20] 1.7 [14]
8.0 3.5 [12] 1.7 [20] 7.5 [10] 4.5 [14] 1.9 [20] 4.1 [14] 0.4 [20] 2.3 [14]
24.0 2.4 [26] 1.6 [30] 74.8 [30] 1.8 [40] 17.8 [30] 2.1 [50] 9.1 [30] 10.2 [30]
70.0 77.1 [70] 62.8 [70] 894.5 [70] 37.2 [70] 175.0 [70] 89.0 [70] 155.2 [70] 154.3 [70]
160.0 56.4 [80] 317.0 [80] 42.0 [80] 181.8 [80]
Note. — IRAC and MIPS waveband centers are in units of um. Observer-frame fluxes are in units of mJy, and aperture diameters

in arcseconds are given in brackets. Photometric uncertainties are ~ 5% for IRAC and, for MIPS, 10, 20, 20% for 24, 70, and 160 pm
respectively.

98
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3.4 Results

Our BCG galaxies exhibit a number of emission features from PAHs, ions, and H,
molecules. The Hy features are unusually prominent. The BCG spectra qualitatively
fall into two general categories. Four galaxies (A1835, A1068, PKS0745, and Hydra
A) exhibit the strongly rising IR continuum at > 25 um and distinct PAH features
characteristic of galaxies with strong signatures of star formation (e.g., Brandl et al.
2006; Smith et al. 2007b). In the remaining five cases, the 5-7um continuum is
dominated by cool stars, in contrast to the spectra of starbursts.

Several spectral features, which do not correspond to a known emission feature,
are artifacts of noise or the data reduction process. For example, in the spectrum of
A1835, there is noise on the red shoulder of the 11.3 pm PAH band where the SL and
LL modules do not perfectly align; this is also responsible for noise near 13 ym in
A478. The junction between the LL2 and LL1 accounts for some of the noise near 17
pm for A1835, and near 20 pm for 2A0335. A feature near 24 pym in the spectrum of
A1068 may be attributed to [Ne V]24.3 um, as discussed in § 3.6.5, but is probably
spurious. An emission feature near 4.9 um in A478, and possibly A1795, A2597,
and PKS0745, might be ascribed to [Ar V]4.93 pm, or to an unidentified PAH. The
feature at 20.7 pm in A478 is unidentified. The noise at 15.0 pum in the spectra of
A2597 and A1795, and 18.0 um in Hydra A, appears to be spurious. Note that noise
increases dramatically past about 33 pum in the observed frame.

The features we will examine most closely in this paper are the relatively bright
forbidden emission lines of [Ne II] at 12.8 pm, [Ne III] at 15.6 pm, and the PAH
complexes at 7.7, 11.3, and 17 pm. We include an analysis of the correlation of
the intensities of the brightest rotationally-excited molecular hydrogen transitions,

S(2) and S(3), with those of other spectral features. A selection of line measure-
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ments and intrinsic luminosities including 1-o statistical errors from PAHFIT are
presented in Table 3.5. The continuum fluxes and luminosities (vL,) are found from
the feature-free continuum (the stellar blackbody, thermal dust components, and sili-
cate absorption). The continuum measurements were determined by averaging across
bandpasses 1 pm in width at 6 and 15 pm, and weighting by the 24-pum MIPS re-
sponse. All fluxes and luminosities in Table 3.5 are presented in the rest frame, at
the rest wavelength. To recover observed fluxes, multiply by (1+ 2). A more detailed
analysis of the molecular hydrogen line ratios and excitation diagrams is deferred to

a paper in preparation.
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Fig. 3.1.— Detailed decompositions of nine cool-core galaxy clusters from 4.3 to
14 pm, utilizing PAHFIT (Smith et al. 2007a). Red lines represent thermal dust
components; magenta, the stellar continuum. Their combination is a thick gray line.
Broad PAH emission complexes are plotted in blue, and the unresolved emission
lines arising from low-ionization or molecular hydrogen emission are plotted in violet
and labeled at the top. The full spectral extraction is indicated by the green line,
plotted over the rest-frame flux intensities and statistical uncertainties. In the two
cases where the empirical PAHFIT detected silicate extinction, the extinction curve is
represented with a dotted line using the axis at right; all components are diminished
by the extinction. Appropriately transformed IRAC photometry is indicated by cyan
squares (see Table 3.5).



= © o O D I -
=0 n n= n n n =
- Abell 2597 } ]
15 — ]
10 ~
51 =
8 —_ M T s T T ALLLS
- Abell 1795 ]
oL 7
- ]
2 ]
= C i e s [
- - ; " : ; LT |
E 10F-Abell 478
> C
C -
[0} L
£ oF
o C
£ 4r-
8 -
Co2p
> C - T
¢ ,,[ 2A0335+096
10
81
o
4
2F . &
" EMS 0735.6+7421
1.2
1.0

Fig. 3.2.— Figure 3.1 continued.

Rest Wavelength (um)

90



91

Abell 2597

Abell 1795

10— ] -
) .‘H‘ | W g i H Iy 8 By FA B 1 ““]'.‘:: ““““ Elﬁ_r @*hﬁ
5 e ":, 11 B O - ‘.

al

Abell 478 | |

10
=
-
£
21.0 .
‘0 ) E Il fy I |‘
s 5 7 AP S
el
<0l |
: il »e‘uil il A
2 Abell 1835 e
[
Lo |
x | m il =
1 (B ;f _
100(— Abell 1068 S ]
10 _
PKS 0745-19 - Y

5 10 15 20 25 30 35
Rest Wavelength (um)

Fig. 3.3.— PAHFIT results over the full wavelength coverage. The continuum (stellar
+ thermal dust) is represented by a thick gray line, and the full spectral extraction by
a green line. The rest-frame flux intensities are plotted with statistical uncertainties.
Note the log scaling exaggerates the uncertainty of the faint, long-wavelength continua
for several targets. Appropriately transformed IRAC and MIPS photometry points
are indicated by cyan squares (see Table 3.5).
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Line 2A0335 A478 A1068 A1795 A1835 A2597 HydraA MS0735 PKS0745

Ne II 12.8 pm Flux 17.7 17.4 47 13.0 26 23.2 24.6 0.95 38.9
Ne IT 12.8 pm Flux Error + 0.3 + 0.4 + 2 + 0.3 + 4. + 0.9 + 0.6 + 0.2 + 0.3
Ne IT 12.8 pm Lum 0.0499 0.319 2.4 0.126 5.0 0.386 0.176 0.129 1.05
Ne III 15.5 pm Flux 11.6 8.2 28 5.63 16 21 22 < 0.5 14.3
Ne III 15.5 pm Flux Error + 0.7 + 0.6 + 1 + 0.7 + 2 + 2. + 1. + 0.3
Ne III 15.5 pm Lum 0.0328 0.15 1.45 0.054 3.1 0.36 0.16 < 0.07 0.385
PAH 7.7 pm Flux @ 26 300. 28 532 42 180 <4 46
PAH 7.7 Flux Error + 6 + 8 +9 + 6 + 10 + 10 + 4
PAH 7.7 Lum 0.49 15.4 0.27 103. 0.71 1.3 < 0.6 1.2
PAH 11.3 pm Flux 31.2 17 91 22 132. 16 83 4.6 44.9
PAH 11.3 Flux Error + 0.7 +1 + 2 +1 + 2 + 3 + 3 + 0.3 + 0.8
PAH 11.3 Lum 0.0881 0.32 4.7 0.21 25.5 0.27 0.60 0.63 1.21
PAH 17 pm Flux 32 < 14 260. <27 < 36 < 48 42 < 0.89 25
PAH 17 Flux Error + 10 + 80 + 20 + 10
PAH 17 Lum 0.090 < 0.25 13 < 0.26 <7.0 < 0.80 0.30 < 0.12 0.68
H2 S1 Flux 38.7 16.8 < 20 18.0 <11 49 10. 1.8 23.6
H2 S1 Flux Error + 0.9 + 0.7 + 1. + 2 + 2 + 0.2 + 0.5
H2 S1 Lum 0.109 0.310 < 0.9 0.174 < 2.2 0.82 0.075 0.25 0.635
H2 S2 Flux 13.7 7.0 10.9 6.4 5.1 14.5 4.0 1.1 9.7
H2 S2 Flux Error + 0.3 + 0.4 + 0.7 + 0.3 + 2. + 0.8 + 1. + 0.2 + 0.3
H2 S2 Lum 0.0386 0.13 0.56 0.062 0.99 0.242 0.029 0.15 0.26
H2 S3 Flux 40.8 27.8 28 22 9.6 56 11 3.73 27.0
H2 S3 Flux Error + 0.4 + 0.5 +1 + 2 + 0.6 +1 +1 + 0.09 + 0.3
H2 S3 Lum 0.115 0.511 1.4 0.21 1.9 0.93 0.077 0.509 0.726
Cont 24 pm Flux (mJy) 2.66 0.931 91.0 2.12 25.4 2.57 9.0 < 0.04 11.6
Cont 24 Flux Error + 0.06 + 0.05 + 0.1 + 0.07 + 0.1 + 0.1 + 0.06 s + 0.03
Cont 24 Lum 0.937 2.14 582. 2.56 614. 5.35 8.1 < 0.7 38.9
Cont 15 pm Flux (mJy) 1.45 0.520 28.4 1.04 6.13 1.07 4.49 < 0.1 3.13
Cont 15 Flux Error + 0.1 + 0.1 + 0.2 + 0.1 + 0.3 + 0.3 + 0.2 + 0.06
Cont 15 Lum 0.817 1.91 291. 2.01 237. .57 6.43 < 2.73 16.8
Cont 6 pm Flux (mJy) 2.60 1.14 2.23 1.46 0.99 1.0 2.20 0.36 1.18
Cont 6 Flux Error + 0.03 + 0.05 + 0.05 + 0.04 + 0.09 + 0.1 + 0.05 + 0.02 + 0.05
Cont 6 Lum 3.66 10.5 57.1 7.04 96. 8.4 7.8 25. 15.9
Note. — Emission line flux values are in rest-frame units of 1078 W m™2, while continuum ("Cont’) fluxes are quoted in mJy.

Luminosities are in units of

1042 erg s—1

. Fluxes, luminosities, and wavelengths are corrected to their rest-frame values (To recover

the observed flux, multiply by (1 + z).) The lo flux errors are statistical only. A 15% systematic error (0.06 dex) is included in the
plots and in the analysis, as discussed in § 3.3.3. Upper limits are 30.

2The fit to 2A0335’s 7.7um PAH complex failed because of decreased signal near the expected location of the feature. We were

unable to set an upper limit in this case.
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3.5 Best Fit Starburst and Old Stellar Population

SED Models

We fit the IRS spectra of the BCGs with an ensemble of simulated spectral energy
distributions (SEDs). These models allow us to estimate the total infrared luminosity
and associated star formation rates and to identify differences between the SED of a
star-forming galaxy and the observed SEDs. We use the suite of starburst models,
including a wavelength-dependent attenuation template, described in Groves et al.
(2008) together with an SED of a 10 billion year old stellar population, derived using
Starburst99 (Leitherer et al. 1999). Groves et al. (2008) model the starburst SED as
the time-integrated sum of distinct HII regions and the the photodissociation regions
(PDRs) surrounding them, over a range of cluster ages and cluster masses. These
models were used to reproduce the SEDs of typical template starbursts such as Arp
220 and NGC 6240. The models span 5 different metallicities (Z = 0.05, 0.2, 0.4,
1.0, and 2.0 solar). Metallicity affects the prominence of the PAH features and the
dust-to-gas ratio. The models sample 6 compactness parameters C which characterize
the intensity of the stellar radiation at the HII region/PDR interface. More compact
HII regions result in hotter grains. C determines the location (the “temperature”) of
the dust peak and thus controls the mid-IR emission peak, a feature that is not well
constrained by IRS spectral coverage.

Groves et al. (2008) provide models for five gas pressures (P/k = 10%, 105, 10°,
107,10® K cm™3), spanning the range of lower pressures in star-forming galaxies to
the higher pressures in ULIRGs. However, the infrared SED between 5-25 pm is
insensitive to the pressure, except, at a marginal level, the forbidden lines, and we

checked that changing the gas pressure does not change the other parameters. Since



94

the ICM pressure in cool-core clusters is ~ 10 — 107 K cm™3, the fits reported in
Table 3.7 sample the range of 10°,107,10® K cm™3. Finally, the Groves et al. (2008)
models were computed for unobscured HII regions and HII regions with PDRs. We
opted here to fit only the PDR models, since the models with only HII regions had
no PAHs. Models are normalized in luminosity to a star formation rate of 1 My yr—*

sustained over the 10 Myr lifetime of the HII region. The spectra and the best-fit

components are shown in Figures 3.4-3.5.

We compared the observed spectra with the full suite of theoretical spectra and
quantitatively identified the spectrum that best fit the data, in L, units, by minimiz-
ing the sum of chi-squared. In addition to the quantized parameters described above,
we fit the normalization for each starburst SED (M yr—!), the attenuation (Ay),
and the normalization of the old stellar SED (M). The Groves et al. (2008) models
include forbidden lines and PAH emission, but not molecular emission, so we added
a two-component local thermodynamic equilibrium (LTE) Hy spectrum, each com-
ponent specified by T (K), and column density N (10'® cm™2). We used molecular
properties and A-values from Black & Dalgarno (1976); Huber & Herzberg (1979).
The widths of the Hy lines were fixed to 0.05 pm.

In this comparison, the compactness parameter (C) seemed to divide BCGs with
strong rising IR continuum from those with relatively flat IR continuum in the IRS
spectral range. The fit quality was sensitive to C, which mainly affects the steepness
of the long-wavelength IR continuum. The BCGs with the best-fit C = 4 are 2A0335,
A1795, A2597, A478, and MS0735. The first four of these galaxies have the lowest four
24/70 pm MIPS photometry ratios in the sample (= 0.034+0.01); MS0735 lacks MIPS

photometry. The signal to noise in the IRS spectrum of MS0735 at long wavelengths
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Fig. 3.4.— Rest wavelength 5-35 pum spectra, observed fluxes. (To convert to rest-
frame flux, divide by (1+z).) Red line: Best fit constant star formation model from
Groves et al. (2008). Blue line: Best fit old stellar population. Green line: Molecular
hydrogen, two-temperature LTE model.



Intensity (mJy)

10 20 30
Wavelength (microns)

Fig. 3.5.— Figure 3.4 continued.

96



97

is so low that there are no strong preferences for any starburst SED over another.
The other 4 BCGs in the sample have higher 24/70 pm ratios (= 0.08 = 0.02). This
trend in flux ratios is consistent with the compactness parameter governing the peak
in the dust spectrum, in the sense that more compact HII regions have PDRs with
hotter dust.

The metallicity also affects the SED in this region, particularly the relative strength
of the PAH feature to the infrared continuum. The preferred starburst SED metallic-
ities for the BCGs were at the high end (Z/Z. =1 or 2). For all of the BCGs, the fit
quality was very similar for Z/Z = 1 or 2, except for that of A1068, which preferred
Z/Zs = 0.5 or 1. That result is consistent with the fact that the BCG in A1068
has the lowest PAH to mid-IR continuum ratio of the sample (see § 3.6.1). We note
these high metallicities are consistent with the metallicity of the ICM in the centers
of these clusters. As expected, pressure did not affect the fit quality in any significant
way. The spectral features, including the 7.7 and 11.3 um PAH features, were often
well-matched by models including the PDRs at rest wavelengths shortward of 10-11
pm. The two-temperature molecular hydrogen template matched the Hy spectrum
very well in most cases.

To check this process, we estimated the total infrared luminosity from the expres-
sion Lyrp = 1.559L94 + 2.1156L79, adapted from Dale & Helou (2002). Loy is vL,
at 24 pym and Lr7g is vL, at 70 pum. To adapt their equation 4 to this expression, we
assume that vL, at 70 pm ~ vL, at 160 pum. Some assumption was necessary since
the 160 pum flux is only available for 4 objects. This approximation may underesti-
mate the TIR luminosity by about 30% compared to estimates using the 160 micron
luminosities, but these 160 pm luminosity estimates are subject to large systematic

uncertainties, and the detected sources may not be representative of the sources lack-
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ing photometry. (For MS0735+74, we have no MIPS photometry and only a 3-0 flux
limit at 24 pm from the IRS spectrum. We do not include this source in plots of
TIR.) We compared Lrr estimated from this adaptation of Dale & Helou (2002) to
Ly derived using the calibration of Loy in Equation 2 of Wu et al. (2010). To get
rest-frame 70/24 pm ratios used in this calibration, we convert the observed MIPS
luminosity 70 to 24 um ratios to rest-frame ratios for 8 of the 9 galaxies in the sample
with k-correction factors (kzg/24) based on the best-fit SEDs (< 3 — 25%; Table 3.6).
The derived total IR luminosities were consistent to better than 20% (Table 3.6). The
relationship between either estimate of Ly and the SED-inferred SFR is consistent
with the Kennicutt (1998) SFR relation for starbursts (Figure 3.6a). This consistency
indicates the 24 and 70 pm MIPS data, not included in the fits, are consistent with
the star formation rates inferred from the IRS data alone.

In Figure 3.6b, we plot the star formation rates based on the SED fits versus the
Calzetti et al. (2010) mean relation for SFRs derived from the observed MIPS 70 pm
luminosities (vL,) (SFR(Mg) = 0.059(L7o/10%%) ergs™). The dotted line shows the
same relation, also from Calzetti et al. (2010), if a different Ha-based SFR from Ken-
nicutt (1998) is used for calibration. Figure 3.6 demonstrates reasonable consistency
between SFRs estimated based on SED fits to the IRS spectra and SFRs derived from
MIPS photometry. One caveat to this comparison is that the IR continuum of galax-
ies with a significant old stellar population may have contributions from dust heated
by these cool stars. The observed 70-um luminosities of the BCGs are somewhat
higher than what is predicted by the best-fit SEDs, by a factor of 1.3-2.4, which, if
taken literally may indicate that dust heated by evolved stars may be contributing
between 30-60% of the 70 pm luminosity. The 70 pm luminosities of these BCGs

are in the valid domain for applying the relationships in Calzetti et al. (2010); the
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160 pm luminosities are likely to be even more contaminated from cool dust emission
unrelated to star formation.

It is interesting to note that the SFR estimates based on 24-pm luminosities, from
Calzetti et al. (2010), are systematically lower compared to SFRs based on these
SED fits or the 70-um luminosities for the 4 galaxies with high 70/24 pm flux ratios
(A478, 2A0335, A2597, and A1795) and low best-fit C = 4, as well as MS0735 (which
has no MIPS photometry). In Figure 3.7, we plot the rest-frame 70/24 pm luminosity
ratio of the BCGs together with the local sample studied by Calzetti et al. (2010;
Figure 17). The rest-frame 24 pm luminosity is calculated from the IRS spectra, but
it is consistent with MIPS photometry. The rest-frame ratios are based on MIPS
photometry alone, with small k-corrections (< 10% for z < 0.1, and 10 — 25% for
z > 0.1), based on the best-fit starburst SEDs. The 70/24 pm ratio varies by about
factor of 10 for a given 24 pm luminosity in the full sample of Calzetti galaxies, and
some of this scatter is due to metallicity, with the highest metallicity systems having
the highest 70/24 pm luminosity ratios. The 70/24 um ratios of BCGs are similar to,
but somewhat higher than, those of high-metallicity star-forming galaxies. The two
BCGs most like starbursts, A1835 and A1068, have ratios similar to the luminous
infrared galaxies (LIRGs) of the Calzetti et al. (2010) sample.

We briefly discuss the results of the comparison to theoretical SEDs of star-forming
galaxies for each source, ordered approximately by decreasing mid-IR luminosity.
Note that all fluxes and luminosities in this paper are derived from PAHFIT, not
these fits.

Abell 1835. The IRS spectrum of Abell 1835 shows a strong red continuum and
PAH features whose shapes and intensities are well-fit by the model in Table 3.7. The

most prominent residual is the overestimate of the flux of the [S III] 18.7 pm line.
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Table 3.6. Total Infrared Luminosity Estimates

Name Loy Lrrr (DH) Lrrr (W) kro/24  log L70/L24

10?2 erg s—1 1042 erg s—1 1042 erg s~ (rest)
2A0335 0.94 21.2 25.8 0.97 1.07
A4T78 2.14 108. 76.2 0.92 1.09
A1068 582. 5060. 4120 0.73 0.48
A1795 2.56 36.6 40.9 0.94 0.82
A1835 614. 4028. 4210. 0.83 0.45
A2597 5.35 143. 177. 0.92 1.13
HydraA 7.32 112. 94.3 0.94 0.74
PKS0745 38.9 437. 389. 0.84 0.64
Note. — All luminosities are in units 102 erg s=!. Loy is rest-frame vL, at 24 pum

from the IRS spectra. Lrrr (DH) is the TIR derived from a relation adapted from (Dale
& Helou 2002). Lrrr (W) is based on Loy and the observed ratio L7o/L24 luminosities

based on MIPS photometry, from Equation 2 in Wu et al. (2010).

The k-correction

for the 70/24 pm luminosity ratio is based on rest- and observer-frame MIPS response
functions convolved with the best-fit SED shapes. The last column is the log;0 ratio of
the k-corrected, rest-frame L7g/L24 luminosities.
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Fig. 3.6.— A comparison of infrared Brightest Cluster Galaxy (BCG) star formation
rates (SFRs) from the best-fit starburst models of Groves et al. (2008) and total
infrared luminosity (Lrrr) and the SFRs inferred from Lp;r. On left, we show these
inferred SFRs are highly correlated with the total infrared luminosity (Lr;r DH;
Table 3.6). For comparison, the solid line shows the Kennicutt (1998) relation for
starbursts ( SFR(Mg yr=!) = 0.045(Lrr/10%%) erg s7! ), along with £30% typical
calibration scatter (dotted lines). On right, the same SFRs are plotted against the
SFRs based on 70 pm luminosities, using the mean relation in Calzetti et al. (2010)
(SFR(Mg) = 0.059(L7o/10%2) ergs™). The solid line shows the line of equality; the
dotted line shows how the predicted SFR from L7q would change, from Calzetti et al.
(2010), if a different Ha-based SFR from Kennicutt (1998) is used for calibration.
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Fig. 3.7— The L;/Lsyy ratio as a function of the 24 pm luminosity Los.The open
black triangles are higher-metallicity star forming galaxies; the closed blue triangles
are lower-metallicity star-forming galaxies; and the open red squares are luminous
infrared galaxies (LIRGs), all from Calzetti et al. (2010). The green symbols with
error bars are the rest-frame 24 pm luminosities and rest-frame (k-corrected) 70 to
24 pm luminosity ratios for the 8 BCGs in our sample with MIPS photometry.
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Abell 1068. The IRS spectrum of Abell 1068 is similar to that of Abell 1835
in that it has a strong red continuum, but its emission features are weaker. All
features are well matched except for a 24 um feature that is likely spurious but could
be associated with [Ne V]24.3 pm. (The deficiency in the model spectrum between
13-18 pm is a shortcoming of the Groves et al. (2008) models compared to many
starburst spectra.)

PKS0745-19. The IRS spectrum of PKS0745-19 also has a strong red continuum
but fainter PAHs than Abell 1835. The observed long wavelength slope is flatter than
the model. The observed blend of [Fe II] + [O IV] at 26 pm is bright. For this source,
the [Ne II]12.8 pm and [Ne III]15.6 pm features are underpredicted by our simulated
SED. The Hy S(1) transition is quite bright.

Hydra A. The fit to the IRS spectrum of Hydra A overpredicts the [S II1] 33
pm line somewhat, while the [S III] 18.7 pum line is underpredicted. The ratio of
this line pair is set by gas density. Shortward of 20 um, the spectrum resembles the
best fit starburst model fairly well, except for the previously noted deficiency in the
model spectra between 10-19 pm. As in other systems, the [Fell] + [OIV] blend is
not modeled.

Abell 2597. The IRS spectrum of Abell 2597 is fairly flat. Most features seem
to be represented. There are small excesses of [Ne II] and [Ne III] emission visible in
the residuals.

Abell 1795. The IRS spectrum of Abell 1795 is fairly well represented by the
starburst models.

Abell 478. The IRS spectrum of Abell 478 is faint. The data exhibit stronger
lines of [Ne II] and [Ne III] and a flatter long-wave spectral slope.

2A0335+4096. The IRS spectrum of 2A03354+096 has a flat red continuum, and
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molecular hydrogen and neon lines are well fit by the model. The most prominent
feature in the residual spectrum is the strong [Si II] 34.8 pm line. 2A0335 is the
lowest redshift source, so we have no other sources for context, and it does sit near
the edge of the spectrum where noise spikes are not uncommon. The [Ne III}/[Ne II]
ratio is higher than predicted in the best fit model.

MS0735474. The IRS spectrum of MS0735+74 has a flat red continuum with
very weak emission line features, and to the limits of the data, fit but not tightly
constrained in this exercise.

In summary, the starburst models of time-averaged HII regions and PDRs, based
on fits to the IRS data, do a surprisingly good job at qualitatively representing the
continuum, PAH, and nebular features of the IRS spectra of BCGs, but far from
perfectly. On the other hand, the star formation rates derived are consistent with
estimates based on the 70um continuum or PAH features. We will discuss this further
in § 3.6.3, where we show that the Hy and [Ne II] luminosities are significantly higher
than those of star-forming galaxies with similar infrared luminosities. While the
PAHs and the IR continuum are usually well represented, the models do not match
the nebular [Ne II] (and [Ne III]) emission relative to the continuum, and the slope of
the continuum through the longest wavelengths of the IRS spectra is not consistently
fit for spectra with faint IR continuua. We note that the metric for a best-fit for a
given starburst model is dominated by the continuum since most of the points are

continuum-dominated.



Table 3.7. Best Fit Starburst PDR + HII Model Parameters and Stellar Masses

Name Z|Zg C Log P/k HII Ay Old Star SFR T1 N1 (H2) T2 N2 (H2)
(Kem™3)  or PDR  (mag) 101 Mg Mg yr—? (K) (10'8 cm~—2) (K) (108 cm~—2)
2A0335 1 4 8 PDR 0 1.5 0.7 350 (5) 52 (0.2) 1200 (30) 0.8 (0.1)
A4T78 2 4 8 PDR 0 4.4 2.7 460 (10) 13 (0.7) 1920 (200) 0.12 (0.02)
A1068 1 6.5 8 PDR 2.5 8.6 100 320 (4) 98 (7) 2000%* 0.120 (0.007)
A1795 2 4 8 PDR 0 2.6 2.3 260 (13) 48 (0.6) 760 (40) 1.7 (0.2)
A1835 2 5.5 6 PDR 0 26 270 530 (40) 4.7 (1.5) 1300 (750) 0.03 (0.02)
A2597 2 4 8 PDR 0 4.1 5.4 240 (4) 160 (8) 810 (17) 4.9 (0.3)
HydraA 2 5 7 PDR 0 3.3 4.3 380 (25) 15 (0.3) - -
MS0735 2 4 6 PDR 0 9.7 0.3 (0.12) 300 (240) 4.4 (1) 730 (70) 0.5 (0.2)
PKS0745 2 6.0 8 PDR 0 5 11 390 (20) 26 (1) 1200 (65) 0.48 (0.05)
Note. — *Value pegged at extreme temperature. Uncertainties are quoted in parentheses. Component normalizations for the old stellar population

SED and the starburst SED had statistical uncertainties of less than 1-3%, with the exception of MS0735. However, the photometric calibration and
scaling uncertainties were ~ 15 — 20%, so at minimum, uncertainties at that level apply to the stellar masses and SFRs estimated here.

70T
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3.6 Discussion

In typical star-forming galaxies, the luminosities of dust, PAHs, [Ne II] lines, and even
the rotationally-excited molecular hydrogen lines are linearly correlated with each
other and with the star formation rate (SFR). There is a significant uncertainty in the
SFR inferred for any individual galaxy, a factor of 5-10, because of the dispersion, but
these quantities are highly correlated in star-forming galaxies. Therefore we compare
the correlations we see for the BCGs in our sample with those of star-forming galaxies.
We will show here, based on the correlations and ratios that we observe for BCGs,
that the infrared continuum and PAH features are consistent with being powered
primarily by star formation in BCGs. In contrast, the emission lines from rotational
transitions of hydrogen are uncorrelated with the dust and PAH features, and are
primarily powered by a second process. The forbidden lines of neon are correlated
with the IR emission, but not linearly. This pattern is consistent with these lines
being powered by star formation and a second process that does not provide much
heat to the PAHs and dust but is very effective at producing Hs emission. This
second heating mechanism is consistent with heating by a population of suprathermal
electrons, either from the hot gas or perhaps associated with the radio source.

All linear correlation coefficients (r) in the analysis below are based on the mea-
surements in logarithmic quantities unless stated otherwise. For reference, a corre-
lation of » > 0.66(r > 0.86) might be considered significant at the 20 (30) level for
N = 9 points (e.g. Bevington 1969; Bevington & Robinson 2003). In general, if
two quantities are correlated linearly (i.e., the log-log slope is unity), they may have
common origins. But if they are correlated, but not linearly, there may be something
more interesting going on. For that reason, we plot dotted lines with unity slope in

our correlation graphs.
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3.6.1 Dust and PAH Luminosity Correlations

The smallest dust grains are the polycyclic aromatic hydrocarbons (PAHs), composed
of only a hundred atoms or so. These structures generate emission from C-H or C-
C-C bending modes (Leger & Puget 1984; Boulanger et al. 1998; Van Kerckhoven
et al. 2000), excited by the absorption of UV photons (Allamandola et al. 1985; Sloan
et al. 1999). Such photons can heat these tiny grains stochastically, causing them to
suddenly increase in temperature then cool (e.g., Li & Draine 2001). PAH features
at 3.3, 6.2, 7.7, 8.6, and 11.3 pum in spectra are thought to be an excellent tracer
of B stars, or of relatively recent star formation (Peeters et al. 2004; Brandl et al.
2006; Forster Schreiber et al. 2004). The continuum IR luminosity, which traces star
formation, and PAH luminosity is strongly correlated in normal star-forming galaxies
(Wu et al. 2010). Studies of low metallicity star-forming dwarf galaxies by Rosenberg
et al. (2008) and of star forming regions in irregular galaxies by Hunter & Kaufman
(2007) show the PAH emission decreases as metallicity decreases, so metallicity is
one factor that can lead to scatter in the correlation between PAH emission and IR
luminosity from dust.

The brightest features from the polyaromatic hydrocarbons (PAHs) are the com-
plexes at 11.3 pm and 7.7 pm. The sum of those lines in our BCG sample is strongly
correlated with the 24 pm continuum in both flux and luminosity (Figure 3.8). The

correlation coefficient = 0.93 for both. Excluding MS0735 does not affect the corre-

lation. The relationship is very close to linear: Lij 3,77 X LngiO'O?’, where Loy = VL,
at 24 pm rest frame. (L1135 L%?%io-oi)

The ratio of the 11.3 gm luminosity to Lyg is ~ 0.0039+0.0020 (omitting MS0735
from the sample for lack of MIPS data), plotted in Figure 3.8b, to compare to the

mean of ~ 0.0066f8j8832L?'19§i%03 from 123 starburst dominated galaxies from a 24-pum
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flux-limited sample of 330 galaxies in Wu et al. (2010). The best-fit power law relating
L1y 3ym and L is o = 1.05 £ 0.05, also similar to that seen for starburst galaxies
(Wu et al. 2010). Given the uncertainties in converting from L7y and Loy to Lyyg,
this comparison shows that these galaxies have PAH/IR luminosity ratios that are
only somewhat lower than normal star-forming galaxies, with the exception of A1068
and possibly A2597. The PAHs in Abell 1835 are about 4 times brighter compared to
Loy than the nearly equally IR luminous Abell 1068, so we detect significant intrinsic
scatter in this ratio. There is no correlation in the ratio of PAH/IR luminosities to
IR luminosity (see Figure 3.8b).

The 11.3 pm PAH luminosity is highly correlated with the 24 pm and the TIR
luminosity, which makes sense if the dust and PAHs are heated by the same process.
The 15 and 24 pm continuum luminosities are strongly correlated with each other

(r = 0.96) and nearly linearly correlated (Lo, oc L]242=0-000)

, as expected since both
quantities are usually produced by dust grains.

In contrast, 24 pm continuum and 11.3 gm PAH luminosities are not correlated
with 6 pum continuum luminosity. In fact, when MS0735 is excluded, there is no
correlation between 24 pm and 6 pum luminosities, » = 0.17. Similarly excluding
MS0735, there is no correlation between the 6 ym and PAH flux at 11.3 pm (r = 0.23)
or [Ne II} (r = 0.004). (Including MS0735 in the tests increases the correlations to
~ 0.6, under the 20 threshold, but because the computed significance relies on the
inclusion of a single source, it must be considered spurious.) The 6 pm light in these
BCGs is produced primarily by old (cool) stars, and therefore is a metric for the
stellar mass. The lack of correlation between dust and stellar continua luminosities

suggests that dust, PAH, and gas heating is not determined by cool stars. The systems

where the dust luminosity well exceeds the 6 pm luminosity from stars, A1068 and
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A1835, exhibit higher PAH 7.7 to 11.3 um ratios, consistent with the hypothesis that
these are like starburst galaxies with levels of PAH ionization similar to those seen in
starbursts (Figure 3.9). We will consider these ratios more fully in § 3.6.4.

For the rest of this discussion, we will assume that the long wavelength IR contin-
uum is powered primarily by obscured recent star formation. However, even though
dust heating by evolved stars does not seem to dominate these systems at 24-70 pm,
evolved stars may be the dominant source of heat for cooler dust emitting at longer
wavelengths, and this dust therefore could contribute to emission at shorter wave-
lengths (see § 3.5). Furthermore, processes of interest such as suprathermal electron
heating and weak AGN may also supply energy to these systems. Since the observed
global quantities are galaxy-wide averages, they suffer from the same interpretation
ambiguitiy as high redshift, unresolved sources. Even if we could interpret these
spectra in the context of star formation alone, it is impossible to unambiguously
distinguish between a star formation episode of a single age and stellar mass and a
time-averaged star formation history of “constant” star formation. Physically, signa-
tures of star formation in normal galaxies include cold, dusty molecular gas, excess
UV continuum, Ha, PAH emission, and infrared dust emission. We will discuss these
data in a framework where obscured star formation is tracked by the infrared and
PAH emission. However, we will show that star formation alone is inadequate to

explain the full set of infrared spectral features in these systems.

3.6.2 Forbidden Neon Line Correlations

The luminosities of forbidden lines of neon, which are channels for radiative cooling,
are sensitive to the thermal energy input into the ionized gas. They therefore have

also been shown to be good tracers of star formation rates in normal star-forming
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galaxies. Ho & Keto (2007) showed that the sum of the fine structure lines of Ne II
(12.8 pm) and Ne IIT (15.6 um) correlates strongly with IR luminosity in normal star-
forming galaxies over 5 orders of magnitude in luminosity. The sums of [Ne II] and [Ne
III] luminosities in our BCG sample also correlate strongly with Loy (r = 0.95, fluxes
correlate with r = 0.90). [Ne II] alone is just as correlated (r = 0.94, fluxes correlate
with 7 = 0.91). The relationship, however, deviates even more from linearity than the
PAH-IR luminosity relationship, with L([Ne I1]) scaling as Ly*=*% (or L7500,
We suspect that while the dust and the PAHs are heated primarily by star formation,
this lack of linearity in the [Ne II}-IR correlation suggests that star formation may
not be the sole process producing [Ne II] emission.

The ratio of [Ne II] to total infrared luminosity (Lz;r (W); Table 3.6) decreases
somewhat with increasing IR luminosity (Figure 3.10). The Ho & Keto (2007) mean
relationship between [Ne II] and Lr;g for star-forming galaxies is log([Ne II]/Lpr) =
—3.44 £ 0.56, nearly independent of Ly;g. Excluding MS0735, the [Ne II] luminosity
in BCGs is about 1.6 — 12 times higher than the mean [Ne II] luminosities of normal
star-forming galaxies of similar infrared luminosities. The largest differences are found
for the BCGs with lower IR luminosities (< 11'° L), MS0735+74, for which there is
only an upper limit continuum estimate, is particularly bright in [Ne II] compared to
its infrared luminosity (2 0.009), > 25x the mean. The observed scatter of this ratio
for normal star-forming galaxies in Ho & Keto (2007) is large, £0.5 dex; nevertheless,
the BCG ratios sit consistently on the high side of the scatter for normal star-forming
galaxies, indicating that another process beyond star formation is also contributing
to the heating of the ionized gas, particularly in the low-luminosity systems. In
summary, the [Ne II] luminosities seen in the low IR-luminosity BCGs exceed what

would be expected from a star-forming galaxy with the same IR luminosity, but the
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two quantities are strongly correlated.

The [Ne III]/[Ne II] ratio is not at all correlated with the mid-IR luminosity
(Figure 3.11). It is possible that the [Ne III}/[Ne II] ratio indicates an approximate
starburst age, with BCGs having the highest [Ne III]/[Ne II] also having the youngest
starburst populations, but not necessarily the largest numbers of young stars (Thorn-

ley et al. 2000; Righy & Rieke 2004; Snijders et al. 2007).

3.6.3 Molecular Hydrogen Correlations

Extremely luminous pure rotational Hy lines, usually S(3) 9.67 pum, S(2) 12.28 pum,
S(1) 17.04 pm, are detected in all nine galaxies. S(0) 28.22 pm was not detected in
any of these sources. Rotational transitions from S(5) - S(7) (5.51 pm) are seen in
a majority of these spectra. While the luminosities of rotationally-excited molecular
hydrogen lines are correlated with IR luminosities of star-forming galaxies (Treyer
et al. 2010), that is certainly not the case with our BCG sample. The line luminosities
from rotational molecular hydrogen transitions from these BCGs are much greater
than expected from the level of star formation heating the warm dust. Hs emission
is also uncorrelated with the continuum at 15 or 24 ym, r = 0.4 — 0.5.

Rotational emission from molecular hydrogen is commonly detected in ULIRGs
(Higdon et al. 2006) and in star-forming normal galaxies (Roussel et al. 2007). In such
galaxies, the luminosities of these lines are only about 4 x 10™* of the total infrared
power between 8-1000 um. However, the ratio of Hy luminosity to Loy for the BCGs
in this sample, ranging from 0.004-0.3, is about 5-100 times more than one would
expect from a photodissociation region. The most extreme object is MS0735, owing
to its faint (and uncertain) IR continuum. The large Hy luminosity from off-nuclear

regions in the BCG NGC1275 (Johnstone et al. 2007) led Ferland et al. (2008, 2009)
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to propose that much of the Hy luminosity in BCGs located in X-ray cool-core clusters
can be generated by cosmic ray heating, or by non-radiative processes such as plasma
waves.

Brightest cluster galaxies are not the only galaxies to exhibit unusually large
luminosities of rotational molecular hydrogen. Ogle et al. (2007) find the FR II radio
galaxies have strong H, lines, but these galaxies are dissimilar to the BCGs in our
sample. For example, 3C 326 exhibits high ionization [Ne V] and [O IV] emission,
indicating AGN or LINER-like lines, very tiny star formation rates (< 0.1Mg yr—1),
and the Hy line transitions are primarily S(0) and S(1), indicative of cooler molecular
gas than in our sample. These transitions are also seen in IRS mapping of the nearby
group of galaxies, Stephan’s Quintet, which exhibits bright Hy (Cluver et al. 2010).
Similarly, Hy S(0) and S(1) emission lines have been reported from IRS mapping of
edge-on spiral galaxies (Laine et al. 2010). An archival study of ULIRGs by Zakamska
(2010) suggests that their Hy emission is not associated with star formation. While
many of these studies speculate that shocks might be a source of energy (e.g. Ogle
et al. 2010), and might be quite common, the unifying thread to all of their discussions
is that the molecular hydrogen rotational lines are surprisingly bright and their source
of energy is still unidentified. The situation is not much different here, except the
BCGs tend to also exhibit rotational lines characteristic of warmer molecular gas than
the groups or radio galaxies (S(2), S(3), to S(7)).

The mid-IR luminosity is not significantly correlated with the summed luminosity
of the molecular hydrogen lines, here represented by the sum of S(2) and S(3) lines,
which were reliably detected in all 9 systems (Figure 3.12a). While we showed in
§ 3.6.2 that [Ne II| emission is correlated with dust continuum emission, here we see

that dust continuum is not significantly correlated with molecular hydrogen emission
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(for fluxes, = 0.5; for luminosities r = 0.68). We plot the ratio of Hy sum to mid-IR
luminosity (Figure 3.12b). These ratios decrease for the systems with the highest mid-
IR luminosities. This trend appears because the Hy luminosities are limited in range
(factor of 20) while the IR luminosity spans a large range (> 1000). We interpret the
trend to mean that the Hy heat source is more important and in fact dominates the
IR emission features in systems with low mid-IR luminosities.

The rather insignificant correlation between H, and Lo4 utterly vanishes once
MS0735 is omitted from the sample. A similar effect happens when [Ne II] flux is
compared with Hy flux: dropping MS0735 from the sample causes a very weak (less
than 20) correlation to completely vanish. On the other hand, the luminosity of [Ne II]
is correlated with the luminosity of the Hy S(2) 4+ S(3) lines (r = 0.92). The presence
or absence of MS0735 has little effect on the inferred strong correlations between Ne
II, PAHs, and mid-IR continuum flux and luminosity correlations. This correlation
analysis suggests that while there is some relationship between the heat sources for
the ionized gas and the dust, there appears to be a much weaker relationship between
the heating sources for the molecular hydrogen and the dust. The ratio of molecular
hydrogen to IR luminosity (Figure 3.12b) decreases with increasing IR luminosity,
however, and suggests that the Hy, heating process becomes less important to the
total luminosity budget as star formation increases.

The strong luminosity correlation between [Ne II] and Hy required further inves-
tigation, since the lack of correlations in the flux quantities suggested the luminosity
correlation may be a simple “bigger is bigger” luminosity-luminosity comparison. (See
Kennicutt (1990) for an infamous description of this type of error, involving a cigar.)
Intriguingly, we find that the ratio of [Ne II] to Loy correlates even more strongly with

the ratio of Hy S(2)+S(3) summed luminosity to Loy (r = 0.98). The best power-law
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fit to this relationship is Hy /IR ~ ([Ne II]/IR)"49%£012 (Figure 3.13). The correlation
of these ratios suggests that whatever process heats the molecular hydrogen is likely
to be the culprit that boosts the forbidden line luminosity (heating the ionized gas)
as well.

To explore this idea further, we investigated how much more luminous the neon
and molecular hydrogen lines are than one would expect from a star forming galaxy,
if the dust luminosity were a reliable indicator of the level of star formation. In
Figure 3.14, we estimated the star formation rates inferred from the IR continuum
(the best fits to the Groves et al. 2008 models, which are consistent with Kennicutt
(1998) estimates), from the [Ne II]4[Ne III] luminosity (Ho & Keto 2007), and from
the Hy luminosity (Treyer et al. 2010). For the latter estimate, we assumed that the
Net /Ne = 0.75 and Ne™*/Ne = 0.15. The Hy-based star formation rate in Treyer
et al. (2010) relies on the sum of the S(0), S(1), and S(2) transitions, which were
not all detected in our systems. The sums plotted are based only on luminosities
of the detected lines. These plots show that for most of the BCGs, while [Ne II] is
moderately over-luminous for the inferred IR-based star formation rate (a factor of
2-5 above the upper end of the scatter exhibited by the galaxy sample of Ho & Keto
2007, and a factor of ~ 10 over the mean), the Hy luminosity is a factor of 5-15 over-
luminous based on the IR-based star formation rates. The BCGs in A1068, A1835,
and Hydra A have ratios typical of starbursts.

It is interesting that the best fit for the points in Figure 3.13 is nearly linear.
The slightly steeper than linear fit might be explained in the context of heating by
suprathermal particles if the luminosity of the ionized gas ([Ne II}) is limited by the
finite column density of ionized gas, while the luminosity of the rotational line emis-

sion from the molecular gas is limited by the penetration depth of the suprathermal
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particles into the molecular gas, not the total column density of molecular hydrogen.

We defer a full discussion of the excitation analysis of the individual molecular
hydrogen lines to a future paper. The more approximate dual temperature fit that
we have done here, however, shows very similar trends to those seen in NGC1275
filaments: the H, rotational line intensities cannot be fit by a single temperature.
This trend is consistent with any model with a non-radiative energy source (Ferland
et al. 2008).

In summary, as we examined correlations of continuum, PAH, and emission lines
of [Ne II] and Hy, and compared them to correlations and infrared line ratios in other
types of galaxies, it emerged that a single heating process cannot explain the range of
infrared properties we see in these BCGs. Star formation seems to play a role, albeit
with varying levels of dominance, in producing the emission from these systems,
but other processes unrelated to star formation must also contribute, particularly in
systems with apparently low rates of star formation but high fluxes from rotationally-

excited transitions of molecular hydrogen.

3.6.4 PAHs and Dust Grain Survival and Processing

If the dust in these BCGs spent much time in contact with the hot, X-ray emitting
gas (or more generally, suprathermal electrons), one might expect the dust proper-
ties, such as its size distribution or ionization fraction, to be different from dust that
has not undergone such a traumatic experience. PAH survival alone is problematic
if suprathermal particles alone provide heat: radiation and collisions make PAH life-
times in the harsh environment of the center of a cool-core cluster of galaxies quite
short. Using order of magnitude cross sections from Voit (1992a), and 0.5 keV photon

fluxes of about 10° cm™2 s™! we estimate lifetimes of order one million years. The
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damage from particle collisions may be even more dire. From the analysis of Micelotta
et al. (2010), the lifetime of PAH molecules embedded in ~ 1 keV gas with a density
of ~ 0.1 cm™? is limited to hundreds of years by collisions with the hot electrons and
ions. Any processing along these lines causes the PAHs and small grains to evaporate
preferentially compared to large grains. The presence of PAHs requires the dusty gas
to be shielded from the hot gas and its radiation.

As in other galaxies observed with the Spitzer IRS (Smith et al. 2007b; Kaneda
et al. 2008), the fluxes and luminosities of the PAH complex at 7.7 ym and at 11.3 pm
are strongly and linearly correlated. The 7.7 and 11.3 pum PAH complex luminosities
are strongly correlated (r = 0.98, fluxes at r = 0.94) for all 7 systems in which both
are detected. 2A0335 and MS0735 lack PAH 7.7 pm detections.

The ratio of 7.7 to 11.3 um PAH complexes is relatively insensitive to the sizes of
the PAHs (Schutte et al. 1993), but sensitive to the ratio of ionized to neutral PAHs
(Allamandola et al. 1989; Draine & Li 2007). For example, the ratio of the PAH
complex at 7.7 to the PAH complex at 11.3 pm is lower in galaxy centers that are
AGN-dominated compared with those which are HII-dominated (Smith et al. 2007b).
The mean range for seven ratios of the PAH complexes at 7.7 and 11.3 pm in our
sample is 2.74+0.2 (Figure 3.15). The mean sample ratio is intermediate between that
of HII/starburst galaxies (4.2, Smith et al. (2007b)) and diffuse Galactic emission (2-
3.3, Sakon et al. (2004)). The BCGs with classic indicators of starburst activity
(Abell 1068 and Abell 1835) have ratios typical of starbursts; the others are closer to
that of Galactic ISM. In elliptical galaxies, the PAH 7.7/11.3 ratio is unusually weak
(~ 1—2) (Kaneda et al. 2008); the lowest ratios seen in dusty ellipticals are lower
than the ratios detected in our BCG sample. For BCGs with a low PAH 7.7 um

to 11.3 um ratio, the incident spectrum on the PAHs may be dominated by evolved



116

stars, compared to a harder, ionizing spectrum with contributions from young massive
stars. Our result suggests that the radiation fields in BCGs are intermediate in their
hardness between those of dusty elliptical galaxies and star-forming galaxies, which
is consistent with what one might expect in the ISM of galaxies with enormous old
stellar populations, together with small numbers of recently formed stars.

The ratio of PAH complexes at 17 and 11.3 pm is thought to be regulated by
PAH sizes with large PAHs contributing more to the longer wavelength complex (e.g.,
Draine & Li 2007). The broad PAH feature at 17 ym was detected with confidence in
4 BCGs (2A0335, A1068, Hydra A, and PKS0745), while the others have 30 upper
limits (Figure 3.16). With the single exception of Abell 1068, the detections and
upper limits are consistent with the ratio of PAH 17 ym to PAH 11.3 um fluxes
typical of normal star-forming galaxies (~ 0.5) (Smith et al. 2007b). The consistency
of the observed ratios and limits in nearly all of these BCGs compared with those
with normal galaxies suggests that the PAH size distribution may be normal. The
exception of Abell 1068, with a ratio > 2, indicates it may have deficit of small
PAHs compared to large PAHs. This BCG also has a smaller PAH to Lp;r ratio.
In the BCG of Abell 1068, PAHs, and particularly the small PAHs, may have been
preferentially destroyed by collisions with particles or photons.

Since both [Ne III]/[Ne II] and the ratio of PAH 7.7 gm to 11.3 ym flux are related
to the hardness of radiation, we compared these quantities to see whether they are
correlated (Figure 3.17) and whether the BCG points cover similar parameter space as
other galaxies. We see no correlation between the PAH ratios and the neon forbidden
line ratios, but that is not surprising since the gas producing the forbidden lines is
different from the gas hosting the PAHs; similarly, the photons ionizing neon are not

the same photons setting the ionization level of PAHs. As shown in Figure 3.17, the
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seven BCGs with detections in all 4 quantities exhibit ratios rather similar to SINGS
galaxies (Smith et al. 2007b). There are spiral galaxies in the SINGS sample in
Figure 3.17 with very high [Ne III] /[Ne I} ratios (> 10); the explanation may be that
these galaxies (about 15% of the SINGS sample) are dominated by very recent star
formation, and therefore hotter O stars (Thornley et al. 2000; Rigby & Rieke 2004;
Snijders et al. 2007), compared to the BCGs. LINERs in the Smith et al. (2007b)
sample do not exhibit [Ne III]/[Ne II] < 0.7 —0.8 together with low PAH 7.7/11.3 pm
fractions (< 2), so a few of the BCGs in our sample with low [Ne III]/[Ne II] ratios
(A1795, A478, and PKS0745) also have lower PAH 7.7/11.3 pm ratios than seen in
the SINGS sample, more similar to those of dusty ellipticals (Kaneda et al. 2008) or
diffuse Galactic ISM (Sakon et al. 2004). The two systems with the highest IR and
PAH luminosities of the sample (Abell 1068 and Abell 1835) also exhibit the largest
PAH 7.7/11.3 pm ratios, indicating the PAHs in the most luminous BCG systems are
more ionized than those in the other BCGs.

We arrive at the following conclusions about the PAHs and dust in these systems.

e The presence of PAHs, and the similarity of the PAH emission ratios to those
in star-forming galaxies, mean that these tiny grains must be protected from
the ICM and shocks. PAHs are easily destroyed by ionizing UV and X-rays, by

collisions with hot thermal particles, and by shocks.

e The emissivities of the PAHs and the ionized gas are correlated with the mid-
IR continuum emitted by dust grains. Therefore there is a common source of
heat for these components, consistent with being star formation. However, the
excess luminosity of [Ne II] and Hy in the less luminous systems suggests that
another component is contributing to the heating of the ionized gas in addition

to star formation.
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e The emissivity of the PAHs is not correlated with the stellar (6 pm) IR con-
tinuum. Correlation is expected if the stars were the main agent heating the

dust.

We speculate that the evolved stars in the BCGs are the main production source
of dust. The dust, except in a couple of cases, shows little indication that it may have
been processed by hot, X-ray emitting plasma or AGN. The source of the cool BCG
gas may be the hot intracluster medium, but it seems unlikely that the dust came
with the gas. Dust, however, is an extremely effective coolant, and if mixed with
the hot gas, could precipitate the cooling necessary to fuel the formation of dusty

molecular star-forming clouds.

3.6.5 AGN Contributions

Synchrotron radiation from a jet could contribute some of the infrared continuum.
Cleary et al. (2007) find in their survey of an unbiased set of 3CR and quasars that
only the quasars have a nonthermal contribution at 15 pm of > 20%. About half of
the 15-pum emission from nucleus of M87 is synchrotron emission, based on analysis
of its IRS spectrum (Buson et al. 2009). Of the 9 sources in our sample, only Hydra
A has a radio synchrotron source that is luminous enough to contribute more than
~ 10% to the IRS continuum at 24 pm, if its power law extends unbroken into the
infrared.

High ionization lines in the infrared could indicate a buried AGN or the presence
of very hot stars. [Ne V] 14.3 pm and 24.3 pm, with an ionization potential of
97.1 eV, would be an unambiguous AGN indicator (Voit 1992b). We did not detect
this emission line in any of our sources at a level > 10717 W m~2), although a a

weak [Ne V]14.3 pm feature is detected in Abell 1835 and Hydra A, and a suspicious
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(possibly spurious) feature appears near 24 um in the spectrum of Abell 1068, which
is known to have some AGN contribution in the infrared (Quillen et al. 2008). The
lack of [Ne V] does not rule out some AGN contribution, since this line can be faint
compared to [Ne II]. [O IV] at 25.9 pm would also be an unambiguous sign of AGN
photoionization, since O IIT has an ionization potential just above that of He I (to
He II), 54.4 eV, and is therefore rare in regions ionized by stars. However, [O V]
25.9 pm is blended with [Fe II] at 26 pm. We detected this blend unambiguously
only in PKS0745-19 and Hydra A. Puzzlingly (if this blend is an indication of the
presence of O IV), the [Ne III]/[Ne II] ratio in PKS0745-19 is one of the lowest in the
sample. The [O IV]-[Fe II] blend does not appear at all in the spectrum of Abell 1068,
however, nor does [Ne V] 14.3 pym. The lack of these features casts further doubt on
the candidate [Ne V] feature in that spectrum.

The presence of high ionization lines such as [S IV] (10.51 pm) and [Ne III] in-
dicate the presence of young hot stars in these galaxies. The ionization parameters
consistent with the [NellI]/[NelI] ratios in the ionized gas are similar to those seen
in star-forming galaxies. The energy required to ionize neon once to Ne I is 21.6 eV,
compared to 41 eV for reaching Ne III. [Ne II] was easily detected in every galaxy
in our sample, and only MS0735+74 lacked detectable [Ne III]. Although S III to S
IV has an ionization potential (34.8 eV) similar to Ne II to Ne III, it has a very low
photoionization cross-section. So a significant detection of [S IV] not only indicates
hot stars, but a high density of them. In contrast to [Ne III], [S IV] was not detected
in any of the systems. PAHFIT results for 2A03354-096, Abell 1835, Abell 1068, and
Hydra A indicate faint formal detections at ~ 3 — 7o, but inspection of the fits and
data causes us to regard these detections as extremely marginal.

Based on the lack of [Ne V] emission lines from the gas, we have no conclusive
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evidence in favor of the gas being photoionized by an AGN, consistent with conclusions
based on spatially-resolved optical emission-line studies of these and similar galaxies
(e.g., Heckman et al. 1989).

The detection of spatially extended UV continuum in a number of cases is unam-
biguous evidence of the importance of recent star formation over AGN contributions
in this sample of BCGs (McNamara & O’Connell 1993; Martel et al. 2002; O’Dea
et al. 2004; Hicks & Mushotzky 2005; Hicks et al. 2010; Donahue et al. 2010). Since
lack of evidence is not the same as evidence of lack, we keep in mind that some of
the spectra may have contributions from a low-luminosity AGN since none of these
spectra exclude the nucleus. However, Occam’s Razor prefers the simplest explana-
tion for heating these systems, and as such, no need for AGN excitation or heating

is required by these observations.
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Fig. 3.8— PAH and infrared continuum properties compared. The 24 ym continuum
luminosity (L) is strongly correlated with the sum of the luminosities of the PAH
complexes at 11.3 um and 7.7 pm. The slope of the best-fit power law (plotted as
a solid line) is 0.90 £ 0.03. For comparison, a dotted line of slope unity is shown.
On the right, we show that the ratio of PAH (11.3 pm) to Ly;r (W; Table 3.6) is
~ 0.0039 £ 0.0020. The solid line is the mean ~ 0.00661)50}5 from Wu et al. (2010);
the dashed line is the lower limit of the range of their best-fit to the mean for starburst
galaxies. Given the uncertainties in converting from L7y and Loy to Lpg, this plot
shows that these galaxies have PAH/IR luminosity ratios that are only somewhat
lower than normal star-forming galaxies, with the exception of A1068 and A2597.
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6 pm stellar continuum. This trend is consistent with the PAHs in the BCG systems
most like starbursts experiencing a harder incident radiation spectrum.
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Fig. 3.10.— [Ne II] and infrared continuum properties compared. On the left, [Ne II]
luminosity is strongly correlated with Loy luminosity, but the best-fit power-law (solid)
is flatter than linear, with a index of 0.59 4+ 0.03. A dotted line with slope unity is
plotted for comparison. On the right, the ratio of [Ne II] luminosity to Lr;g (Lrir
(W); Table 3.6) continuum luminosity decreases with increasing Lryr. The ratio
for typical star-forming galaxies, log([Ne II]/Lrr) = —3.44 £ 0.56, from Ho & Keto
(2007) is plotted. The dotted line is the approximate upper bound of the intrinsic
scatter.
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Fig. 3.11.— [Ne III] / [Ne II] ratios, indicators of the hardness of the incident UV
spectrum for the ionized gas, are plotted against the 24 pm luminosity, a surrogate
for star formation rate. The ionization level of the gas shows no correlation with the
mid-IR continuum. The neon line ratios exhibit intrinsic scatter, possibly evidence
that either the ages of the youngest stars vary from system to system (which would
mean a constant star formation rate is not a good assumption), or the mix of heating
mechanisms (between star formation and energetic particles) differs from galaxy to
galaxy.
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Fig. 3.12.— Rotational Hy and infrared continuum properties compared. On left,
the summed luminosity of the two most prominent rotational hydrogen lines (S(2),
S(3)) is very weakly correlated (< 20 significance) with the Loy as might be expected
if the sample is (approximately) flux-limited; if plotted as a flux-flux diagram all
correlation disappears. A dotted line of slope unity is shown. On right, the ratio
of molecular hydrogen to Loy decreases with increasing Loy, which suggests that the
source of energy powering Hs is unrelated to star formation in most of this sample.
At the highest IR luminosities (A1068 and A1835), the Hy might be generated by
star formation processes.
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Fig. 3.13.— [Nell]/IR ratio correlates with Hy/IR, which might be expected if the
heating source that powers the molecular hydrogen well over that expected from star
formation also elevates the [Ne II] emissivity of the ionized gas over that expected
from star formation. This additional heating source might simultaneously explain the
H, luminosity and the excess [Ne II] luminosity. The dashed line indicates a slope of
unity.
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Fig. 3.14.— Ratios of inferred star formation rates demonstrate that both the forbid-
den neon lines and the molecular rotational lines are being emitted in excess of what
would be expected of a star-forming galaxy where the star formation rate is tracked
by the IR luminosity. The left plot shows the ratio of the star formation rates from
the sum of [Ne II]4[Ne III] (Ho & Keto 2007) compared to our estimated IR star
formation rates, based on fits to the infrared continuum. The lower line shows the
average of the Ho & Keto rate compared to the IR rate based on Kennicutt (1998)
quantities for their sample. The higher line shows the upper limit of their scatter.
Therefore [Ne II] in BCGs is moderately over-luminous, by a factor of ~ 3 over the
mean for star-forming galaxies. The rotational transitions in Hy are overluminous by
a factor of 5-15. In both these relations, MS0735 is an extreme example.
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Fig. 3.15.— The PAH complex at 7.7 pm is strongly correlated with the PAH complex
at 11.3 pum. The mean ratio for starbursts, indicated with a single horizontal line at
the top of the plot, is ~ 4. Diffuse Galactic ISM generates ratios from 2 — 3.3, shaded
pink (light grey), and the ratio in dusty ellipticals ranges from 1 — 2, shaded blue
(darker grey). The weighted mean for seven BCGs with PAH 7.7 pum detections in
our sample is 2.7 £ 0.2, indicating radiation fields intermediate in hardness between
dusty elliptical and normal star-forming galaxies.
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Fig. 3.16.— The luminosity ratios and upper limits for the PAH complexes at 17
and 11.3 pm. The line indicates the mean value of the ratio between the 17 and
11.3 pm PAH complexes (0.5) for normal star-forming galaxies (Smith et al. 2007b).
Only A1068 has a ratio that is distinctly atypical, suggesting some processing of the
smaller PAHs have occurred in that system.
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Fig. 3.17.— The [Ne III]/[Ne II} and PAH 7.7 pym and 11.3 pm ratios for 55 SINGS
galaxies (Smith et al. 2007b, using on-line data from their Table 4) with black points,
elliptical galaxies (Kaneda et al. 2008) with blue filled circles inside triangles, and our
sample (red, filled square points). The [Ne III]/[Ne II] line ratios of BCGs are similar
to those seen in star-forming galaxies with low [Ne III]/[Ne II] ratios, LINERS, and
dusty ellipticals. Three of the red (filled square) points (A478, A1795, PKS0745) have
somewhat lower PAH 7.7 to 11.3 um ratios than seen in SINGS galaxies with similarly
low [Ne III]/[Ne II] ratios, but are rather similar to the ratios seen in ellipticals in
Kaneda et al. (2008). 2A0335 and MS0735 are not plotted here.
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3.7 Conclusions

In our Spitzer IRS spectroscopic study of 9 brightest cluster galaxies residing in
cool-core X-ray clusters, we have detected very bright molecular hydrogen rotational
transitions, PAH features, and forbidden lines from ionized gas (Ne II, Ne III), in
addition to dust continuum at 15-25 pm. These galaxies were known previously to
have prominent optical forbidden and Balmer emission line nebulae (e.g. Heckman
et al. 1989). Photometric MIPS and IRAC studies of similar BCGs have shown
prominent mid-infrared dust emission, together with UV and blue signatures of star
formation (e.g. O’Dea et al. 2008). The low resolution Spitzer 5-25 um IRS spectra
reveal that BCGs host PAHs, and the ratios of these features indicate that the PAHs
in such BCGs are similar to PAHs in other types of galaxies. The emission from PAHs
and dust are highly correlated, nearly linearly, as might be expected if the PAHs and
dust are heated by star formation. The ratios of the 11.3 pum PAH luminosities to
total IR luminosities are similar to or slightly lower than those of normal star-forming
galaxies, with the exception of MS0735 whose PAH 11.3 pm feature is well-detected,
and its IR continuum is very weak. Fits of simulated starburst models published
in Groves et al. (2008) show that the star formation rates inferred from the 5-25
pm spectra are consistent with star formation rates inferred from our 70 gm MIPS
photometry using relations from Kennicutt (1998) and Calzetti et al (2010). These
simulated starburst SEDs also provide reasonable fits to the PAH features in the
spectra, again consistent with the strong, nearly linear correlation between PAH
luminosity and dust continuum luminosities.

The luminosity of the warm ionized gas, traced by the [Ne II]12.6 pm emission
line, is also correlated with the dust luminosity, so it is likely that the star formation

powering the dust luminosity is also contributing to the heating of the warm ISM.
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However, the relation is distinctly non-linear, in the sense that the systems with lower
IR luminosities have larger [Ne II] /IR ratios. All of the systems are over-luminous in
[Ne II] compared with PAH or dust emission, as most lie at or above the top end of
the scatter of this luminosity relation as seen in star-forming galaxies (Smith et al.
2007b).

Even more strikingly, the molecular hydrogen luminosities of BCGs are very high
compared to that expected from star-forming galaxies of similar infrared luminosities.
The Hy luminosities are only weakly correlated with the mid IR or PAH luminosi-
ties, suggesting that the Hy emission line power source is nearly independent of that
powering the dust. The strong correlation of the molecular hydrogen line luminosity
scaled by Loy with [Ne II] scaled in the same way suggests that the warm gas has a
second heat source that may be related to the primary power source for the molec-
ular hydrogen emission lines, a scenario consistent with excess heating by energetic
particles and /or conduction from the hot intracluster gas (Sparks et al. 1989; Ferland
et al. 2008, 2009).

The existence of dusty gas and, in particular, PAHs, along with the fact that PAH
feature ratios are similar to those found in star-forming galaxies, suggests that (a)
the dust and PAHs are similar in ionization and size distributions as in spiral galaxies
and that (b) the PAHs and dust are shielded from the destructive X-ray radiation
and fast-moving thermal particles in the ICM. On the other hand, the ionized and
molecular gas may indeed receive a noticeable energy dose from thermal particles
from the hot ICM, boosting the forbidden line radiation from the ionized gas and the
rotational line emission from molecular hydrogen.

The fits with starburst SEDs from Groves et al. (2008) give a consistent story

to our empirical comparisons: we can simultaneously fit the mid-IR continuum and
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PAH features and some of the ISM emission lines, and the fits give SFRs which are
consistent with Kennicutt (1998) relations for the 24-70 um photometry measured
with Spitzer MIPS and with Calzetti et al. (2010) relations for 70 um. However,
the models do not reliably predict the neon line spectrum, which we suggest may be
partially generated by the same physical mechanism that generates the majority of
the molecular Hy emission.

Furthermore, our results are in agreement with the Johnstone et al. (2007) analy-
sis of IRS spectra of NGC1275 and NGC4696. Our sample further demonstrates that
there is no correlation between the star-formation signatures in these galaxies and the
strength of the molecular hydrogen luminosities, and that molecular hydrogen lumi-
nosities are more extreme than produced by typical star formation-related processes.
The neon forbidden lines and rotational lines of molecular hydrogen can be enhanced
without significantly modifying the luminosities of dust if the ionized gas and some of
the molecular gas is heated by non-radiative agents that can penetrate the molecular

gas clouds, such as cosmic rays, hot electrons, and MHD waves.
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Chapter 4

Star Formation in Cool Core
Galaxy Clusters: Mid-Infrared and

Optical Evidence
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4.1 Abstract

This second paper in a series on IRS spectra of brightest cluster galaxies (BCGs) in
nine massive cool-core clusters examines the mid-infrared evidence for star formation.
We compare to optical /UV evidence, which unambiguously indicates that all but one
of the sample are active star-formers, with star formation progressing in some cases
in extended filaments or at regions associated with the edges of the radio lobes. Weak
emission in the small dust grain continuum and PAH bands compared against rel-
atively strong optical/UV star formation evidence indicates that the star formation
is progressing in an unusually exposed environment, consistent with a model of ex-
tended, delicate, magnetically supported filaments of star-forming material describing
another cool-core BCG (NGC 1275). Two galaxies in the sample have strong MIR
dust continua and PAH emission consistent with the presence of vigorous star forma-
tion in a normal disk or nuclear starburst, probably in addition to the extended star

formation seen in the other six galaxies.

4.2 Introduction

Brightest cluster galaxies (BCGs) are the most massive and luminous galaxies in
the universe. They are embedded in the deep gravitational potential wells of galaxy
clusters, which are dominated in mass by dark matter (~ 90%). The baryonic mass
is dominated by a diffuse halo of X-ray-emitting intracluster gas at tens to hundreds
of millions of degrees K (~ 4 keV) with electron densities of n, ~ 1075 — 1072 cm ™3,
extending to several hundreds of kiloparsecs (Fabian 1994; McNamara 2002; Fabian
et al. 2011a). In gas-rich clusters, the gas mass is about 5 x 10 — 5 x 10* M.

BCGs contain an exotic mixture of stellar populations formed by multiple processes:
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infall of primordial gas, aggregation of stars and gas from other galaxies, compression
of circumgalactic gas by radio-emitting jets, and inflow of cooled intracluster gas
(Fabian 1994). They have elliptical morphologies, but about 15% of BCGs exhibit
strong nebular optical line emission indicative of star formation or nuclear activity.
Star formation is rare among normal quiescent ellipticals (Sauvage et al. 2005).

About half of nearby galaxy clusters feature cusps of cool, dense X-ray-emitting
gas near their BCGs. Among these clusters, the fraction with observed optical line
emission rises dramatically, to 70% (Crawford et al. 1999; Edwards et al. 2007). In
these clusters, the hot intracluster medium (ICM) has a short cooling time (< 1 billion
years) and low entropy (K = kTne 2% < 30 keV cm™?) (Fabian 1994; Cavagnolo et al.
2008). Under those circumstances, the cooler gas (~ half of virial temperature, or
~ 1 keV) inside the cooling radius exerts less pressure to support the overlying gas,
and is forced to flow inward (in a “cooling flow”) to increase in density (with central
electron densities of ~ 1072 — 107" ecm™, Hudson et al. 2010) and to exert more
pressure. Central ICM pressures in these clusters fall in the range of 106 —107 K cm ™3
(Rafferty et al. 2008). Unchecked, the inner mass of the ICM would quickly condense
onto the BCG in a cooling catastrophe, radiating away its heat and depositing massive
quantities of cold gas that would be expected to fuel major episodes of star formation.
The gas has been processed by earlier generations of stars and has a metallicity of
~ 0.3 — 0.5 Zg (Fabian 1994; Hudson et al. 2010).

Many such BCGs have blue continua and stellar absorption features within several
to tens of kpc of the nucleus indicative of recent star formation at rates of ~ 10 —
100 My yr=! (McNamara 2002). Star formation in BCGs is conclusively linked to
the cooling flow (Johnstone et al. 1987; McNamara & O’Connell 1989; Fabian 1994;

McDonald et al. 2011b). Star formation and Ha emission are observed when the
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central cooling time of the hot gas falls below ~ 500 million years (Rafferty et al.
2008; Cavagnolo et al. 2008). However, the cooling rates were initially estimated to
be ~ 50 — 1000 Mg, yr~!, far in excess of the observed star formation (Fabian 1994).

Recent X-ray spectroscopy with the XMM-Newton and Chandra X-ray Observa-
tories demonstrates that simple cooling is not the dominant process in most clusters.
Rather, radiative losses from the hot ICM are for the most part offset by a remark-
ably efficient heating mechanism, probably stable feedback associated with nuclear
activity, with perhaps some assistance from thermal conduction or mergers (Fabian
et al. 2002; Gomez et al. 2002; Birzan et al. 2004; McNamara & Nulsen 2007; Raf-
ferty et al. 2008; Guo et al. 2008; Conroy & Ostriker 2008; ZuHone 2011). Recent
estimates of the cooling rate based upon X-ray spectroscopy demonstrate that the
majority (~ 90%) of the inner hot intracluster medium concentrated on the cluster
core is sustained by this heating mechanism, while ~ 10% is able to cool down below
1 keV and deposit onto the BCG (McNamara & Nulsen 2007). The activity may be
episodic, with periods of quiescent deposition of cooling gas or conductive heating of
the inner region of the ICM by the hot outer layers punctuated by outbursts from the
active galactic nucleus (AGN), which is fueled by accretion of the cooled gas (Guo
et al. 2008). The revised net cooling rates rates are now comparable to the estimated
star formation rates (SFR) (Rafferty et al. 2006; O’Dea et al. 2008).

These results greatly strengthen the case that continuing star formation in BCGs
results from condensation of intracluster gas (e.g. McDonald et al. 2011a), which is
itself regulated by AGN feedback. Cluster cooling flows are therefore among the few
environments in which models for the fundamental cooling and energy feedback mech-
anisms that are thought to dominate early galaxy formation can be directly tested. In

this work, the term “cooling flow” is used to describe the regulated deposition of gas
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onto the center of the galaxy cluster (sometimes termed a “moderate cooling flow”,
Soker 2008) and not to the catastrophic cooling event absent any source of heating
that was hypothesized in early cooling flow theory.

Improved radio and infrared (IR) instrumentation has recently permitted identi-
fication of other tracers of star formation in cool-core BCGs (CC BCGs) (Genzel &
Cesarsky 2000; Brandl et al. 2006). Substantial reservoirs (< 10% Mg, to ~ 10 M)
of cool molecular hydrogen are now found in many cooling flows, mainly through de-
tection of emission from CO (Edge 2001; Salomé & Combes 2003; Salomé et al. 2008a)
or the near-IR ro-vibrational transitions of Hy (Jaffe & Bremer 1997; Donahue et al.
2000; Jaffe et al. 2001; Edge et al. 2002; Hatch et al. 2005).

Photometry with the Spitzer Space Telescope reveals far-IR (FIR) excesses char-
acteristic of cool dust with 7; < 100 K in some BCGs in cool-core clusters (Egami
et al. 2006a; Quillen et al. 2008; O’Dea et al. 2008). The dust mainly forms in the
stellar winds of low-to-medium mass stars in the AGB phase. While the majority of
the hot ICM is expected to be dust-free, the cooling inner region is injected with dust
either dredged up from the pre-existing population in the BCG or generated from
stars forming from the cooling material (Hansen et al. 1995).

Spatially resolved spectroscopy and imaging of the environment of nearby cool-
core BCGs has uncovered complex morphologies including Ha-bright filaments of star
formation that may be associated with the interface between the AGN jet and the
hot ICM (see §4.2.1 and §4.4). The geometry of the star-forming regions has major
differences from the morphology seen in normal star-forming galaxies.

Despite this considerable progress, many questions about the gas deposition, star
formation, and feedback processes in BCGs remain unresolved. This is the second of

a series of three papers.
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In Paper 1, Donahue et al. (2011), we introduced our Spitzer Infrared Spectrograph
(IRS) and broadband IRAC and MIPS data of a sample of nine cool-core BCGs (see
6§4.3), greatly increasing the available library of MIR spectra of the category. Star
formation activity has previously been detected in eight of the nine galaxies.

In Donahue et al. (2011), we focused on the character of the polycyclic aromatic
hydrocarbons (PAHs) in the BCGs, and found that the PAH emission is well corre-
lated with the warm dust emission (as expected in a star-forming environment). PAH
diagnostics indicate that these large molecules have a similar size and ionization pro-
file in the cool-core BCGs (with a few exceptions) to the relatively undisturbed ISM
in spiral galaxies, and thus that the PAHs are generally shielded from radiative or
collisional trauma from the hot ICM. The exceptions include the two BCGs that are
forming stars at a more vigorous rate, where the PAHs indicate a higher ionization
fraction and possible destruction of the smaller molecules.

We found that the luminosity of the warm ionized gas, traced by forbidden neon
emission lines, is also correlated with the warm dust continuum, but the ionized
gas appears to have an additional heating source. This suggests either that the
ionized gas has a major heating source other than star formation (probably a non-
radiative energy source related to the hot ICM or AGN jet, such as cosmic rays or
magnetohydrodynamic waves) or that star formation is not heating the warm dust as
consistently as the gas. The ionized gas also appears to share a heating source with
the remarkably strong pure rotational Hy emission found in all of the BCGs.

In this paper, we analyze the MIR spectra with the particular goal of discovering
what conclusions can be drawn about the character, environment, and amount of star
formation in CC BCGs. From the literature, we include estimates of exposed star

formation rates derived from optical and ultraviolet data. We examine several MIR
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indicators of star formation estimate the total amount of star formation, and discuss
the fraction of obscured star formation. We compare to the cooling rate derived from
X-ray data to find the efficiency of star formation from the fuel of the cooling flow. We
contrast with various surveys of galaxies and other classic examples of star formation.

In Paper 3, we will expand upon the analysis and interpretation of the strong H,
emission in the cool-core BCGs. This emission is much stronger than expected in a
normal star-forming environment.

Analyses of IRS spectra of two other star-forming BCG systems have already
appeared: the nearby archetypal system Perseus (Johnstone et al. 2007) and the
distant but very luminous system ZwCl 3146 (Egami et al. 2006a). Four cool-core
clusters (Perseus, Hydra A, Abell 2052, and Abell 2199) are also included in the IRS
survey of warm Hy emission in radio galaxies of Ogle et al. (2010).

All computations in this paper assume a Hubble constant of 70 km s~ 'Mpc~! and

the cosmological parameters €2, = 0.3 and 2, = 0.7.

4.2.1 Environment of star formation

In this work, we consider the morphology of star formation in the BCGs of cool-
core galaxy clusters. We consider three possible environments of star formation:
normal star formation in a disk or other massive star-forming region; star formation
in magnetically supported filaments of material dredged from the BCG by AGN jet
activity; and knots of jet-induced star formation where the jet impacts the overlying

ICM.
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Normal star formation

Normal star formation, for the purposes of this work, refers to star formation in a
giant molecular cloud (GMC) complex (20-50 pc in size or larger, with a gas mass
of ~ 10° M) in a spiral disk, nuclear starburst, or similar environment where a
considerable fraction of the emitted UV light is reprocessed into the IR via absorption
by gas and dust. The energy re-emerges as a strong thermal continuum from small
dust grains beyond ~ 15 pum, as well as a suite of other MIR features including
aromatic emission from large molecules (Peeters et al. 2004; Indebetouw et al. 2009).
This generalization of normal star formation encompasses a broad range of scales,
morphologies and environments.

In the inner part of a spiral disk (such as the Milky Way), there tends to be a
self-regulating population of GMCs with a moderate mean gas density of ~ 2—50 M,
pc~? and steady star formation (Kennicutt 1998b). At this level of extinction, star
formation can be approximated from optical features such as Ha emission by making
reasonable assumptions about the degree of extinction, but approximately two-thirds
of the optical light is internally absorbed (Kennicutt 1998b). Characterizations of the
star formation rate based on dust emission features must take into account sources of
heating from other sources such as cirrus heated by older stars (Kennicutt et al. 2003).
We note that in the outer part of a disk (such as the outer reaches of M33), there is
a low density of GMCs, a low fraction of dust to gas, and a low fraction of Hs to H I,
compared to the inner disk (Bigiel et al. 2010a). In these environments, optical-FUV
extinction is low and star formation is relatively exposed, but star formation is also
comparatively inefficient in the outer disk and usually represents only a small part
of the total star formation in the galaxy (Bigiel et al. 2010b). Therefore, when we

discuss star formation in a normal disk, we primarily refer to star formation in the
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inner or nuclear regions of a disk.

In the nuclear regions of normal spiral galaxies, or the nucleus or circumnuclear
disks of starburst galaxies (such as M82), the gas densities are much higher, to the
point where GMCs can be packed in close enough to effectively form one enormous
complex or super star cluster (Kennicutt 1998b; Brandl et al. 2006). A smaller-scale,
nearby and well-studied laboratory for this environment of intense star formation
is the H II region and super star cluster analogue 30 Doradus in the Large Magel-
lanic Cloud (~ 50 kpc away, ~ 200 pc in diameter, and with a gas mass of several
~ 10° M) (Indebetouw et al. 2009). Though there is a considerable range of ex-
tinction, the optical-FUV light of young stars can be completely obscured. Among
the strongest star-formers, star formation can be estimated just from measures of the
reprocessed infrared light, such as Lo, (Rieke et al. 2009; Calzetti et al. 2010). Star
formation in starbursts is often stimulated by interacting systems or other morpho-
logical disturbances of galaxies. Other major hosts of obscured star formation include
starburst-associated luminous infrared galaxies (LIRGs) and, mainly at z > 2, ultra-
luminous infrared galaxies (ULIRGs) where vigorous star formation (or sometimes
nuclear activity) is driven by violent merger activity (Armus et al. 2009). In these
dusty environments, ~ 90% of the UV light is absorbed and re-radiated in the in-
frared, and Los,m or PAH luminosity are good indicators of star formation activity
(Alonso-Herrero et al. 2006; Farrah et al. 2007). Submillimeter galaxies (SMGs) are
another category of high-redshift, highly obscured sites of star formation (Chapman
et al. 2005).
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Jet-induced star formation

Jet-induced star formation occurs where the jet from an AGN plows into the dense
inner ICM, triggering a shock front at the interface between the jet and the ICM (van
Breugel et al. 2004). A related radio-triggered mode of star formation is stimulated by
shocks at the collision between the radio plasma and cool gas clouds, rather than along
the path of the jet (McNamara 2002). These types of star formation are detected
when indicators such as a blue continuum excess or Ha emission from 10* K gas are
mapped in extended knots or lobes, often resolved into more complex filaments, that
correlate with the edges of radio-bright structures or the footprint of the jet upon
the ICM. Candidate sites have been detected in many radio galaxies (van Breugel
et al. 2004) including many of the nearest cool-core galaxy clusters such as A1795
and A2597 (van Breugel et al. 1984; McNamara & O’Connell 1993; Koekemoer et al.
1999; O’Dea et al. 2004), 2A0335 (Donahue et al. 2007a), Hydra A, A2052 (McDonald
et al. 2010), and NGC 1275 (McNamara et al. 1996; Conselice et al. 2001). There is
tentative evidence in support of radio-triggered star formation in A1068, but high-
resolution analysis is needed (McNamara 2002). In the well-resolved candidate sites
of jet-induced or radio-triggered star formation, the blue color, distance from the
nucleus (~ 6 — 20 kpc), and resolved spatial structure rule out a source such as old
stars within the BCG or non-stellar heating such as an AGN. Scattered light from
an obscured AGN is also ruled out for A1795 and A2597 (McNamara et al. 1999;
McNamara 2002).

A problem with the environment of jet-induced star formation is that the radio
structures have a lifetime of only 10 — 108 yr, while star formation is likely to last
108 —10° yr (McNamara & O’Connell 1993). In most cases, one would expect the two

structures to have decoupled unless they happen to be observed in the early stages.
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Ghost cavities (cavities in the X-ray emission from previous outbursts where the radio
emission has faded) have been detected in several cases including A2597 and NGC
1275, and possibly 2A0335 (McNamara et al. 2001; Fabian et al. 2006; Mazzotta et al.
2003). Continuing star formation kinematically associated with the edges of the ghost

cavities may provide support for the model of jet-induced star formation.

Filamentary star formation

Extended filaments or knots of blue continuum or Ha emission, which often corre-
spond to complex X-ray structures but are unassociated with radio structures, have
been detected in cool-core BCGs including A2597 (Koekemoer et al. 1999), A1835
(O’Dea et al. 2010), A1795 (especially its long entwined filaments), A0478, A0496,
A4059, A1644, Sérsic 159-03 (McDonald et al. 2010), 2A0335 (Donahue et al. 2007a),
and A2052 (Martel et al. 2002).

The nearest cool-core BCG, NGC 1275 in the Perseus cluster has a spectacular
filamentary structure, detected in optical continuum and ionized emission (Conselice
et al. 2001; Fabian et al. 2008), cold and warm molecular filaments (Salomé et al.
2008b; Johnstone et al. 2007), and detailed X-ray maps (Fabian et al. 2006, 2011b).
Star formation is progressing in the “Blue Loop” extended region of NGC 1275 at a
rate of 20 Mg yr~! (Canning et al. 2010). Many other cool-core BCGs also display
powerful molecular gas emission (see Chapter 5) and a comparison of a degraded-
resolution image of NGC 1275 to cool-core BCGs at higher redshifts shows similar
optical structures; NGC 1275 may have a typical morphology for cool-core BCGs,
making it a valuable source of high-resolution, detailed information (McDonald et al.
2010).

Filaments in cool-core BCGs are unambiguously linked to the cooling flow (located
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within the cooling radius and at sites of heightened cooling, McDonald et al. 2010) and
optical-UV continuum analysis in many of the references cited above demonstrates
that many of the filaments are the sites of current star formation.

However, some Ha filaments are unassociated with continuum emission and cannot
be ionized by young stars (Martel et al. 2002; Canning et al. 2010). Furthermore,
recent work demonstrates that photoionization by young stars is generally inadequate
to energize the observed luminous Ha and molecular emission in the filaments even
in targets with filamentary star formation (McDonald et al. 2010).

McDonald et al. (2010) discuss other mechanisms capable of ionizing Ha filaments,
including radiation from the AGN, X-ray heating from the hot ICM, conduction from
the ICM into the filaments, shocks, and cosmic ray heating. The penetration of
energetic particles from the surrounding hot plasma into the magnetically supported
cold gas (where the particles are suprathermal) is a prime candidate for producing
the Ha and molecular emission (McDonald et al. 2010; Fabian et al. 2011a). Other
potential sources of non-radiative heating are cosmic rays and kinetic sources such as
dissipative magnetohydrodynamic (MHD) waves (Ferland et al. 2008).

While some of the filamentary structures are associated with mergers (Martel et al.
2002; Donahue et al. 2007a), in general there is no spatial association between the
filaments and nearby cluster galaxies (McDonald et al. 2010). The filaments probably
form as part of the cooling flow, when gas at about the cooling radius collapses into
filaments and into smaller clump structures as it falls inward along magnetic field lines
toward the BCG, interacting with buoyant radio bubbles on their way up (Canning
et al. 2010; McDonald et al. 2010, 2011a). These bubbles may also drag cold gas and
dust from the BCG to inject into the cooling gas, possibly on short enough timescales

to mix with the ICM within the cooling radius; this is an important source of dust
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for star formation (Churazov et al. 2000; Canning et al. 2010). An alternate theory
describes filaments that are formed in the wake of the buoyant bubbles, rather than
by the cooling flow (Churazov et al. 2000). There is as of yet no consensus on whether
the filaments are kinematically on their way out or in.

Substructures to the filaments are observed, often in the form of knots of H II re-
gions within the filamentary halo (Martel et al. 2002). The observed optical filaments
have kiloparsec length scales and may extend to 50 kpc, as in the intertwined chains
of resolved HII regions in the wake of the BCG in A1795 as the BCG moves through
the ICM, but are typically ~ 100 pc in diameter (Martel et al. 2002; McDonald et al.
2010). The large axial ratios (length/thickness ~ 30) imply that magnetic support is
likely (McDonald et al. 2010).

In the nearby target NGC 1275, the filaments themselves start to be resolved
into complex structures of smaller threads, smaller than 70 pc in diameter, with an
estimated mean density of ~ 2 cm™ (Ferland et al. 2008; Fabian et al. 2008). They
appear to be supported in a stable state by magnetic pressure. Models of certain
filaments in NGC 1275 suggest that the magnetically supported filaments have a low
volume filling factor (~ 107°) and extraordinarily delicate structure, composed of
hundreds to thousands of sub-threads of star-forming material (dense molecular cores
at ~ 10® K with a density of ~ 10° cm™3) enveloped in lower-density halos of ionized
gas), each molecular thread about a third of a parsec in size and separated from its
neighbors by ~ 10 pc (Ferland et al. 2008, 2009; Fabian et al. 2011a). The most
likely source of ionization is energetic particles from the surrounding ICM (Fabian
et al. 2011a). The application of this model to other cool-core BCGs may be difficult
because of lack of resolution, but as noted above, NGC 1275 may be a good local

template for other cool-core BCGs.
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As demonstrated by the overlap in the targets discussed here and in the previous
subsection on jet-induced star formation, evidence suggests that the complex envi-
ronment of a cool-core BCG can easily host both types of extended star formation.

An important question is how much optical-FUV extinction is expected in these
extended star-forming environments. If a geometry like that modeled for NGC 1275
applies for filamentary star formation in cool-core BCGs in general, the molecular
cores are only ~ 0.3 pc in diameter, and the light of young stars may escape much

more readily than in the giant molecular clouds of normal star formation.

4.3 Sample

Our sample consists of nine BCGs which have been well studied in the X-ray and
optical /ultraviolet bands. The sample selection goal was to target major examples
of cool-core BCGs which were observable with the Spitzer IRS but had not yet been
observed. Initial presentation of these data, as well as analysis of the polycyclic
aromatic hydrocarbons (PAHs) and other features, appears in Donahue et al. (2011).
Basic data on the sample are given in Table 4.1. The index numbers in that table are
used in some figures throughout the paper. We typically refer to individual systems
by an abbreviation of the name of the cluster, though our IRS data is restricted to
the environs of the BCG.

The redshifts are derived from optical emission lines from a variety of sources, as
follows: 2A0335: Donahue et al. (2007a). Hydra A (also Abell 780): Smith et al.
(2004). A1795 (CGCG 162-010): Hill & Oegerle (1993). A2597 (PKS 2322-12): Voit
& Donahue (1997); Colless et al. (2003); see also http://www.mso.anu.edu.au/2dFGRS/.
A478 (NVSS J041325+102754): Zabludoff et al. (1990). PKS0745: Hunstead et al.
(1978). A1068 (FIRST J104044.44-395712): Allen et al. (1992). MS0735 (ZwCl 1370
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or BCG 4C 474.12): Stocke et al. (1991). A1835 (SDSS J140102.074+025242.5):
SDSS DR2 ; see also Allen et al. (1992).

The luminosity distance Dy, is based upon these redshifts and the cosmology men-
tioned above.

The cooling rates given in Table 4.1, Mg, are derived from Chandra and XMM-
Newton spectra and are based on intermediate-temperature X-ray-emitting gas. The
cooling rate for MS0735 comes from observations with a low number of counts and
should be considered less reliable. Rafferty et al. (2006) also have observations for
2A0335, PKS0745 and A1068 which are generally consistent with the results from
O'Dea et al. (2008). The rates for Hydra A, A478, A1795 and A2597 in McDonald
et al. (2010, 2011b) are also generally consistent with Rafferty et al. (2008), though
somewhat lower.

All of the clusters have central cooling times t.. in the range 100-500 Myr (Raf-
ferty et al. 2008), though these timescales should be regarded as an upper limit on the
true central cooling time, particularly for the more distant, less well-resolved sources.
The radius or semi-major axis, 7¢,0, Within which the cooling time is less than 7.7
Gyr, based on Chandra data, is also given (Rafferty et al. 2006). 7.7 Gyr is the time
since z = 1, or approximately the timescale over which the cluster has been relaxed.
The cavity power, P.,, is a measurement of the mechanical energy output of the
AGN jets (Rafferty et al. 2006). It is a lower limit on the total AGN power, though it
may trace older rather than current activity. It is derived from Chandra observations

except for A1068, where it is estimated from the 1.4 GHz radio flux.



Table 4.1. Basic Characteristics of Cool-Core BCGs.

+# Cluster BCG? BCG position (J2000.0)* =z Dy ScaleP Mxs¢  Teoold  teool P..4
R.A. Decl. (Mpc) (kpe/”) (Mg yr™!) (kpe) (10% yr) (10*2 erg s1)

1 2A0335+096  PGC 013424 03:38:40.6  09:58:12  0.0347 153 0.691 1775 135 14 2478

2 Hydra A PGC 026269 09:18:05.7 -12:05:44 0.0549 245 1.07  16+5 109 2.0 430720°
3 Abell 1795 PGC 049005 13:48:52.5  26:35:34  0.0633 284 1.22 gtid 135 3.7 1607230
4 Abell 2597 PGC 071390 23:25:19.7  -12:7:27  0.0821 373 155 30730 128 2.6 6715,
5 Abell 478 PGC 014685 04:13:25.3  10:27:55  0.0860 392 1.61  40%3) 150 1.3 100759
6 PKS 074519  PGC 021813 07:47:31.4 -19:17:39.7 0.1028 474 1.89 200750 176 2.1 17001 350"
7 Abell 1068 PGC 093944 10:40:44.4  39:57:12  0.1386 654 245 3073 152 14 20

8 MS 0735.6+7421 PGC 2760958 07:41:44.7  74:14:38  0.216 1070 3.50 20720 141 47 690075590
9 Abell 1835 IMASX J14010204+0252423 14:01:02.0  02:52:45  0.2520 1270 3.93 <200 156 3.0 18007 ¢0°

(a) Crawford et al. (1999); Rafferty et al. (2008); Quillen et al. (2008); Hicks et al. (2010). (b) The angular diameter distance D 4. (¢) ICM

cooling rates from X-ray spectroscopy. Rafferty et al. (2006) except for 2A03354096, PKS 0745-19 and Abell 1068 (O’Dea et al. 2008), and
Abell 1835 (Peterson et al. 2003). (d) Rafferty et al. (2006).

6V 1
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4.4 Optical/UV Evidence for Star Formation

All the BCGs in this sample have good star formation rate estimates derived from
the optical/UV continuum. MS0735 is the only target in the sample with no optical
or ultraviolet evidence of recent star formation (McNamara et al. 2009). Estimates
for the others are in the range of ~ 5 — 20 Mg yr~!, with a star formation rate
of 100 Mg yr~! in one target (see Table 4.2). The detection of spatially extended
optical or UV continuum or Ha line emission in a number of cases is unambiguous
evidence of recent star formation in extended knots and filaments around the BCG
(McNamara & O’Connell 1993; Koekemoer et al. 1999; Conselice et al. 2001; Martel
et al. 2002; O’'Dea et al. 2004; Bildfell et al. 2008; McDonald et al. 2011b); also, see
§4.2.1. Nuclear star formation is also found, well-distinguished from emission caused
by shocks or older stellar populations (McNamara et al. 2006; McDonald et al. 2011b).

Unfortunately, we do not have a homogeneous source of optical or ultraviolet
evidence for star formation for our entire sample. In Table 4.2, we have compiled
estimates of the SFR from a variety of targets. The BCGs of our sample are not ade-
quately resolved to obtain separate estimates of extended and nuclear star formation.
We sought to standardize our discussion by finding estimates of SFR which utilize
similar data and assumptions.

For simplicity in this work, we refer to these values as SFR,p¢, and we refer to this

evidence, both optical and near-ultraviolet, as “optical” evidence.

4.4.1 Ha evidence for star formation

Star formation is often correlated with the luminosity of optical line emission from
Ha (Kennicutt 1998b) and there is a plethora of such data for our sample, associated

with star formation rates between ~ 1 Mg yr~! (for A1795 and Hydra A, McNamara
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1995; Rafferty et al. 2006) up to ~ 40 Mg yr~* (A1835, McNamara et al. 2006).
Intermediate levels are estimated for some of the other targets in our sample: 2A0335
(Donahue et al. 2007a), A2597 (Donahue et al. 2007b), and A1068 and PKS0745
(Rafferty et al. 2006).

In a normal star-forming galaxy where the only expected source of hydrogen ion-
ization is recent star formation, Ha is a reliable signature of star formation. However,
in the complex environment of a cool-core galaxy cluster BCG, where the Ho may be
ionized by many high-energy processes, we cannot rely on Ha from a general aperture
as a metric of star formation. In fact, while imaging has conclusively demonstrated
that the filamentary Ha structures mapped out in some cool-core BCGs are associ-
ated with star formation (Conselice et al. 2001; McDonald et al. 2010), many of the
Ha filaments in the cool-core BCG NGC 1275 are not associated with recent star
formation (Canning et al. 2010) and a non-radiative heating mechanism such as en-
ergetic particles from the hot ICM probably ionizes much of the gas (McDonald et al.
2010; Fabian et al. 2011a).

Therefore, we cite Ha evidence for star formation only to corroborate optical-UV

evidence, instead of relying on it as the primary indicator of exposed star formation.

4.4.2 Assumptions inherent in optical SFRs

The SFRp¢ column in Table 4.2 represents star formation rates derived from a vari-
ety of optical or near-ultraviolet continuum observations (U through I band), in the
apertures listed, assuming steady, continuous star formation of long duration (listed
in the table as well).

These SFRs all utilize the same cosmology as this work. Several of the older

observations have been converted to this cosmology by Rafferty et al. (2006) or in
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this work (Hydra A).

The SFRs have been corrected for Galactic extinction but - with the exception of
2A0335 - have not been corrected for internal dust extinction, which can be consid-
erable for massive star-forming galaxies. Therefore, they are a measure of only the
exposed star formation: the light of newly formed stars that escapes without being
reprocessed into the mid-infrared by dust. We expect the total SFR to be higher in
all cases. Estimates of total star formation typically use measurements from both ex-
posed and reprocessed sources (Calzetti et al. 2010), as discussed in §4.8.5 and Table
4.11.

When modeling star formation, a worker’s choice of duration impacts the resulting
SFR. An assumption of a longer duration yields a lower SFR. However, SFRs derived
over a long duration (2 100 Myr) are relatively insensitive to the choice of duration,
to within about a factor of 2 (Leitherer et al. 1999; Calzetti et al. 2010), which is
at least the uncertainty on this heterogeneous set of observations. The durations are
comparable to the central cooling times in these BCGs (see Table 4.1), which is a
realistic estimate of the timescale of star formation in cool-core galaxy cluster cores.
Some of the durations are longer than the cooling time, but as noted above, the SFRs
become less sensitive to duration at longer durations.

teool is the timescale during which a mass of hot gas will radiate away all of its
heat, absent a source of heating (McNamara & Nulsen 2007). While there evidently
is a remarkably efficient source of heating in cool-core galaxy clusters, the cooling
time for a CC cluster also gives the general timescale since the last major heating
event; if the cooling time were longer, the cooling flow would not have had time to
develop (McNamara & Nulsen 2007). Therefore, fuel for star formation, in the form

of cold gas condensing onto the BCG at a feedback-regulated rate, has been supplied
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on a timescale approximately equal to the cooling timescale.

There are still many unknowns in this process. It is unknown whether star forma-
tion in cool-core clusters proceeds cyclically or in a steady state (Romanishin 1987;
Allen 1995; Guo & Oh 2009). Furthermore, it is likely that when star formation
occurs, it proceeds sporadically, with any given molecular cloud forming stars in a
self-governed burst perhaps no longer than 10 Myr. It is entirely possible that the
star formation has been progressing for a shorter duration than the central cooling
time, and indeed even t.,, should be regarded as an upper limit on the true central
cooling time (especially for targets at higher redshift).

Overall, however, it is a reasonable assumption that the integrated star forma-
tion in the BCG is proceeding in a relatively continuous fashion over a timescale
comparable to the cooling time. In several cases, there is a choice of star formation
models in the literature with different durations, and while there is some evidence
supporting longer durations (on the order of 10 - 100 Myr) over shorter durations
(Schmitt et al. 1999; McNamara et al. 2006), in other cases the various models fit
the data equally well. We selected durations which are conservative with regards to
the conclusions of this work. To this end, the modeled duration of star formation
is frequently longer than the estimate of cooling time, except for A1068 and A1835,
where the two timescales are in close agreement.

We will demonstrate that the star formation in A1068 and A1835 is relatively
obscured: star formation measured via reprocessed light (i.e., thermal dust emitting
at 24 pm) equals or exceeds exposed star formation, as is the case in many starbursts
(Sargsyan & Weedman 2009). If we selected exposed star formation rate estimates
for those two targets that assume longer durations, the SFRs would decrease (e.g.

the hard lower limit to the SFR in A1835 of > 50 M, yr~! for a duration of 900 Myr,
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McNamara et al. 2006), and strengthen further the conclusion that the star formation
in those targets is relatively obscured. It is possible that even shorter star formation
durations, with correspondingly higher estimates of the exposed SFR, would be ap-
propriate for these two targets. For this reason, among others, our conclusions with
regards to A1068 and A1835 are tentative.

On the other hand, we argue below that in several of the cool-core BCGs, especially
A1795, A2597, and A478, the star formation is abnormally exposed: star formation
measured via reprocessed IR light falls far short of optical measures of star formation.
For these targets, we conservatively selected optical or UV-based measures of exposed
star formation that assume long durations of star formation, typically ~ 10x longer
than the central cooling time in those targets. If we selected exposed star formation
rates with shorter durations when available, the exposed SFR will only increase (not
necessarily by much, due to the general insensitivity of SFR to duration for durations
longer than ~ 100 Myr), rendering the discrepancy with measures of obscured SF
even more extreme.

Some literature on the optical and ultraviolet evidence for star formation in these
BCGs cites “burst” models of star formation, with a given mass of stars all formed in
a theoretically instantaneous moment at a certain age, or continuous star formation
over a very short duration (~ 10 Myr) which may be recent or at a given epoch.
While this may represent the star formation history in any of these BCGs, the fuel
for star formation has been supplied over a long timescale, approximately equal to
the cooling time.

The star formation history may be complex, and the continuous star formation
rates expressed in Table 4.2 are heterogeneous, but they provide a comparative mea-

sure of the degree of exposed star formation. They are conservatively low for most
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of the sample, and conservatively high for A1068 and A1835, to emphasize that even
under those assumptions, the exposed star formation is stronger than expected (com-
pared to MIR diagnostics of obscured star formation calculated in §4.8) for most of
the sample. A1068 and A1835 do not appear to be abnormal, but fall toward the
obscured end of the range of star formation.

For the purposes of comparison to MIR data, we assign uncertainties of a factor

of 3x to SFRpt.

4.4.3 Aperture selection in the MIR and optical bands

Aperture mismatches between the optical and IR measurements are a potential source
of uncertainty. The apertures we use in the mid-infrared (see Table 4.3) have diame-
ters generally ~ 5—10x the full width, half max (FWHM) of the core of the diffraction
disk for a diffraction-limited point source observed with Spitzer at those wavelengths
(27 at 8 pm and 6” at 24 um). Many of our targets are partially extended in the
MIR, as discussed below; our apertures are selected based on the observed extent of
the source in the MIR. Thus, our apertures are large enough to capture nearly all of
the MIR continuum emission for point source or slightly extended sources. In most
cases, we are able to adjust the aperture size to avoid nearby sources.

At optical and ultraviolet wavelengths, the diffraction disk is much smaller, but
detector blur limits the resolution of telescopes like GALEX to about 5”. The optical
and ultraviolet apertures in question tend to be about 3x the point spread function.
We attempt to select similar apertures to our MIR observations when possible, to
capture emission from a similar region. We consider the apertures a good match if
neither the optical nor MIR apertures overlap unnecessarily with extraneous sources,

and if they are both large enough to capture most of the light of a point source or
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moderately extended source.

The optical apertures from Table 4.2 may be compared to the IRAC and MIPS
apertures from Table 4.3. Our IRS apertures were drawn from generally smaller
apertures, but are scaled appropriately to the IRAC and MIPS photometry (see
§4.5.3), so the IRAC and MIPS apertures are the relevant MIR aperture. Specific
cases of note are discussed here:

2A0335: The optical aperture is 46” across, considerably larger than the IRAC
aperture, and — like the MIPS aperture — easily large enough to encompass an in-
teracting companion galaxy 5.6” away to the northwest, within the BCG’s extended
halo (Donahue et al. 2007a). The IRAC aperture may capture some of the blue light
from this companion. Romanishin & Hintzen (1988) find that the companion has a
red core which is bright in Ha emission, consistent with the profile of an elliptical
galaxy dominated by an older population of stars, perhaps containing some dust as
well (Donahue et al. 2007a). This is consistent with the IRS spectrum we extracted of
this companion galaxy, which is weak at longer wavelengths and rises strongly to the
blue, with few MIR emission features. The companion is bright in Ha and in the R
band, but not as bright as the BCG. Because it has a red optical continuum profile,
it does not contribute significantly to the blue excess measured by Romanishin &
Hintzen (1988), despite being included within the aperture.

As demonstrated by the imaging in Romanishin & Hintzen (1988), no other targets
of note are included within a 46” diameter aperture. To obtain the SFR reported in
Table 4.2, they measure the blue excess (effectively the B-I color) and also find that
the H-a emission of the BCG in the same aperture yields a consistent SFR.

Abell 1795: We have no IRAC apertures to compare to the U and I apertures

in this case, but the optical aperture is intermediate in size between a typical IRAC
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aperture for this sample and the MIPS aperture for Abell 1795. As optical (McNa-
mara & O’Connell 1993) and ultraviolet (O’Dea et al. 2004) imaging demonstrate, a
rectangular aperture of these dimensions captures most of the light of the blue lobes
of recent star formation at these wavelengths.

Abell 2597 is an extended source in the MIR, and the optical aperture is some-
what smaller than the MIR apertures. It is possible that the star formation rate is a
lower limit.

Abell 478: While the length of the optical slit (corresponding approximately to
the B or V band) is consistent with the MIR apertures, the slit is quite narrow. We
regard the star formation rate reported in Table 4.2 as a lower limit, both in the sense
that it has not been corrected for intrinsic extinction and also that the slit may be
missing some of the emission arising from star formation.

Abell 1068: The U and R-band apertures are slightly smaller than the infrared
apertures, but are close enough to capture a similar light profile, especially considering

that Abell 1068 is a point source in the MIR.
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Table 4.2.  Optical and ultraviolet continuum-based star formation rates

Cluster SFRpt Aperture® Duration Source
Moyr™) (") (10° yr)

2A0335 4.2P 46 1 Romanishin & Hintzen (1988)¢
Hydra A 11 20x10 25 Hansen et al. (1997)
Abell 1795 6.3 22x11 40 McNamara & O’Connell (1993)¢
Abell 2597 6.4 15 40 McNamara & O’Connell (1993)°
Abell 478 10 1.7x25 10 Rafferty et al. (2006)¢
PKS0745 17 18 10 Romanishin (1987)¢
Abell 1068 16 8 1 McNamara et al. (2004)

MSO0735 <0.25 10 1 McNamara et al. (2009)
Abell 1835 100 18 3.2 McNamara et al. (2006)

(a) Diameter unless two dimensions are given. (b) Corrected for internal extinction. (c)

via Rafferty et al. (2006). (d) based on data from Cardiel et al. (1998).
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4.5 MIR Observations and Data Reduction

4.5.1 Observations

We obtained sparse spectral maps of the nine BCGs in the 5-38 yum range with the four
low-resolution (R ~ 50 —100) modules of the Spitzer IRS. We also utilize photometry
based on available observations with Spitzer’'s IRAC and MIPS cameras (see Table
4.3). The IRS, IRAC and MIPS observations and data reduction are discussed in
detail in Donahue et al. (2011). A summary with some additional detail is included
here.

We use the most recent version (v18.7) of the IRS data. The low-resolution mod-
ules of the IRS include two short-wavelength and two long-wavelength spectral orders,
with the following observed wavelength ranges: SL2 (5.2 - 7.6 pm), SL1 (7.5 - 14.3
pm), LL2 (14.3 - 20.6 pm), and LL1 (20.5 - 37.5 pm). The SL pixels are 1.8” in
size; the LL pixels are 5.1”7. Our earliest observations were taken in Spitzer’s mapping
mode. When we realized that the staring mode can also be used to create spectral
maps and offers additional tools for point sources, we switched to staring mode for

the remaining targets.

4.5.2 Spectral extraction

After applying the Spitzer package IRSCLEAN v1.7 to remove rogue pixels, we used
the spectral extraction tool CUBISM v1.7 (Smith et al. 2007a) to assemble the spec-
tral maps and prepare the IRS spectra. Using CUBISM, we removed background
light, the noisy margins in the cross-dispersion direction, and additional rogue pix-
els. CUBISM is designed to extract IRS spectral maps of extended targets, but can

handle spectra of point sources as well.
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We evaluated the spatial extent of each target by combining all wavelengths in
the SL1 module into a single map and measuring the light profile along the slit, and
repeating the process for the LL2 (these two modules suffer from the least noise).
While most of our targets are intermediate between true point sources and uniform
extended sources, we used these light profiles to determine that four are point sources
(Hydra A, PKS 0745-19, Abell 1068, and Abell 1835), and the other five are best
treated as extended sources. The physical sizes of the sources range from 5 kpc (the
FWHM of Hydra A in the SL1) to 50 kpc (the FWHM of Abell 1835 in the LL2).

While software packages designed for IRS point sources exist, such as SMART
(Higdon et al. 2004), in the interest of consistency we used CUBISM to extract all
of our spectra. However, to check our method, we also extracted the point source
spectra using SMART, finding agreement within 10%, and 2% in the best cases.

In order to obtain a true spectrum of a point source from CUBISM, the user may
turn off the option to remove the “slit loss correction factor” (SLCF), and select a
slit-shaped aperture only two pixels wide but as long as necessary to capture most of
the target’s light at that wavelength. Using CUBISM’s feature to remove the SLCF
for extended sources, we chose apertures which covered most of the target’s light
while maintaining good signal-to-noise. Because our slits did not densely cover the
core emission area, we could not capture all of the emission in a given aperture.

After spectral extraction, we trimmed the noisy edges of each spectral module.
In our notation, f,(Aops) is the observer-frame flux observed at the given wavelength,
and for a redshift of z, F,(Aest) is the rest-frame flux emitted at the given wavelength.

They are related as follows:

fr/()‘obs/(1 + Z))

Fu(>\rest) = 1+ 2

(4.1)
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In other words, we convert to the rest frame by dividing both wavelength and flux

by a factor of (1 + z).

4.5.3 1IRS photometric levels

To address the photometric shortfall for extended sources, and to correct gaps be-
tween the four modules in both point and extended sources (which can appear even
when using SMART to extract point source spectra, and are caused in part by the
larger LL pixels which make it impossible to extract SL and LL spectra from identi-
cal apertures), we used IRAC and MIPS broadband photometry, where available (see
§4.5.4), as a guide in scaling the modules of our IRS spectra. The scaling is detailed
in Donahue et al. (2011, Table 3). Therefore, the effective aperture of our IRS ob-
servations is equal to that of the nearest-wavelength IRAC or MIPS observation (see
Table 4.3). In physical units, these apertures correspond to ~ 8 — 70 kpc for the SL
modules, and ~ 20 — 120 kpc for the LL modules. This assumes that the spectral
shape is the same across the various source regions.

For extended sources, we attempted to make the scaling process partially inde-
pendent of the IRAC and MIPS photometry (because we do not have full photometry
coverage of our sample) by measuring the light profile along the slit and estimating
the scale factor assuming an azimuthally symmetric emission profile. The SL and
LL were treated separately, and after this scaling, any discrepancies between the two
were generally resolved. Because of the sparse nature of our spectral maps, this scale
factor is the dominant part of the overall scale factor for each module, and is required
only for extended sources (because the SLCF provides the same function for the point
sources).

Additional corrections, generally small, were required in some cases for both point
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and extended sources to correct gaps between modules (sometimes caused by the
necessity of selecting a smaller aperture for one module because of a nearby source of
contamination) or to bring the overall spectrum into agreement with the IRAC and
MIPS SED. Agreement between the final rest-frame IRS spectra and the rest-frame
broadband photometry is within ~ 15% (see Figs. 4.4 - 4.6 and the discussion in
§4.5.7, and compare Tables 4.8 and 4.3).

We acknowledge the risks of the assumptions of this scaling. The continuum light
is relatively smooth, as seen in the light profile along the slit, but it may not be
azimuthally symmetric, and it may not have a uniform SED everywhere in the IRAC
and MIPS apertures. The interested reader may recover the emission in the original
IRS aperture by dividing by the relevant scale factor listed in Donahue et al. (2011,
Table 2).

4.5.4 Broadband photometry

The TRAC and MIPS apertures were chosen to be approximately three times the
FWHM of the source as measured with the IRS spectra. We based the IRAC apertures
on the FWHM measured in the SL1, the MIPS 24 pm apertures on the FWHM in the
LL2, and the MIPS 70 and 160 pum apertures on the FWHM of a point source at those
wavelengths. For more discussion of aperture selection, see §4.4.3. Background is
subtracted from a larger annulus. The aperture corrections are described in Donahue
et al. (2011). Rest-frame IRAC and MIPS photometry is reported in Table 4.3; it was
obtained by dividing the observed flux densities by a factor of 1 4+ 2. These values
are not k-corrected; therefore, this is the rest-frame emission which is observed at the

listed wavelengths, rather than emitted at those wavelengths.
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4.5.5 Uncertainty

The uncertainties for the IRS spectra are a combination of the uncertainties provided
by the Spitzer pipeline (hereafter termed ”statistical uncertainty”) and a 15% sys-
tematic uncertainty to account for scaling the IRS spectra relative to the broadband
photometry. The systematic uncertainty typically dominates in the case of strong
emission features and elevated continuum.

The uncertainties for the broadband photometry are 5% for IRAC and 10, 20, and
20% for MIPS24, 70, and 160 um respectively.

When comparing Spitzer data to data from other telescopes, we include an addi-
tional 5% absolute photometric uncertainty.

The median signal-to-noise for our extracted spectra in the SL modules (bins of
width 0.028 pm) and LL modules (bins of width 0.056 pm) is 16 and 6.3, respec-
tively. Signal-to-noise is considerably higher for the strong emission features and for
broadband measures of the continuum.

Features and continuum which are not detected with 30 confidence are instead
reported as 30 upper limits (which are then combined with the systematic uncertainty
mentioned above) or left out of the discussion.

A potential source of error which we have not accounted for is the assumption that
the source is centered in the IRS slit. Small pointing errors cause the light to be lost
asymmetrically from the slit in a wavelength-dependent manner. We minimize this
effect by assuming that the photometric levels of the LL. modules are more accurate
than the SL modules, because any pointing error is smaller relative to the large size
of the LL pixels, and by using broadband photometry as a photometric guide as
discussed above. However, any pointing errors may introduce small differences in the

shape of the spectrum (private discussion, J. Leisenring).
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4.5.6 Feature strength extraction

To extract feature strengths, we applied the spectral-decomposition package PAHFIT
v1.2 (Smith et al. 2007b), which empirically fits the following components: a starlight
continuum, several thermal dust continuum components, broad silicate absorption
features, broad PAH emission complexes, and unresolved emission lines (mainly low-
ionization forbidden atomic emission and molecular hydrogen emission).

The observed fluxes are reproduced in Table 4.4. A subset of these data, in the
rest frame, appear in Donahue et al. (2011, Table 5), or Table 3.5. The central rest
wavelength of each feature is reported in the second column. Uncertainties are 1o,
and represent a combination of the empirical uncertainties found by PAHFIT (based
on the statistical uncertainties provided by the Spitzer pipeline) and the photometric
uncertainty. The uncertainties are at least 15%, as mentioned above, and frequently
higher. Upper limits are 3o0. In cases where PAHFIT was unable to determine
an upper limit, typically in cases of very weak features, lower signal-to-noise, or a
problematic juncture between spectrum modules, the failed fit is represented with an
ellipsis (...).

The equivalent widths (EQW) of the same features, in pm, are listed in Table
4.6. Features with failed fits, those beyond the wavelength range for the target, or
those with only an upper limit to the flux are represented with ellipses. In principle
an upper limit to the EQW could be found in the case of the latter examples, but
the uncertainties on feature flux and continuum are too compounded to give mean-
ingful results. The uncertainties for EQW are based on the uncertainty in the feature
strength and the uncertainty in the local continuum level, and are somewhat overes-
timated because the same statistical uncertainties are used to estimate both. Upper

limits are 30 and can be extremely high in cases of very low continuum level, notably
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for the Hy S(1) feature for MS0735 and A2597.
Integrated feature luminosities, in rest-frame units of 10*! erg s=!, are presented
in Table 4.7, in the same format as Table 4.4. To recover the observed luminosity,

multiply by (1 + 2).

Weak unresolved emission lines

We attempted to fit an inclusive set of emission features with PAHFIT, but not all
appeared in our sample in sufficient strength to achieve well-determined fluxes. The
high-ionization [Ne V] features at 14.3 and 24.3 pm are weak (particularly the 24.3
pm line), but are of sufficient interest that they are reported in the table. The upper
limits to the [Ne V] feature at 14.3 pum for 2A0335 and A1068 appear to be affected
by an unknown feature at 14.65 pm. [S IV] 10.5 pm only has one potentially firm
detection in our sample, in Hydra A, but the upper limits may still be of interest.
Similarly, the Hy (S0) emission line at 28.2 pum is not detected with significance in
any of our targets, but is important enough in the study of the pure rotational series
that we included the upper limits.

The emission lines of [O IV]25.9 pm (a hallmark of AGN activity) and [Fe 11]26.0
pm are not resolved by the Spitzer low-resolution spectrograph, nor can we universally
conclude that one is more likely to dominate the other in these BCGs. PAHFIT
attempts to fit them separately, and in the case of our sample, typically finds that
the centroid favors [Fe II]. This is not conclusive, however. We present the combined
line fluxes in Table 4.4. The complex is securely detected in two targets.

Meanwhile, the [Ar I11]8.99 um was also not significantly detected. We exclude it
from Table 4.4, but note that its maximum strength appears in PKS0745, where its
upper limit is 50% the flux of the [Ar I1]6.99 pm line, in the case of PKS0745.
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Polycyclic aromatic hydrocarbons

The fluxes of the major PAH emission bands are reported in Table 4.4. The complex
suite of PAH features is described in detail in Smith et al. (2007b). See §4.7.3 for
discussion of the background and importance of these large molecules. The PAH
features between 7.3 and 7.9 pm are combined into a single complex reported at 7.7
pm, as are the pair of features near 11.3 pm and another pair near 12.6 ym. All of
the PAH features between 16.4 and 17.9 pum are combined into one complex reported
at 17.0 pm, though the reader should note that because of the extremely low, broad
nature of this complex, the larger uncertainties in the LL module, and the difficulty
in pinning down the exact continuum level, this detection should be regarded with
caution. We assign an uncertainty of 30% to this complex, and 50% in the case of
PKS0745.

Smith et al. (2007b) have discussed the systematic difference in PAH strengths as
measured by PAHFIT and by other methods. While other methods vary, they are
typically based on selecting two or more points flanking a PAH feature, assuming that
the continuum level passes through those points, and fitting a spline between them
to determine the continuum level beneath the PAH. This assumption is frequently
not valid, particularly for the unisolated PAHs near 8 pm, where the broad wings
of the PAH features can easily blend into each other. Non-PAHFIT estimates of
PAH strength often set the local continuum level at a point which realistically has
significant contribution from the PAH feature itself.

On the other hand, PAHFIT uses a more physical (though still empirical) estimate
of the continuum strength, by combining a series of blackbody curves to represent
thermal dust emission at a variety of temperatures. Compared to other methods,

PAHFIT tends to estimate a lower continuum and a higher feature flux for PAHs.
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Examination of star-forming spectra near 8 ym (Smith et al. 2007b; Donahue et al.
2011) demonstrates that the PAHFIT assumptions are more reliable than methods
that fix a local continuum around each PAH feature. (For unresolved emission lines,
including the atomic and Hy features, the choice of fitting algorithm will make little
difference.)

Smith et al. (2007b) have also attempted to characterize the offset between PAH-
FIT and other methods, in their Table 6. Several important datasets and calibrations
are not based on PAHFIT methods, so we are interested in converting results based on
other methods to PAHFIT equivalents. Such conversions are extremely rough (Smith
et al. 2007b). While they may be applied to samples in general, the conversion is
unlikely to hold up under individual examination. Therefore, when we apply such a
conversion in order to compare other datasets to our sample, we are careful to not
rest our conclusions upon it.

Major PAH complexes in these targets are analyzed in detail in Donahue et al.
(2011).

The observed fluxes of the minor PAH features are relegated to Table 4.5. There
are only a handful of well-determined fits among them. Each of those was manually
verified and found to be convincing, though it is likely that the statistical PAHFIT
uncertainties (even after combination with the photometric uncertainty) are under-
estimated. For example, the 8.33 um feature in A1835 is flanked by much stronger
features at 7.7 and 8.6 pum, rendering its fit necessarily uncertain. Most of the minor
PAH features are fit with only upper limits, if at all. A fit to the PAH at 33.1 pym

was not attempted.
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4.5.7 Continuum Strength Extraction

Table 4.8 lists various measures of continuum strength drawn from the rest-frame IRS
spectrum.

The first three rows give the average rest-frame flux density in 1 gm wide bins at
the given rest wavelengths, for only the continuum components of PAHFIT (stellar
light, thermal dust emission, and silicate absorption). The difference between the
continuum-only spectrum and the full spectrum is negligible at 24 pm (see below),
but can be considerable at 6 pum, where PAH emission bands can be very strong
compared to the continuum.

The next three rows give each spectrum’s average rest-frame flux density weighted

by the bandpasses corresponding to the IRAC and MIPS bandpasses observed at 5.8,

24

vip; vields the average flux density in the bandpass

8, and 24 pym. For example, F

24

5> or ~ 19 ym for A1835. These fluxes appear in

centered on a rest wavelength of
Figs. 4.4-4.6 as green diamonds. They are suitable for comparison to actual IRAC

and MIPS observations, reported in Table 4.3 (note that the broadband photometry

1

i+ but has not been

reported there has been corrected to the rest frame by a factor of
k-corrected). Where the IRAC and MIPS photometry is present, the IRS photometry
is typically within 15% agreement. The instances where the fractional disagreement is
greater are typically cases of low signal-to-noise, and the absolute difference between
the fluxes is low. The only instance where the IRS differs by more than 0.4 mJy
from the IRAC or MIPS value is for 2A0335 at an observed wavelength of 8 pm.
In this case, the IRAC observation should be regarded as more reliable than the
corresponding IRS value, because the IRS signal is affected by the SL.1/SL2 interface
in that spectrum (see Fig. 4.4 and §4.6.2).

The last four rows of Table 4.8 report the rest-frame IRS flux density or luminosity
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averaged across the same IRAC and MIPS bandpasses, using rest wavelengths. For
example, F', 24 represents the average flux density of the source emitted in the MIPS24
bandpass. vL, 24 is the luminosity in the same bandpass. These flux densities and
luminosities, are applicable for relations that are calibrated in the local universe where
redshift has little impact, such as estimates of star formation rate based on the 24
pm continuum like Rieke et al. (2009, Eq. 10, 11) or Calzetti et al. (2010, Eq. 17).
Note the good agreement between I, . 24 and F, 24, indicating that the thermal
dust components as fitted by PAHFIT are responsible for virtually all emission near
24 pm. A comparison between F,. 6 and F, 5.8 demonstrates that the same is

certainly not true at the short-wavelength end of the MIR spectrum.
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Table 4.3. Rest-frame Broadband Photometry

Band 2A0335 Hydra A A1795  A2597  A0478 PKS0745  A1068  MS0735  A1835

3.6 8.9 [12] 4.2 [20] 3.9 [20] 2.7 [14] 1.8 [10] 1.2 [20] 2.0 [14]
45 5.4 [12] 2.7 [14] 2.7 [20] 2.6 [20] 1.9 [14] 1.8 [10] 0.82[20] 1.6 [14]
5.8 4.3 [12] 1.7 [20] 1.8 [20] 1.5 [14] 2.4 [10] 0.58 [20] 1.0 [14]
8.0  3.4[12] 3.9 [14] 1.8 [20] 1.6 [20] 2.1 [14] 6.6 [10] 0.33 [20] 3.6 [14]
24 2.3 [26] 8.6 [30] 1.7 [40] 1.9 [50] 1.5 [30] 9.2 [30] 66 [30] 14 [30]
70 75 [70] 150 [70] 35 [70] 82 [70] 58 [70] 140 [70] 790 [70] 140 [70]
160 170 [80] 39 [80] 52 [80] 250 [80]
Note. — IRAC and MIPS observed waveband centers are in units of pm. Rest-frame fluxes are in units

of mJy, and aperture diameters in arcseconds are given in brackets. Photometric uncertainties are ~ 5% for
IRAC and, for MIPS, 10, 20, 20% for 24, 70, and 160 um respectively.



Table 4.4.  Observed line fluxes (107 W m™?).

Feature Rest pum  2A0335 Hydra A A1795 A2597 A0478 PKS0745 A1068 MS0735 A1835
[Fe 1] 5.34 10.2+2.0 < 5.00 541+1.38 18.6+£39 831+1.93 352+54 7.26+1.65 <221 <6.83
Ha S(7) 5.51 18.7 4 3.0 <484  731+£1.80 222449 17.3+£29 213435 127+23 <3.08 <6.78
Hs S(6) 6.11 149424 490+£1.52 144440 <448 10.9 +2.2 <4.82 <175 <729
PAH 6.22 23.14+4.7 47.0+£84  13.4+4.3 <293 <112 272454  95.9+15.2 < 3.41 199. = 30.
Hy S(5) 6.91 187437 630+209 138£28 449474  148+24 287444  248+40 < 3.58 15.9 4+ 2.6
[Ar 11] 6.99 <156  596+178 7.10+1.87 17.7+39 886+£1.72 9.99+1.69 17.9+3.2 <224 121+20
PAH 7.70 187.4£31. 2994104 458+16.7 287+7.7 50.5+86 342 +52. < 6.08 666.
Hy S(4) 8.03 13.5+£2.2 <9.16 700+1.27 217436  105+1.7 9.94+1.65 < 9.99 1.56 4 0.28 <2.39
PAH 8.61 456+1.28 354+6.1 <6.30 <138 40.6 +6.7  1.90+£0.53  114.+17.
Hy S(3) 9.67 422464 113421 232442 604+9.1 302+46 298+45 31.8+£49 4544069  12.1+£20
[S TV] 10.5 <282 2.30 + 0.71 <143 <1.27 < 2.86 <6.11 <0.433 <5.72
PAH 11.3 323449 87.7+134 235437 17.8+42 188+3.1 495+75 104 +£16.  558+0.91  165. =+ 25.
PAH 12.0 105+1.9  16.9+3.8 < 6.86 <126 <5.75 24.0 £38 <1.87 <25.1
Hs S(2) 12.3 141421 421+128 6.78+£1.07 157425 7574122 107+1.6 124+20  1.32£0.33  6.40+2.19
PAH 12.7 195432  349+6.1  10.1£23 195+48 127425 472472  18.6+4.3 <127 112, £ 18.
[Ne IIJ 12.8 183428 25.9+39 138421 251439 189+29 429464 53.3+84 1154027  32.6+6.7
[Ne V] 14.3 <577 546+ 1.30 < 3.69 <2.10 <1.09 <126 8.72 % 2.90
[Ne I1I] 15.6 1204+1.9 23.0+37 5994115 232439 889+150 158424 32.2+5.1 <0.715 19.943.9
PAH 17.0 331499 43.7+13.1 < 33.0 < 59.7 <18.1 27.6+£13.8  292.+88. <124 <523
Hy S(1) 17.1 40.0+£6.1  11.0+27 192431 529482  183+28  26.0+3.9 < 25.4 2.23 4 0.44 <165
[S T11] 18.7 2324070 155+£28 3.62+1.13 125+3.5 <574  532+£1.00 107428  0.840+0.176 < 9.87
[Ne V] 24.3 <217 <1.82 <15.3

[O TV]+[Fe 1] 26.0 <4.69 9424149 <448 < 6.60 <315  9.44+143 <6.95 <120
Hs S(0) 28.2 <1.97 <3.30 <297 < 3.81 <1.10

[S 111] 33.5 5.56+£1.22 6.67+1.42 6.34+1.64 0.905 < 3.23 14.7+24

[Si 1] 34.8 32.7+5.1 228437  205+3.6

Uncertainties are 1o. If not given, they are 15%. Upper limits are 30. An ellipsis represents a failed fit. Machine-readable version available in the published
journal paper based on this work.

TL1



Table 4.5. Minor PAH features: observed line fluxes (107 W m™?).

Center (rest pm) 2A0335  Hydra A A1795 A2597  A0478  PKS0745  A1068  MS0735 A1835
5.27 < 88.6 <19.5 <393 25.9+6.6 20654 <6.84 <228
5.70 < 65.9 <158 <120 31.0+£5.9 < 60.3 < 6.99 <275
6.69 <323 <251 < 101. < 88.9
8.33 <194 < 6.81 < 16.1 <215 70.6£11.0
10.7 < 1.98 < 5.84 < 7.80 < 2.50 < 5.42
13.5 7T97T£145 <981 <5.69 <13.0 < 6.58 < 5.44
14.0 < 8.52 < 2.27 <154
14.2 < 9.36 < 12.5 < 16.1 < 2.84
15.9 <9.04 <641 <129 <11.1 < 2.81 < 37.6
18.9 < 8.28 <6.11 < 15.9 <43.8

Uncertainties are 1o. Upper limits are 30. An ellipsis represents a failed fit. Machine-readable version available in the

published journal paper based on this work.
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Table 4.6. Observed feature equivalent widths ( pum).

Feature Rest pm 2A0335 Hydra A A1795 A2597 A0478 PKS0745 A1068 MS0735 A1835
[Fe I1] 5.34 0.033 £ 0.007 0.030 £ 0.008 0.17 +£0.04 0.056 + 0.013 0.31 +0.05 0.031 £ 0.007
Ho S(7) 5.51 0.066 + 0.011 0.044 £ 0.011 0.21 £0.05 0.13 £0.02 0.19 £0.03 0.056 + 0.011
Ha S(6) 6.11 0.070 £0.012 0.039 £ 0.012 0.16 +0.05 0.10 +0.02
PAH 6.22 0.077 £ 0.016 0.17 £0.03 0.075 £ 0.024 0.17£0.04 0.28 £0.05 1.3+£0.2
Ho S(5) 6.91 0.12£0.03 < 0.041 0.15 £0.03 0.61 £0.13 0.22 £0.04 0.29 £0.05 0.094 + 0.016 0.17 £0.03
[Ar I 6.99 0.040 £ 0.012  0.078 £0.021 0.24 £ 0.06 0.14 +0.03 0.10 +0.02 0.066 £ 0.012 0.13 +0.02
PAH 7.70 0.98 £0.17 < 0.30 < 0.54 0.37 £0.10 0.38 £0.07 0.75£0.12 5.0+0.8
Ha S(4) 8.03 0.13 +£0.02 0.11 +0.02 0.37 £ 0.07 0.23 +=0.04 0.12 +0.02 0.13 +£0.02
PAH 8.61 0.036 £+ 0.010 0.24 £0.04 0.083 +0.014 0.144£0.04 0.90£0.14
Ha S(3) 9.67 0.68 £0.11 0.16 +0.03 0.66 +0.12 1.54+0.2 1.240.2 0.48 +0.08 0.11 +£0.02 0.77+£0.13  0.14 +0.02
[S1IV] 10.5 0.032 + 0.010
PAH 11.3 0.56 +0.09 0.83 +0.13 0.63 +=0.10 0.44+0.11 0.79 +0.14 0.70 £0.11 0.19 +£0.03 1.24+0.2 1.34+0.2
PAH 12.0 0.21 £0.04 0.16 £ 0.04 0.36 = 0.06
Ho S(2) 12.3 0.45£0.07 0.058 +0.018 0.32 £0.05 0.70 £0.13 0.60 £0.11 0.24 £0.04 0.030 £ 0.005  0.57 £0.18 < 0.072
PAH 12.7 0.45 +0.08 0.33 = 0.06 0.34 +0.08 0.63 £0.17 0.74+0.16 0.74+£0.12 0.030 £ 0.007 0.814+0.14
[Ne II] 12.8 0.65£0.11 0.36 £ 0.06 0.71 £0.11 1.2+£0.2 1.7+£0.3 1.00 +0.16 0.13 £0.02 < 0.59 0.34 £0.07
[Ne V] 14.3 0.083 & 0.020 < 0.089
[Ne III] 15.6 0.64£0.11 0.38 £ 0.06 0.43 £0.10 1.6 £0.5 1.3+£0.3 0.33 £0.05 0.074 £+ 0.012 0.19 £0.04
PAH 17.0 1.34+04 0.53 +0.16 < 0.53 0.46 £ 0.14
Ho S(1) 17.1 2.3+04 0.20 £ 0.05 1.5+0.3 3.8+1.2 3.0+ 0.8 0.49 £0.08 < 8.6
(S II1] 18.7 0.15£0.05 0.31 £ 0.06 < 0.30 < 1.1 0.091 £0.018  0.024 £ 0.006 < 5.0
[Ne V] 24.3
[0 TV]+[Fe T1] 26.0 0.20 +0.03 0.14 + 0.02
H, S(0) 28.2
(S II1] 33.5 0.58 £0.15 0.13 £0.03 < 097 0.091 + 0.028 0.21 £0.04
[SiI1] 34.8 3.6£1.0 0.42 +0.07 <4.1

Uncertainties are 1lo. Upper limits are 30. An ellipsis represents a feature with an undetermined flux level. Machine-readable version available in the published journal
paper based on this work.
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Table 4.7.  Rest-frame line luminosities (10*! erg s™').

Feature Rest pm 2A0335 Hydra A A1795 A2597 A0478 PKS0745 A1068 MS0735 A1835
[Fe I1] 5.34 0.275 + 0.056 < 0.359 0.491 +0.133 2.87 £ 0.65 1.41+0.36 8.58+£1.45 3.27£0.85 < 3.02 < 13.2
Ho S(7) 5.51 0.504 4+ 0.084 < 0.347 0.664 + 0.174 3.42 £0.82 293+£0.53 5.19£094 5.71+£1.18 <4.21 < 13.1
Ha S(6) 6.11 0.401 + 0.067 0.445 4+ 0.147 2.224+0.67 < 0.824 2.66 = 0.59 < 2.47 < 2.39 < 14.1
PAH 6.22 0.622 +0.131 3.19 £ 0.60 1.22 4+ 0.42 < 4.89 < 2.06 6.63 = 1.45 43.1+7.8 < 4.66 308. £ 58.
Hsa S(5) 6.91 0.504 + 0.103 0.428 £ 0.150 1.25 +£0.27 6.92 +1.23 2.514+0.44 7.00+1.18 11.2+2.0 < 4.89 24.6 £5.0
[Ar I1] 6.99 < 0.435 0.405 +£0.128  0.645 £ 0.181 2.73 £0.65 1.50+0.32 2444045 8.05+1.64 < 30.6 18.7+ 3.9
PAH 7.70 12.7+£2.2 2.72 £1.00 7.06 £2.78 4.86 +1.42 12.3+2.3 154. + 27. < 8.30 1029. £ 193.
Ha S(4) 8.03 0.364 + 0.061 < 0.657 0.636 + 0.123 3.34 £ 0.60 1.78+£0.31 2.42+£0.44 < 5.12 1.75 £+ 0.38 < 4.62
PAH 8.61 0.123 4+ 0.036 2.41+£0.44 < 0.608 < 2.30 18.3+ 3.4 2.13£0.72 176. + 33.
Ha S(3) 9.67 1.14 £0.18 0.768 £0.151 2.11+0.41 9.31 £ 1.52 5.124+0.85 7.27+1.21 14.3 £ 2.5 5.10 £ 0.94 18.7£3.9
[SIV] 10.5 < 0.0786 0.156 + 0.051 < 0.138 < 0.234 < 0.769 < 3.13 < 0.591 < 11.1
PAH 11.3 0.870 + 0.137 5.96 +0.96 2.13+0.36 2.7440.70 3.18 £ 0.57 12.1£2.0 46.8 = 8.2 6.27 +1.24 255. £ 48.
PAH 12.0 0.283 + 0.053 1.154+0.27 < 0.662 < 2.10 < 1.06 5.85 £ 1.02 < 2.55 < 48.6
Ha S(2) 12.3 0.380 % 0.059 0.286 £0.092  0.616 = 0.103 2.42 +0.42 1.28+0.22 2.61+£043 5.58£1.02 1.48 +0.45 9.89 +4.24
PAH 12.7 0.525 4+ 0.089 2.37+£0.44 0.917 4+ 0.222 3.00 £ 0.80 2.15 £ 0.46 11.5+1.9 8.37£2.20 < 1.73 173. + 35.
[Ne II] 12.8 0.493 + 0.078 1.76 +0.28 1.254+0.20 3.87 £0.65 3.20 £0.53 105+ 1.7 24.0+£4.3 1.29 +£0.37 50.4 £13.0
[Ne V] 14.3 < 0.161 0.371 £ 0.093 < 0.356 < 0.386 < 0.293 < 6.45 13.5£5.6
[Ne III] 15.6 0.323 + 0.053 1.56 +0.27 0.544 +0.111 3.57 £0.65 1.51+0.28 3.85+0.65 14.5+2.6 < 0.976 30.8+7.5
PAH 17.0 0.891 + 0.276 2.974+0.94 < 3.19 <9.95 <3.33 6.73 £ 3.71 131. + 45. < 1.69 < 101.
Ho S(1) 17.1 1.08 £ 0.17 0.748 £ 0.194 1.74 +0.30 8.15 £ 1.37 3.10£0.52 6.34+£1.05 < 13.0 2.50 £ 0.60 < 31.9
[S I11] 18.7 0.0625 £+ 0.0195 1.05+0.20 0.329 + 0.109 1.93 £ 0.58 < 1.06 1.30£0.27 4.81£1.43 0.943 +£0.240 < 19.1
[Ne V] 24.3 < 0.0605 < 0.489 < 7.84
[O IV]+][Fe 1] 26.0 < 0.131 0.640 £ 0.107 < 0.433 < 1.10 < 0.579 2.30£0.38 < 3.56 < 23.2
Hsy S(0) 28.2 < 0.141 < 0.319 < 0.495 < 1.02 < 1.50
(S II1] 33.5 0.150 4+ 0.034 0.453 +£0.102 0.576 £ 0.158  0.139 + 0.023 < 0.594 3.58 £ 0.65
[Si I1] 34.8 0.881 +0.142 1.55 £0.27 1.86 £ 0.35
[Fe I1] 5.34 0.275 4+ 0.056 < 0.359 0.491 +0.133 2.87+£0.65 1.414+0.36 8584+1.45 3.27+0.85 < 3.02 < 13.2

Uncertainties are 1lo. If not given, they are 15%. Upper limits are 30. An ellipsis represents a failed fit. Machine-readable version available in the published journal paper
based on this work.
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Table 4.8.

IRS-based continuum measurements

2A0335 Hydra A  A1795 A2597 A0478 PKS0745 A1068 MSO0735 A1835
F,.6* 26+£04 22£03 154£02 1.04+02 1.1+£0.2 1.2+02 22£03 036+0.06 0.99+£0.17
Fyco15* 1.5£02 45£07 1.04+£02 1.14+£03 052£0.13 3.14+0.5 28. £ 4. < 0.10 6.1£1.0
Fo.24* 25+04 88+13 214+£04 25405 074+£016 11.£2. 92. £ 14. <0.14 25. +4.
F,,%b 40£06 2504 1.7+03 14+02 19403 1.5+£02 24+£04 0.53+0.08 0.89£0.14
F,,%b 25+04 41+£06 19£03 20£03 14=£02 22+£03 67+£1.0 0.41=+0.06 3.6 £0.5
F,,%b 26+04 82+£12 20£03 22+£04 1.0£02 93+£14 66.+£10. 0.13£0.03 14. £ 2.
F, 58" 40406 28+04 18+03 1.6+03 1840.3 1.7+£03 35£05 047+£0.07 2.6+0.4
F,8 24404 41406 18+03 1.9+03 13402 23403 84+13 0.31+0.05 6.7£1.0
F, 24> 27404 90+14 21403 26+04 093+0.15 12.+2. 91. £ 14. < 0.049 25. £ 4.
vL, 24> 94+14 81413 25+4 04 £8 21+3 400 £70 5800 £ 900 < 8.4 6000 £ 1000

Uncertainties are 1o. Upper limits are 30. Units of flux density are mJy; units of luminosity are 10*' erg s=!. All
are in the rest frame (divided by 14z). A machine-readable transpose of this table is available in the published journal
paper based on this work. (a) Averaged across 1 pm-wide bands, for continuum components only. (b) Weighted by the
corresponding IRAC or MIPS response.
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4.6 Mid-IR Spectra of Cool-Core BCGs

4.6.1 Catalog of Spectral Plots

The resulting rest-frame spectra for the nine BCGs are tabulated online, with a
fragment available in Table 4.9 for guidance regarding form and content. Note that
all spectra are included sequentially, distinguished by the BCG name in the first
column, for ease of machine readability. Also note that the spectra are presented
wavelength order, with the module number corresponding to each bin flagged in the
final column. The modules overlap slightly in places.

The spectra are presented in Figs. 4.1 through 4.7. In the first set of figures, the
region between 5 and 16 um is plotted in linear lux-wavelength space, to focus on the
most important region of the IRS spectra. The spectra are organized by redshift. The
stronger and more significant unresolved features are labeled at the top of the plot,
and major PAH bands are marked with bold black lines. Rest-frame flux intensities
per unit wavelength are plotted with blue crosses, and the PAHFIT extraction with
a bold black line. For a more detailed plot of the PAHFIT extraction, including
statistical uncertainties on the data points, plots of the fits to individual features,
and curves of silicate extinction in the two cases where it was detected by PAHFIT,
see Donahue et al. (2011, Fig. 1), or Figs. 3.1 - 3.2. We include this version of the
plot, with less details included, in this work for ease of reference.

In the second set of figures, Figures 4.4 through 4.6, the entire IRS spectrum is
plotted along with the IRAC and MIPS broadband photometry, in the rest wavelength
range (2.8 to 67 um) corresponding to the observed IRAC and MIPS bands from 3.6
pm through 70 pm throughout the sample. To accommodate this broad range, both

wavelength and intensity are plotted in logarithmic space. Note that for those IRS



Table 4.9. IRS spectra of BCGs.
BCG Rest wavelength Rest F, PAHFIT fit Module

( pm) (mJy) (mJy) i
Hydra A 7.104 3.60 £0.39 3.21 1
Hydra A 7.134 3.33 £0.41 3.26 1
Hydra A 7.161 3.25 +0.27 3.32 2
Hydra A 7.163 3.11+0.42 3.32 1
Hydra A 7.193 3.01 +0.44 3.39 1
Hydra A 7.220 3.11 +0.27 3.46 2
Hydra A 7.222 3.28 +0.49 3.46 1
Hydra A 7.279 3.52 £0.26 3.63 2
Hydra A 7.338 4.76 +0.24 3.84 2
Hydra A 7.397 3.99 £0.22 4.11 2

Uncertainties are statistical only. An empirical fit to the spectrum
is given in the PAHFIT column. The IRS modules in which each bin
appear are indexed as follows: SL2=1, SL1=2, LL2=3, LL1=4. The
full table, including spectra of all nine BCGs, is available in the
published journal paper based on this work. A portion is shown

here for guidance regarding its form and content.
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Fig. 4.1.— Rest-frame IRS spectra of the nine BCGs (blue crosses), in the wavelength
range between 5 and 16 ym. Energy distributions are plotted in units of intensity per
unit frequency (mJy). The PAHFIT extraction of the spectrum is represented with
a solid black line. Unresolved emission lines and major PAH bands are identified at
the top.
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spectra with extremely faint continua and relatively low signal-to-noise, the log scale
exaggerates the scatter. The IRS data points are indicated with blue crosses, and the
PAHFIT extraction of the spectrum is represented with a bold black line. Certain
areas where the signal was so low that PAHFIT was unable to securely detect the
continuum are excluded: namely for 2A0335 below 5.3 um and between 7.05 and 7.35
pm, and the spectrum beyond 19 pm for MS0735. Note that, although we regard the
continuum beyond 19 pm for MS0735 as too weak to meaningfully fit with PAHFIT,
we were able to obtain an upper limit to the Hy S(0) feature at 28.2 pum (see Table
4.4). [S III] 18.7 pm is the reddest feature which can be securely detected in MS0735.

The PAHFIT fit line displays the best fit to each emission feature, even in cases
where the feature is not detected to better than 3o, and is thus reported as an upper
limit (see Table 4.4, and §4.5.6). In instances where a feature fit appears in Figs. 4.1
- 4.6, but seems to be suspicious due to low signal-to-noise, the reader may consult
Table 4.4 to discover whether it is regarded as a trustworthy strength determination
in this analysis. These weak features sometimes appear to have disproportionate
importance in the log scaling of Figs. 4.4 - 4.6.

IRAC and MIPS rest-frame broadband photometry points (see Table 4.3) are
plotted with red squares, with the FWHM of each band represented with a horizon-
tal line. The IRS photometry convolved across the IRAC and MIPS bands (at the
observed wavelengths of 5.8, 8, and 24 pm) (see Table 4.8) are plotted with green
diamonds; note that agreement with the IRAC and MIPS values is generally within
15%. Features of interest that were not labeled in Figs. 4.1 through 4.3 are labeled
at the top of these plots. A legend is only included in Fig. 4.3 to reduce confusion in
the other plots.

In Figure 4.7, the IRS spectra are grouped by gross spectral morphology and
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compared to a template of a typical starburst (Brandl et al. 2006) to differentiate
the classes of continuum strength. The spectra are normalized at their highest point
shortward of 30 pm. The vertical scale of this image is highly compressed and many
features including low, broad PAHs tend to vanish. However, the overall continuum
morphology is readily apparent. We note that the top two targets, which are also
among the highest-redshift, have a morphology readily comparable to the starburst
template. Distinguishing features include a powerful thermal dust continuum rising
to the red, without the characteristic break at around 15 — 20 pm seen in some AGN-
dominated spectra (Weedman et al. 2005). PAHs are strong (though, in the case of
A1068, not relative to the continuum). Low ionization and Hy lines are detected.

The next two targets may be considered intermediate. They feature a strong red
continuum and (especially in the case of Hydra A) strong PAH emission. However,
the low ionization and Hs lines have higher equivalent width than in the previous two
cases. The blended feature of [O IV] and [Fe II] at 26 pm is strong in both cases. As
we will discuss, there are other senses in which these targets are intermediate as well,
in that their thermal dust continuum is strong, but not as strong as expected for a
normal star-forming system with their level of star formation as measured in optical
and ultraviolet light.

Finally, the last five BCGs in the figure all exhibit an extremely flat, faint thermal
dust continuum. Some have a weak blue continuum associated with old stars. The
PAHs are detected in all cases, at least at 11.3 um, but are generally weak. The spec-
tra are dominated by powerful narrow (spectrally unresolved) line emission, notably

the Hy lines of 0-0 S(1) and S(3) and the [Ne II] and [Ne III] atomic lines.
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Fig. 4.7— The PAHFIT extractions of the nine BCG spectra, grouped by gross
spectral morphology. At the top, a template of a typical starburst (Brandl et al.
2006) is included.
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4.6.2 Individual spectra and their PAHFIT quality

PAHFIT is an empirical code and thus has every reason to track spectral continuum
and features very closely except in cases where the spectrum varies on narrow wave-
length ranges beyond the scope of the continuum and emission feature curves utilized
by PAHFIT, or in cases where there are emission features — potentially genuine, or
otherwise noise-related — which are not included in PAHFIT. The more significant dis-
crepancies among these are discussed below. Otherwise, the performance of PAHFIT
is excellent, and feature strengths and continuum levels used in this analysis accu-
rately represent the levels seen in the IRS spectra, within the limits of the photometric
accuracy of the data reduction process.

For a set of theoretical models for the IRS spectra, based on simulated starburst
SEDs described in Groves et al. (2008), the SED of an old stellar population, and a
separate Hy component, see Donahue et al. (2011); the resulting SFRs are included
in Table 4.11 as SFRqroves. While these models encompass the overall MIR emission
of our sample, they do not predict the strength of individual features or particular
continuum levels as well as PAHFIT.

2A0335+096 displays one of the strongest blue continua of the set, probably
arising from stellar emission, coupled with a relatively weak longwave continuum. It
is dominated by unresolved emission features. The PAH complex at 11.3 pm is strong
as well.

The junction between the SL1 and SL2, near 7.2 um, is a site of increased noise
and decreased signal, to the extent that we were forced to exclude a small section of
the continuum in that region from PAHFIT. Because of this area of reduced signal,
2A0335 is the only target for which we were unable to obtain even an upper limit to

the major PAH complex at 7.7 pm. It is possible that this spectral artifact masks
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true emission from this complex in 2A0335, and in fact the IRAC flux at 8 um is
elevated above the IRS (see Figure 4.4). We took no great lengths to bring the IRS
into agreement with IRAC here, because of the good agreement in other bands. It
is also possible that the Hy S(4) feature at 8.03 pm is underestimated for the same
reasons; note from Table 4.7 that it numbers among the least luminous detections of
this line in the sample.

The junction between the LL1 and LL2 is responsible for the noise near 20 pm.

Hydra A is an “intermediate” spectrum in our sample, with considerable PAH
emission and a rising red continuum with strong unresolved emission lines. The noise
near 18.0 um appears to be spurious.

Abell 1795 strongly resembles Abell 2597 and Abell 478 in the MIR. They all
demonstrate a very weak MIR continuum, detected but weak PAHs, and a strong
suite of low-ionization and molecular hydrogen emission lines, with correspondingly
large equivalent widths.

In the spectrum of Abell 1795, there are slight features, probably spurious, at
about 6.7 and 15.0 pum. Noise at the blue end of the LL module is responsible for the
slight emission near 20 pm.

Abell 2597: The SL/LL junction at about 13.2 um is a source of slight noise.
The noise near 15.0 um appears to be spurious. Some of the emission beyond about
33 pm probably originates in [S II1]33.5 pum, but we were unable to fit this feature
using PAHFIT because of a single, probably anomalously low count near the center
of the feature.

Abell 478: An unidentified feature near 4.9 um in A478, and also possibly ap-
pearing in A1795, A2597, and PKS0745, could be ascribed to either [Ar V]4.93um or
to an unidentified PAH.
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Near 13 pm, there is noise where the SL and LL modules do not perfectly align.
An unidentified and probably spurious feature appears at 20.7 pm.

PKS 0745-19 is another intermediate example, similar to Hydra A. The PAH
feature at 6.2um may be underpredicted by PAHFIT.

Abell 1068 is dominated in the MIR by a powerful warm dust continuum.
Though the PAHs and unresolved emission lines are present and strong, they are
dwarfed by the continuum. The spectrum contains a few elevated counts, including
one near 14.6 ym and another at 30.0 pm, which are probably stray rogue pixels.

A feature near 24.0 pum is probably spurious, but may be partially contributed by
the [Ne V]24.3 um feature. The feature could even be [Fe 1]24.04 pm.

MS 0735.6+7421 is one of the most distant targets in our sample, and has very
weak continuum emission. Many of its features are determined only as upper limits
(see Table 4.4), and the continuum beyond 19 pm is so faint that its level is also an
upper limit in this region.

However, a number of features are strong enough to firmly detect, including four
H, lines, the unresolved emission lines of [Ne I1]12.8 pm and [S III]18.7 pm, and the
PAH bands at 8.61 and 11.3 pm.

Abell 1835 is dominated in the MIR by its warm dust continuum and by powerful
PAH emission complexes. The broad complex at 7.7 pum is fitted with a remarkable
equivalent width of 5 pm.

On the red shoulder of the 11.3 yum PAH complex, there is noise where the SL
and LL modules do not perfectly align. Another slight discontinuity between the
modules, LL2 and LL1 in this case, is responsible for some of the noise near 17 pm.
There is considerable noise in the LL1, and no well-determined line strengths in this

longest-wavelength module.
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4.6.3 Overview of features

The BCGs exhibit strong emission lines, notably [Ne II] at 12.8 ym and the 0-0 S(1)
through S(7) pure rotation series of Hy. The PAH emission bands at 6.2 pym, 7.7 pm,
and 11.3 pm are detectable in most cases. The low-ionization [Si II] emission line at
34.8 pum is strong in all targets which are at low enough redshift for the IRS to cover
that wavelength. It is a strong coolant for X-ray-emitting gas (Cluver et al. 2010).
Extracted feature strengths are reported in Tables 4.4 through 4.7.

None of our spectra resemble normal, quiescent (i.e. non-star-forming) elliptical
galaxies. Those lack strong emission features, are dominated shortward of 15 um
by a stellar continuum declining to longer wavelengths, and at 10 pm have a broad
excess attributed to emission from circumstellar silicates in asymptotic giant branch
(AGB) stars (Bressan et al. 2006; Smith et al. 2007b; Clemens et al. 2009). Ellipticals
with even small episodes of recent star formation are readily identified by mid-IR
signatures (Panuzzo et al. 2007; Clemens et al. 2009). However, certain similarities
may be found between the star-forming cool-core BCGs and the category of quiescent
ellipticals that contain large amounts of dust. PAH features and some of the other
lines seen in our targets are often present in dusty ellipticals (Kaneda et al. 2005,
2008). The PAHs can be associated with a weakly rising red continuum, similar
to cirrus in the diffuse ISM of our galaxy heated by old stars, though the stellar
continuum dominates (Bregman et al. 2008; Kaneda et al. 2010). Dusty ellipticals
are also sometimes significant sources of warm Hy emission (Ogle et al. 2010; Kaneda
et al. 2010). However, dusty elliptical galaxies do not demonstrate the ionized PAH
emission seen in most of our sample (see §4.7.3, and Kaneda et al. 2005, 2010).

Because all but one of our BCGs are known star-formers, it is expected that

their mid-IR spectra should not resemble quiescent galaxies. Surprisingly, however,
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Table 4.10. Mid-IR Continuum Diagnostics in Cool Core BCGs.

Focl5a Fo.o24 VLo, (7T0pm
Cluster F, .6 F, .6 uL,,E24Zm§ b
2A0335 0.58 £0.31 0.96 & 0.55 12
Hydra A 2.0+£0.9 40+1.8 5.9
A1795 0.67 £ 0.24 1.4+0.5 6.6
A2597 1.1+04 2.54+0.7 13

A0478 047+0.16 0.67+0.21 12
PKS0745 2.6 £0.7 9227 4.4

A1068 13£6 42 £19 3.0
MS0735 < 0.28 < 0.39 —
A1835 6.2+14 25£6 2.8

A machine-readable version is available in the
published journal paper based on this work. (a)
Ratios of IRS continuum flux densities (see Table
4.8). (b) Ratio of the K-corrected MIPS luminosi-
ties at 70 and 24 pm; uncertainty is 22% (Donahue
et al. 2011).
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most also do not closely resemble classic star-forming galaxies observed with Spitzer.
They exhibit distinct behavior in one or more of the following characteristics: weaker
long-wave continua, weaker PAH features, and stronger Hy features.

To illustrate the differences, we include in Fig. 4.7 a template spectrum from
Brandl et al. (2006), based on the average of 13 nearby starburst galaxies with SFR
~ 10 M yr~!. This template is characteristic of most star-forming galaxies, including
those in the SINGS sample of nuclear observations of a variety of local galaxy types
(Kennicutt et al. 2003; Smith et al. 2007b) and the Rieke et al. (2009) sample of
LIRGS, though there is considerable scatter of spectral morphology within those
samples. The starburst template has conspicuous emission features from PAHs and
low ionization metals.

The template also exhibits a strong, red-rising continuum above 15 pm produced
by very small (15-40 A, Draine & Li 2007), warm dust grains heated by young stars.
We detect the mid-IR continuum longward of 15 pm in all our BCGs, but in most
of our sample, it is much fainter than in normal star-forming galaxies. Table 4.10
contains continuum diagnostics including the continuum (excluding emission features)
flux ratios F,. 15 / F,. 6 and F,. 24 / F,. 6 (see Table 4.8) and the ratio of the
k-corrected MIPS observations at 70 and 24 pm (Donahue et al. 2011).

The ratio F,. 24 / F, . 6 = 29 £ 1 for the starburst template. This ratio is close
to the starburst for only the two topmost BCGs in Fig. 4.7. As discussed above,
PKS0745 is an intermediate case, which is also evident from this ratio. For the other
six BCGs (including Hydra A, which might be considered an intermediate case as
well), the mean ratio is 1.6, which is 18 times smaller than for the starburst template.
The short-wave continuum is flat in three cases, but three BCGs (2A0335, A0478

and MS0735) have blueward-rising continua below 15 pm, with ratios of F,. 15 /
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F, .6 < 1. This is normally seen only where the cool stellar population dominates the
interstellar component in the mid-IR (Smith et al. 2007b).

In general, an AGN may contribute significantly to the MIR continuum (see §4.9).
In cases of intermediate AGN and starburst power, an AGN can confuse the inter-
pretation of a MIR spectrum, which may have significant small warm dust grain
continuum emission powered by both star formation and the AGN.

While cool-core BCGs have been known to exhibit the MIR spectral morphology
of a classical AGN, e.g. the nuclear region of Perseus A (Weedman et al. 2005),
none of our targets have an AGN-dominated spectrum. For more discussion, see §4.9.
Our spectra are remarkable because of the surprisingly weak MIR continuum in the
majority of the sample. If there is a non-stellar source of heating contributing to the
MIR continuum, the relative paucity of small dust grains heated by star formation
becomes even more extreme.

The rotational Hy lines, particularly Hy 0-0 S(1) at 17.04 pm and S(3) at 9.7 pum,
are extremely strong in our spectra. These features are weak or absent in normal star-
forming systems, but have been detected in cool-core galaxy cluster BCGs (Egami
et al. 2006a; Johnstone et al. 2007; Ogle et al. 2010). In our sample, they have
especially large equivalent widths in the five lowermost systems in Fig. 4.7; in Abell
2597, the Hy S(1) feature has EW = 3.8 um. In the analysis of Donahue et al. (2011),
we found the Hy to have a separate power source than the star formation in these
cool-core BCGs, and we found that the atomic line emission may share power sources
with both. We will discuss the quantitative interpretation of the Hy lines in Chapter
5, but we infer a wide range of temperatures for the Hy gas, similar to results obtained
by Ferland et al. (2008) for NGC 1275.

Broad PAH emission features are generally associated with star formation activity.
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The major complexes at 6.2, 7.7, 11.3, and sometimes 17 um are used to parameterize
the character of PAHs in the source (Donahue et al. 2011). Among most of the
cool-core BCG sample, the PAH features at 6.2 and 7.7 um are unusually weak for
star-forming systems, in terms of equivalent width (see Fig. 4.10) or relative to low-
ionization emission line power (see Fig. 4.13). The feature at 11.3 pm is well-detected
throughout the sample, but several targets do not have secure detections at 6.2 or 7.7
pum (see Table 4.4). The latter two features are also depressed relative to the 11.3 ym
feature in several targets of our sample relative to the normal nearby star-forming
galaxies of SINGS, as discussed in Donahue et al. (2011) and §4.7.3. While the PAH
complexes associated with star formation are present in all the BCGs; it is only in
Abell 1835 and Hydra A that we see a 5—8 um PAH spectral morphology typical of
the SINGS or starburst samples.

Comparison to the SINGS sample may be vulnerable to aperture effects. The
nearby SINGS galaxies are typically studied with apertures only ~ 0.3 — 4 kpc in
diameter (Smith et al. 2007b), tightly focused on nuclear star-forming regions. By
comparison, our effective apertures range from 8 to 120 kpc. In our analysis, we
note aperture effects when they arise. Also, the gas in the inner cooling flow has a
relatively low metallicity (~ 0.3 — 0.5 Zs, Fabian 1994; Hudson et al. 2010) while
SINGS has a wide range (Dale et al. 2009).

Of our nine galaxies, only the spectra of Abell 1835 and Abell 1068 meet most
expectations for normal star-forming galaxies. The spectrum of Abell 1068 is nearly
identical to that of NGC 7569, a Seyfert 1 galaxy with a circumnuclear starburst
(Weedman et al. 2005). Hydra A and PKS 0745-19 also exhibit a red continuum but
have abnormal emission features. The spectrum of PKS 0745-19 is very similar to the

BCG in the cooling flow cluster ZwCl 3146 (Egami et al. 2006a), exhibiting weaker
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PAH and stronger H, features than normal. The off-nuclear filamentary structures of
NGC 1275 (Johnstone et al. 2007) also share some of these characteristics. Cool core
BCGs in general appear to share the properties of strong H, emission (see Chapter
5 and Ogle et al. 2010). Mid-IR spectral discrepancies from normal star-forming

systems are common among star-forming BCGs.

4.7 Feature Analysis

4.7.1 Infrared extinction

We do not find evidence of significant extinction of MIR light in most of the cool-
core BCGs. Using PAHFIT, we fit the infrared extinction by dust fully mixed with
the emitting stars and grains as a power-law profile with the addition of silicate
absorption features peaking at 9.7 um, based on the Galactic profile done by Kemper
et al. (2004), and 18 pm, based on a Drude profile (Smith et al. 2007b). We found
formal detections of extinction in only two of our nine targets, A1068 and Hydra A
(Donahue et al. 2011, Figure 1). Their optical depths at 9.7 um are 0.83 + 0.03 and
0.60 4+ 0.16 respectively. Among the other targets, we found 3¢ upper limits to 797
of 0.59 for A1795 and 0.03 for A1835, and no fit at all to the extinction levels in the
others.

For comparison, we fit the average starburst template from Brandl et al. (2006)
in the same manner and found 797 = 1.4. There are no formal uncertainties, but
we estimate that the detection of the extinction feature is marginal. Brandl et al.
(2006) found 79 7 to be 0.24+0.10, also a sub-30 detection; the differences may indicate
systematic differences when fitting with PAHFIT compared to other methods, though

this is not conclusive since both are marginal fits. Sturm et al. (2000) find that M82
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shows no evidence for strong silicate absorption.

In typical star-forming regions of nearby disk galaxies, as in the SINGS sample,
silicate extinction is not detected at a high confidence level, but the absorption can
be strong in the cases of deeply embedded infrared sources like ULIRGs. Smith et al.
(2007b) find an extreme level of silicate absorption in the case of the LINER NGC
3198, with an optical depth of 4.9 (Smith et al. 2007b).

The PAH feature at 11.3 pm tends to be more affected by extinction than those at
6.2 and 7.7 pm (Brandl et al. 2006). The fact that the latter two tend to be depressed
relative to feature at 11.3 pm in our sample (see §4.7.3) supports the argument that
infrared extinction does not play a major role in these targets.

Infrared extinction may also be measured by comparing hydrogen recombination
line strengths, but we do not detect Humphreys-a 12.37 pm or Humphreys-vy 5.90

pm in our sample.

4.7.2 Excitation

The line ratios of [Ne II1]15.55 ym/ [Ne I1]12.81 pm and [S IV]10.51 pm/ [S I11]18.71
pm each provide a measure of the hardness of the UV radiation field that is inci-
dent upon the ionized gas, though the latter is more vulnerable to extinction effects
(Thornley et al. 2000). The relatively high ionization line of [S IV] has an ionization
potential of 34.8 eV, similar to that of [Ne III] (41.0 V), while the lower ionization
lines of [S III} and [Ne II] require similar ionization energies (23.3 and 21.6 eV respec-
tively). Higher ratios indicate a harder radiation field on the ionized gas, indicating
either the proximity of very hot (and thus young) stars or the presence of an AGN.
Because indicators of AGN activity are weak or inconclusive in our sample (see

§4.9), and because of the optical evidence for ongoing star formation in these targets
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(see §4.4), the moderately ionized [Ne III] and [S IV] emission could easily arise from
young hot stars. The hardest radiation comes from the most massive stars, so the
ratios may also track the age of the youngest stars present (Thornley et al. 2000).

Figure 4.8 recreates the “excitation plane” represented in Farrah et al. (2007,
Figure 11), with the addition of data from the Veilleux et al. (2009) QUEST sample
of ULIRGs and QSOs, and classical AGN from Weedman et al. (2005). For those
ULIRGs included in both the Farrah et al. (2007) and Veilleux et al. (2009) samples,
or AGN included in both the Sturm et al. (2002) and Weedman et al. (2005) samples,
only the Veilleux et al. (2009) and Sturm et al. (2002) data are plotted.

The starburst template of Brandl et al. (2006) is also plotted. Because of the lack
of formal uncertainties, it has no errorbars. The fit to the [S IV] emission line for the
starburst template should be considered highly uncertain, while the other three are
firm detections.

All four emission lines are frequently detected in an even wider array of targets;
both species are Galactically abundant, and their ionization energies can be accessed
in star-forming regions or by non-stellar heating sources such as an AGN.

In our sample of cool-core BCGs, both neon lines are detected with ease through-
out most of our sample (see Table 4.4). However, [S IV] is only formally detected in
Hydra A. The six BCGs with limits on their line ratios are overplotted. The relative
strengths of moderately high to low ionization lines in our sample fall within the
expected scatter for galaxy-scale sources of neon and sulfur emission.

The [S IV] and Hy S(3) emission lines lie in a part of the MIR spectrum vulnerable
to silicate extinction at 10 pm. We securely detect Hy S(3) in all nine cool-core galaxy
clusters. The disparity with the weak [S IV] line is sometimes explained by postulating

that the ionized line emission arises in dusty, highly-extincted regions associated with
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Fig. 4.8.— An excitation diagnostic diagram. The black points represent our cool-
core BCGs (numbers correspond to those in Table 4.1). Other symbols correspond to
observations of starbursts (Verma et al. 2003) (green circle is the starburst template of
Brandl et al. 2006), AGN (Sturm et al. 2002; Weedman et al. 2005), ULIRGs (Farrah
et al. (2007); Veilleux et al. (2009) respectively), and PG QSOs (Veilleux et al. 2009).
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star formation while the heated Hj lies outside those regions (Higdon et al. 2006;
Farrah et al. 2007). However, that may not explain the disparity in the case of our
cool-core galaxy cluster BCGs, because we find low levels of silicate extinction; indeed,
we only securely detect silicate extinction in A1068 and in Hydra A, the only source
with a firm detection of [S IV] (Donahue et al. 2011).

We consider the ratio of [Ne III] / [Ne II] further in Fig. 4.9. The histogram
plots the ratio for a compilation of sources including the cool-core BCGs and samples
of starbursts, normal star-forming galaxies, ULIRGs, AGN and QSOs. The area
that each subset occupies within the histogram is plotted in color (with no subset
hidden behind any others). Only results with solid detections in both neon lines
are plotted, with the exception of our own sample: the upper limit to the ratio for
MS0735 is plotted in black hatches. The neon ratio of the starburst template (Brandl
et al. 2006) is indicated with an arrow. Fig. 4.9 has significant overlap with the data
plotted in Fig. 4.8. However, the latter figure excludes samples for which the sulfur
ratio is not available (e.g., the SINGS sample).

The radiation field incident upon the ionized gas is hardest or most intense for
the SINGS sample of normal star-forming galaxies (where the relevant volume of
ionized gas is comprised of HII regions), though there is a broad range (Smith et al.
2007b). The lowest-metallicity systems can have log([Ne III]/[Ne II]) up to 1.3, but
the median is 0.54. The radiation field is also hard among the PG QSOs (median of
0.37) (Veilleux et al. 2009). Meanwhile, the AGN (Sturm et al. 2002; Weedman et al.
2005) are intermediate, with a median ratio of -0.18.

Starbursts have a broad range, perhaps inversely correlated with metallicity or
affected by aging of the starburst, but tend to be associated with weaker radiation

fields than the star-forming regions of SINGS (Thornley et al. 2000; Verma et al.
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2003). The cause may be that the apertures cover a larger volume and include gas
more distant from the forming stars, with the effect of reducing the average measured
radiation field. The median ratio for the Verma et al. (2003) sample is only -0.75.
The ULIRGs are mainly powered by starbursts, with a significant contribution from
AGN, so it makes sense that they fall between the two categories (with a median
ratio of -0.48) (Farrah et al. 2007; Veilleux et al. 2009).

The nine cool-core BCGs are relatively tightly clustered in the ratio of log([Ne
I1I]/[Ne II]), with a median value (excluding the upper limit) of -0.21. They exhibit
approximately the same hardness of radiation field as typical starbursts or ULIRGs,
though with considerably less scatter. In the case of all three samples, the ratio
may reflect a radiation field arising mainly from newly formed stars (and some AGN
contributions in the case of the ULIRGs), with a reduced value relative to SINGS

because of an aperture covering a larger spatial volume (see §4.6.3).
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Fig. 4.9.— Black line: Histogram of [Ne III] / [Ne II] for a compilation of samples
including our own; bin width is 0.2. Additive contributions to the total histogram
from each sample subset are designated by color. Black: Cool-core BCGs (an upper
limit is in hatched black and white). Green: starbursts (Verma et al. 2003). Arrow:
starburst template (Brandl et al. 2006). Red: AGN (Sturm et al. 2002; Weedman
et al. 2005). Blue: ULIRGs (Farrah et al. 2007; Veilleux et al. 2009). Orange: PG
QSOs (Veilleux et al. 2009). Purple: SINGS (Smith et al. 2007b).
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4.7.3 PAHs

Polycyclic aromatic hydrocarbons (PAHs) are large molecules (or ultra-small dust
grains) made up of tens to thousands of carbon atoms (Draine & Li 2007). PAHs
are abundant in the interstellar medium (ISM). They may be created in the ejecta of
AGB stars or in the destruction of larger dust grains in interstellar shocks (Tielens
2008). If the dust in cool-core BCGs is dredged from the neighborhood of the AGN by
jet activity, the PAHs may be created when dust grains are damaged by sputtering
upon exposure to the hot ICM. PAH emission processes are the subject of active
debate, but the general consensus is that single photons of optical to far-ultraviolet
light excite each PAH molecule. The molecules then fluoresce to produce a suite of
broad, complex and varying emission bands between 3 and 19 pm (Smith et al. 2007b;
Tielens 2008). The stimulating emission may be ambient interstellar light from old
stellar populations or the hard UV radiation from young hot stars; in principle the
light of an AGN will also excite PAH molecules, but no PAH emission conclusively
linked to AGN radiation has been observed (Peeters et al. 2004; Farrah et al. 2007;
Bendo et al. 2008; Kaneda et al. 2010).

PAH emission is therefore closely linked with star formation activity, and it can
comprise up to 20% of the total infrared luminosity in vigorously star-forming sys-
tems. The exact strength of the PAH features is notoriously difficult to determine,
considering that the broad PAH features are often intermingled with each other and
with other emission lines and silicate features, and that the features are located in a
region of the MIR spectrum where stellar and thermal small dust grain continua tend
to interact in a complex manner. The importance of PAHs in the study of star-forming
systems motivated the development of the powerful empirical spectral decomposition

package PAHFIT (Smith et al. 2007b), which is capable of simultaneously fitting all
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of the MIR spectral features discussed in this work (see §4.5.6).

Analysis of the different PAH emission bands can uncover the properties of this
important component of the ISM, including abundance, molecule size, neutral frac-
tion, and the history of radiative or collisional trauma that these delicate molecules
may have experienced. Extinction may also play a role and tends to affect the feature
at 11.3 pm more than those at 6.2 and 7.7 pym (see §4.7.1). In this work, we focus on
those three features, all products of the bending and stretching vibrational modes of
emission of intermediately sized molecules (Draine & Li 2007; Tielens 2008).

While the feature at 11.3 pum is generally thought to arise mainly from neutral
PAHs about 5 — 20 A in size, smaller (4 — 12 A) and ionized PAHs tend to be
the primary contributors to the broad complex at 7.7 um, and similar but slightly
smaller molecules give rise to the feature at 6.2 ym. For comparison, the very small
dust grains that produce the continuum around 24 pm are about 15 — 40 A in size
(Draine & Li 2007).

Optical light from old stars can stimulate the emission modes of neutral PAH
molecules, but only a harder radiation field can ionize PAHs. Therefore, the 11.3 pym
feature dominates over the 6.2 and 7.7 pm features when PAHs are present but star
formation is not ongoing (Kaneda et al. 2005, 2010). This is probably the explanation
for the PAH morphology seen in the spectrum of MS0735, where of these three, only
the 11.3 pum PAH is detected with significance. The PAH at 8.61 pum is typically

associated with star formation, and it is detected in MS0735, but it is relatively faint.

EQW at 6.2 ym

While all of these PAH complexes are of significance, the PAH feature at 6.2 pm is

heavily used as an indicator of star formation activity. It has the advantage over
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Fig. 4.10.— Histogram of equivalent widths of the 6.2 ym PAH feature. The six cool-
core BCGs with known EQWs, fit with PAHFIT, are plotted in solid red. The other
data, including the 5SMUSES sample (Wu et al. 2010), starbursts (Sargsyan & Weed-
man 2009), nearby galaxies (Houck et al. 2007), and SMGs (Menéndez-Delmestre
et al. 2009), are added together. Those PAHs were fit with local continuum methods,
and have been corrected to their estimated value if fit with PAHFIT. The solid line
represents secure detections, and the dotted line also includes upper limits.
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the 7.7 um feature of being more isolated from lesser PAH emission features. The
broad 7.7 um feature also often straddles the intersection between the SL1 and SL2
modules, while the 6.2 um feature is located in the SL2 module in all targets in our
sample except for MS0735 (where the feature is absent or weak) and A1835 (where
it is fully in the SL1 module).

Most of the BCGs in our sample have PAHs at 6.2 um with low equivalent width
(see Table 4.6). Figure 4.10 is an adaptation of Wu et al. (2010, Fig 10), a histogram
of the bimodal PAH 6.2 pm EQW for 280 sources with known redshifts in 5SMUSES,
a 24 pm flux-limited sample of galaxies. We have also included EQWs of this feature
from Sargsyan & Weedman (2009) (a sample of 287 starbursts compiled from several
sources including the ULIRGs from Farrah et al. (2007)); Houck et al. (2007) (the
subset of a 24 pm flux-limited sample of nearby galaxies which are PAH sources); and
submillimeter galaxies (SMGs) from Menéndez-Delmestre et al. (2009).

The PAHs in all of these spectra, aside from our own, were measured using various
methods that subtract the local continuum before finding the PAH strength. These
methods will generally underestimate the PAH strength of the 6.2 pm PAH by a factor
of about 1.7 relative to PAHFIT (see §4.5.6). The difference in EQW is even higher,
because PAHFIT tends to find both a higher feature flux and a lower continuum level
relative to other methods.

In order to compare the other data to our work, we crudely correct the EQWs
to their estimated values if fit by PAHFIT. All of the data plotted in Figure 4.10,
except for our own, have been increased by a factor of 3. This correction is extremely
uncertain. For instance, we fit the starburst template of Brandl et al. (2006) with
PAHFIT and found an EQW to the 6.2 pum feature of 0.68 pm, which is lower than

expected in comparison to the SMUSES sample but is consistent with the SINGS
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results. Brandl et al. (2006) find an EQW to the same feature of the template (using
a local continuum method) of 0.53 pm, which according to our method would scale
to a PAHFIT estimate of 1.6 um, more than twice our fitted value. It is certainly
possible that we overestimate the degree of correction between PAHFIT and other
methods. However, the discrepancies discussed below are large enough that even if
no correction at all were applied, the same conclusions would generally hold.

As discussed in Wu et al. (2010) and in Veilleux et al. (2009), there is a correlation
between the wavelength of the far-infrared thermal peak and the equivalent width of
the 6.2 um PAH. Cold MIR sources (for example, those with fro/f2s > 0.73) have
a median EQW of ~ 1.8 um (PAHFIT estimate), and are associated with starburst
activity. Similarly, most of the star-forming galaxies in the SINGS sample, when
fit with PAHFIT, have EQWs for this PAH in the range 0.3 - 4 ym (Smith et al.
2007b, Fig 8). The starburst template also falls in this regime (Brandl et al. 2006).
Meanwhile, warm MIR sources, with the comparatively featureless power-law spectra
of AGN-dominated systems, typically have EQWs no greater than ~ 0.6 ym (PAHFIT
estimate) (Wu et al. 2010).

The bimodal distribution of 6.2 pum EQW seen in Figure 4.10 reflects this duality.
Most of the targets in the samples plotted here are associated with star formation
or starburst activity, and have strong 6.2 pm EQWs. Meanwhile, the targets from
the Wu et al. (2010); Houck et al. (2007); Menéndez-Delmestre et al. (2009) samples
that have the mid-IR characteristics of an AGN also tend to have weaker features
at 6.2 pym. The upper limits to the EQW shown in Figure 4.10 come mostly from
AGN-dominated targets in the Wu et al. (2010) sample. A composite spectrum of
the SMGs from Menéndez-Delmestre et al. (2009) with mid-IR signatures of AGN

activity has an EQW at 6.2 ym of no more than 0.57 um (PAHFIT estimate).
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The measurements for our sample of BCGs are overplotted. Most of our BCGs
have weak PAHs at 6.2 pm. For three of our nine targets, the feature flux is an
upper limit and therefore we have opted not to set an upper limit on the EQW (see
§4.5.6), but in these cases (A2597, A478, and MS0735), the feature is certainly weak,
and the equivalent width low. Only A1835 has a 6.2 um PAH as strong as typical
star-formers.

We emphasize that although the other results plotted in Figure 4.10 have been
corrected upwards by a factor of 3 to their estimated values if fit by PAHFIT, most
of our targets would still have weak PAHs relative to normal star-formers even if we
did no correction at all. In that case, A1835’s PAH at 6.2 pm would no longer be
considered typical, but would instead fall into the regime of the strongest PAH 6.2
um EQWs plotted here (arising from a few of the SMGs).

While the suppression of PAH 6.2 pum equivalent width in most cool-core BCGs
is interesting, this does not indicate that they are AGN-dominated systems such as
those in the Veilleux et al. (2009); Wu et al. (2010); Houck et al. (2007); Menéndez-
Delmestre et al. (2009) samples which share extremely low PAH 6.2 ym EQWs. The
strong (though usually flat) power-law continuum seen in AGN-dominated targets is
missing in all of these BCGs (see §4.9). Abell 1068, the only BCG whose intrinsically
luminous 6.2 pym PAH is masked by a strong dust continuum, has moderate AGN
activity but also many indicators of starburst activity (see §4.9). The other targets
with low 6.2 pm equivalent widths simply have weak PAH emission over a weak or

stellar-dominated local continuum.
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Fig. 4.11.— Rest-frame luminosities of the 6.2 ym and 11.3 pym PAHs. The dotted
line is unity. The black points represent our cool-core BCGs (numbers correspond to
those in Table 4.1). Green diamonds represent data from the SINGS sample.
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PAH luminosity

In Figures 4.11 and 4.12, the rest-frame luminosities of the PAHs at 6.2 and 7.7 pm,
respectively, are plotted against that of the 11.3 ym PAH, and compared with the
star-forming galaxies of the SINGS sample (Smith et al. 2007b). Both samples were
fit with PAHFIT. The linear correlation of the PAHs is clear (unsurprisingly; bigger
is bigger). While the PAH luminosities for most of our sample are typical compared
to the SINGS sample, Abell 1835 has extraordinarily luminous PAHs.

Note that while the IRS spectrum of 2A0335 does not display a PAH complex
at 7.7 pm, and thus does not have a fitted strength for this feature, that portion of
the spectrum is artificially depressed by a poor junction between the SL1 and SL2
modules. TRAC photometry at 8 um indicates the possible presence of a significant
7.7 pm PAH (see Figure 4.4).

Our cool-core BCGs are much larger objects than the smaller galaxies comprising
SINGs, and our apertures cover a larger spatial region (see §4.6.3). Considering those
factors, it is not surprising that A1068 and A1835 have more luminous PAHs than
anything in the SINGS sample. Rather, it is interesting to note that the other targets
do not exceed SINGS luminosities.

The scatter of SINGS measurements maps out a track of typical PAH ratios for
normal star-forming galaxies, for both 6.2 vs 11.3 ym and 7.7 vs 11.3 ym. An ex-
amination of the position of our sample relative to this track in Fig. 4.11 indicates
that the cool-core BCGs tend to have slightly weak emission at 6.2 um compared
to the 11.3 pm emission (Hydra A, PKS0745, MS0735, and perhaps A0478). The
distinction is more clear in Fig. 4.12, where A1795, A0478, PKS0745 and MS0735
are all clearly subluminous at 7.7 um relative to 11.3 yum. These discrepancies were

analyzed in Donahue et al. (2011), as summarized below.
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PAH ratios

In Donahue et al. (2011), we examined the ratio of the fluxes of the PAH complexes
at 7.7 pm and 11.3 gm. As noted above, the former is mainly generated by fairly
small, ionized PAHs while the latter is generated by slightly larger, neutral PAHs.
The ratio of these features yields information about the ionization fraction of the
PAHs, or about conditions under which the smaller grains that contribute most of
the light at 7.7 um tend to be preferentially destroyed (Smith et al. 2007b).

Among normal star-formers, the PAH ratio is insensitive to the hardness of the
radiation field as measured by the ratio of the [Ne III] and [Ne II] atomic emission
lines (see §4.7.2) for a given type of interstellar radiation field (ISRF). The level of
the ratio is set by the type of ISRF and the lower cutoff of the distribution of PAH
grain sizes, and can help to determine the age, IMF, and geometry of a star-forming
region (Galliano et al. 2008b). For example, the ratio is expected to be ~ 20 — 30%
higher for a hard interstellar radiation field corresponding to a young burst of star
formation than for the Galactic interstellar radiation field (Galliano et al. 2008b, Fig
13). The ratio is also ~ 50% higher when the smallest PAH grains are only 20 carbon
atoms in size, compared to a distribution that cuts off at about 1000 carbon atoms.

The ratio is constant at a level of about 4.2 for the SINGS sample of nearby normal
star-forming galaxies when fit with PAHFIT (Smith et al. 2007b), corresponding to
a ISRF even harder than in young bursts. The ratio is also constant at about 2 for a
sample of starburst nuclei after fitting with a local continuum method and correcting
for extinction (Brandl et al. 2006). Note that the underestimation of the 7.7 um
feature using a local continuum method instead of PAHFIT tends to be greater than
it is for the 11.3 pum feature (Smith et al. 2007b) (see §4.5.6), so one would expect

the ratio for the starburst sample to increase if PAHFIT were used instead. We
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find a ratio of 2.3 when applying PAHFIT to the average starburst template from
Brandl et al. (2006). This is consistent with the young burst model with a larger
PAH grain size distribution discussed by Galliano et al. (2008b), suggesting that the
starburst template traces an environment where smaller PAH molecules are destroyed.
However, variations in the PAH fitting method may impede the comparison between
the two works.

Among the more distant submillimeter galaxies (SMGs) observed by Menéndez-
Delmestre et al. (2009), the composite spectrum of the targets with the MIR signa-
tures of starburst activity also has a ratio (when fit with a local continuum method)
of 2.4 +0.4.

The ratio of the PAH features at 7.7 and 11.3 pm in the diffuse Galactic ISM is
expected to be about the same as the starburst template (because the ISRF is lower,
but smaller PAH molecules may survive; the two effects roughly cancel out) (Galliano
et al. 2008b). The ratio is lower still (~ 1 — 2) for spectra of dusty elliptical galaxies
fit with PAHFIT (Kaneda et al. 2008). That extremely low ratio seems to indicate
an unusually high fraction of neutral PAHs.

AGN-dominated targets have a broad scatter in PAH 7.7 / 11.3 ratios. At low
levels of [Ne III]/[Ne II], the PAH ratio for AGN can be similar to star-forming
galaxies, but in harder radiation fields, the PAH ratio declines sharply, to levels as
low as ~ 0.4, possibly because of selective destruction of small grains (Smith et al.
2007b).

In Donahue et al. (2011), we found that the mean 7.7 gm/11.3 pm ratio for our
seven sources with well-determined 7.7 pm fluxes is 2.7 £ 0.2. A1835 falls firmly in
the regime of the SINGS star-formers with A1068 only slightly lower, and PKS0745

has an extremely low ratio of ~ 1. Most of the targets fall into an ambiguous region,
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with a somewhat lower ratio than SINGS. Hydra A, A1795, A0478, PKS0745 and
MS0735 have ratios lower than the starburst template.

When plotted against the [Ne III]/[Ne II] ratio (Donahue et al. 2011, Fig. 15, or
see Fig. 3.17), we found no distinct pattern except that A1068 and A1835 belong
among normal star-forming galaxies. As demonstrated by Fig. 4.9, the hardness of
the radiation field in our targets is relatively uniform among our sample, at a value
that is typical for starbursts or ULIRGs but low compared to the H II regions of
SINGS (probably because the apertures of the latter cover a tight nuclear area).

The analysis of the PAHs at 17 and 11.3 gm in Donahue et al. (2011) also indicates
that the size distribution of PAH molecules in cool-core BCGs is normal (or is at least
consistent with normality) relative to the normal star-forming galaxies of the SINGS
sample. (The exception is A1068 and perhaps A2597, in which the small grains may
be preferentially destroyed, perhaps by AGN activity. See §4.9.)

Therefore, the PAH 7.7 / 11.3 ratio indicates that the ISRF in A1068 and A1835
is as intense as in the SINGS sample, but considerably weaker in the rest of the
sample. There is no indication that small grains have been preferentially destroyed in
our sample, except in A1068 and perhaps A2597 (Donahue et al. 2011, Fig. 14), so in
general the cool-core BCGs with low PAH ratios are more consistent with quiescent
ISM than a starburst-like environment where small grains are preferentially destroyed.
This supports the conclusion that the PAHs in most of the cool-core BCGs have not
been exposed to any significant trauma.

In general, most of the cool-core systems appear to have a size and ionization
distribution of PAHs that has not been seriously affected by one of the following
sources: a hard UV field from hot stars or from an AGN, shocks, or collisions with

hot thermal particles in the ICM. The PAHs may be protected because of distance
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from the sources of energy or other protection (such as a magnetic shield).

PAH luminosity compared to neon luminosity

Both neon emission and PAH emission have been linked to star formation. The
correlation between the two types of emission has been characterized for star-forming
regions and ULIRGs (Ho & Keto 2007; Farrah et al. 2007).

We examine whether the same relations hold for our sample of cool-core BCGs. To
illustrate the relationship between the Ne and PAH strengths in our sample, we have
plotted them in Figure 4.13, as in Farrah et al. (2007, Fig 15). The total luminosity in
the [Ne III] and [Ne II] emission lines is plotted, in units of solar luminosity, against
the total PAH luminosity in the 6.2 and 11.3 um bands.

Our data points (black dots with index numbers) are plotted along with those from
the SINGS sample (Smith et al. 2007b). Like our sample, but unlike the Farrah et al.
(2007) sample, the SINGS data are fit using PAHFIT. Our targets are more luminous
than most of the SINGS sample, and fall in approximately the same regime as the
Farrah et al. (2007, Fig. 15) ULIRGs. As noted above, the SINGS measurements
employ nuclear apertures, so it is not surprising that our targets tend to have higher
luminosity.

The PAH features in the Farrah et al. (2007) sample of ULIRGs are fit using a
spline between local assumed continuum points, which underestimates PAH strengths
relative to PAHFIT (see §4.5.6). According to calibrations done with the SINGS
sample, the PAH feature at 6.2 pm is underestimated by non-PAHFIT fits by a
factor of approximately 1.70, and the PAH feature at 11.3 pm is underestimated by
a factor of 1.86 (Smith et al. 2007b). Using these rough corrections, we can convert

the mean neon-PAH correlation for ULIRGs obtained by Farrah et al. (2007, Eq. 3)
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to the PAHFIT measurement scale. This conversion is given in Eq. 4.2, where Ly, is
the sum of the [Ne I1]12.81 gm and [Ne III]15.56 pm emission line luminosities. The

luminosities may be in any units so long as they are the same.

Lpame2  Lpams) 02000
0.46 . .
Lne = 0.1770 75 x ( + )

4.2
1.70 1.86 (4.2)

An approximation of this curve (averaging the contributions of the two PAH
features, which tend to be the same order of magnitude of strength) is plotted as a
dotted line in Figure 4.13. Relative to the Farrah et al. (2007) ULIRGs, the SINGS
targets tend to have stronger PAHs, perhaps by a factor of two.

The BCGs are significantly offset in Ne-vs-PAH space from both the SINGS and
the Farrah et al. (2007) ULIRG sample. They appear to have stronger neon emission
relative to their PAH strength than either comparison sample. This may be partially
ascribed to a non-stellar source of heating that works upon the neon in the BCGs
(Donahue et al. 2011). Meanwhile, PAH emission arises from stellar heating, both
in general (Helou 1999) and in this sample (Donahue et al. 2011). In fact, exposure
to non-stellar sources of heating like an AGN or energetic ICM processes can destroy
PAHs (Voit 1992a; Weedman et al. 2006; Spoon et al. 2007).

This analysis does not determine how much of this difference is because of the
effects of non-stellar sources of heating and how much is caused by unusually faint

PAH emission arising from an exposed mode of star formation.

4.8 Mid-Infrared Measures of Star Formation Rate

There is no ready explanation for the differences between the mid-IR spectra of most of

our cool-core BCGs and normal star-forming galaxies. However, three easily measured
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properties of the MIR spectrum can assist in quantifying the discrepancies between
the UV-MIR energy distributions of the BCGs and those of normal star-forming
systems.

Neon emission, PAH features, and the luminosity at 24 um are generally consid-
ered to be good diagnostics of the interstellar medium (ISM) enveloping star-forming
regions. There are good baseline studies of their behavior as a function of star for-
mation rate in the SINGS and other samples of star-forming galaxies.

Warm molecular hydrogen emission is also associated with star formation (Roussel
et al. 2007; Treyer et al. 2010), and most of our targets have both luminous Hy and
indicators of star formation. However, in Donahue et al. (2011) we demonstrated that
the strength of the Hs is not correlated with the strength of the thermal warm dust
continuum, indicating that the Hy is probably not powered by star formation. The
Hs is discussed further in Chapter 5.

We can assess abnormalities in the UV-to-IR energy distributions of the BCGs
by comparing estimates of SFR drawn from various spectral features. Even when
we do not consider the estimate to be a particularly reliable estimate of SFR, it can
still provide a useful metric of the relative strength of those emission features. The
normal expectation is that the mid-IR estimates of obscured SFR (correlated with
PAH or 24 pm luminosity) will be larger than the optical-UV SFR estimates because
of the smaller effects of internal extinction in the mid-IR. The strength of this pattern
correlates with IR luminosity, with the most 24 gm-luminous sources expected to host
deeply buried star forming regions with almost no optical signature of star formation.
Active star-formers tend to have a different relationship between the two wavelength
regimes than quiescent targets (Salim et al. 2009).

We may also combine the measures of exposed star formation (SFR,) with the
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estimate of obscured SFR based on the 24 um continuum to yield a rough estimate
of the total rate of star formation in these targets. This can be compared to the
cooling rate estimated from X-ray observations of the ICM to yield an “efficiency”
for accreted mass conversion. We also discuss the starburst models that we applied
to the spectra in Donahue et al. (2011).

Table 4.11 presents a set of star formation rate estimates based on these IRS
features and based on the starburst fits to the IRS spectra, as well as a comparison
with the SFRs based on optical or ultraviolet continuum, an estimate of the total
SFR, and a comparison with the cooling rate.

We emphasize that none of the IRS-based SFRs can stand alone as an estimate
of the total star formation rate. We do assume that SFRy4 represents the obscured
star formation rate, and that it can be combined with SFR,,; to estimate the total
star formation rate. The same does not necessarily apply for SFRx. and SFRpay (see
below). We present them here as a means of quantifying the discrepancy between the
expected luminosity of the several MIR features among star-forming targets and the

observed luminosity in our sample.



Table 4.11. IRS-based estimates of SFR, and comparisons.

BCG SFR.® SFRpan”  SFRaroves® ~ SFRog? SFRopt® SFR{! Mxs® SFRpan / SFRyne/ SFRye /
Meyr™)  Meyr™)  Meyr™)  (Meyr™") Meyr™) Meyr™')  (Mgyr ) SFRo4 SFRa4 SFR;
2A0335 4.0 0.66 0.70 0.19 4.2 4.4 173 3.4 21 0.91
Hydra A 16 4.0 4.3 1.6 11 13 16+5 2.4 9.9 1.3
A1795 8.8 1.5 2.3 0.51 6.3 6.8 gtis 2.9 17 1.3
A2597 36 1.2 5.4 1.1 6.4 7.5 30750 1.1 33 4.9
A0478 23 1.3 2.7 0.43 10 10 40759 3.2 54 2.2
PKS0745 70 8.2 11 8.1 17 25 200135 1.0 8.6 2.8
A1068 190 40 100 130 16 150 3017 0.30 1.4 1.3
MS0735 6.3 2.7 0.30 <0.17 <0.25 < 0.42 2017 > 16 > 37 > 15
A1835 400 250 270 140 100 240 <200 1.8 2.9 1.7

Based on rest-frame luminosities. Uncertainties are a factor of about 1.7z. A machine-readable version is available in the published journal
paper based on this work. (a) SFR based on [Ne II]+[Ne III] (Farrah et al. 2007, Eq. 4). (b) SFR based on PAH 6.2+11.3 (Eq. 4.2). (c) SFR
based on the best fit to a starburst PDR (Donahue et al. 2011; Groves et al. 2008). (d) SFR based on vL, 24 (Rieke et al. 2009, Eq. 10, 11).
(e) SFRopt from Table 4.2. (f) SFRos + SFRopt. (g) Mxg from Table 4.1.

61¢
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4.8.1 SFR based on neon

SFRne is a star formation estimator based on the combined luminosities of the [Ne
I1]12.81 pm and [Ne III]15.56 pm emission lines (Farrah et al. 2007, Eq. 4). It is an
update to the relationship from Ho & Keto (2007), which is calibrated on star-forming
galaxies and applied, in Farrah et al. (2007), to a sample of ULIRGs. Adopting
the same assumptions as Ho & Keto (2007) and Farrah et al. (2007), namely that
the fraction of photons that help to ionize the gas is fi,n = 0.6 and the fractional
abundances of [Ne II] and [Ne III] are, respectively, fy.+ = 0.75 and fy.++ = 0.1,
we use the following form of Farrah et al. (2007, Eq. 4), where Ly, is the combined

luminosity of the two neon lines:

SFRNe LNe
=4. _ 4.
Mg yr—! 89 x 104 erg s—1 (43)

This estimate of SF has the advantage that the Ne lines are strong and easily
detected and not very vulnerable to extinction effects. As a measure of the total
ionizing luminosity, it has the potential to track total star formation, in contrast
to SFR,pt from Table 4.2 or SFRyy (see below) which depend on the properties and
distribution of dust clouds. However, the neon may be subject to non-stellar ionization
(Farrah et al. 2007). Indeed, we have demonstrated that the neon in this sample of
BCGs is correlated with Los but not linearly, with Liery o L7® (Donahue et al.
2011). The implication is that star formation heating the 24 pm continuum is not
the only source of heat stimulating the neon emission. Therefore, SFRye, especially

for MS0735, should be regarded as an upper limit on total star formation.
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4.8.2 SFR based on PAHs

There is growing interest in using the association between PAH strength and star for-
mation to estimate a star formation rate. Efforts to quantify this relation usually rest
on the correlation between PAH luminosity and either Lpg (Elbaz et al. 2002; Houck
et al. 2007; Menéndez-Delmestre et al. 2009; Hiner et al. 2009), Ha (Roussel et al.
2001; Zhu et al. 2008), or neon line emission (Farrah et al. 2007). These efforts are
hindered, especially on kiloparsec scales, by the complex, variable nature of the PAH
emission. There is even some evidence that PAH emission may be associated more
with cold, diffuse dust than the dust heated by star formation (Bendo et al. 2008),
that stars of intermediate age may influence the 10 — 18 pum emission spectrum as
much or more than active star formation (Salim et al. 2009), and that the broad PAH
band at 7.7 pum, frequently used for calibrations, may be subject to contamination
from as-yet-unknown sources of emission (private communication, D. Calzetti and A.
Crocker).

As demonstrated in §4.7.3, the PAH emission in the cool-core BCGs is subluminous
relative to the neon emission. Here, we estimate a star formation rate based upon PAH
emission in order to quantify the strength of the PAH emission relative to the thermal
dust continuum emission measured at 24 pm (see §4.8.3). To that end, we have
adapted the linear correlation of Farrah et al. (2007), based upon a sample of ULIRGs,
which combines the emission from the PAH bands at 6.2 and 11.3 um. No single
method is likely to be very accurate, especially considering the wide scatter in PAH
fitting methods (see §4.5.6), so we also perform the calculation presented in Menéndez-
Delmestre et al. (2009), calibrated using submillimeter galaxies, for comparison.

The PAH-based SFR estimate of Farrah et al. (2007, Eq. 5) rests upon PAH fluxes

measured with local continuum methods. We use our Eq. 4.2 instead of their Eq. 3,
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making it appropriate for PAH luminosities found using PAHFIT. Also, while Farrah
et al. (2007) assume star formation in their ULIRGs occurs in bursts, and roughly
account for that by scaling the star formation rate upward by 50%, we expect the
star formation in our BCGs to transpire over durations of at least 10% yr (see §4.4.2).
Therefore, we do not apply the 50% upward scaling. Otherwise, we use the same
assumptions on fractional abundances as cited in §4.8.1. Our version of Farrah et al.
(2007) Eq. 5 appears in Eq. 4.4, where the PAH luminosities are given in units of 10*!

erg s~ 1.

SFR L L
PAH _ =g ( PAH6.2 PAH11.3> (4.4)

Mg yr—! 1.70 - 1.86

We present SFRpay in Table 4.11. We also estimated the SFR using the 7.7 pym
PAH, as calibrated on a sample of submillimeter galaxies by Menéndez-Delmestre
et al. (2009). That relationship employed PAH strengths based on localized power-law
continuum fits, which probably underestimate the PAH strength relative to PAHFIT.
Therefore, applying that relationship to PAHs fit with PAHFIT may somewhat over-
estimate the SFR. We found the SFRs estimated using Menéndez-Delmestre et al.
(2009) to be about twice the values based on Eq. 4.4. We do not have a luminosity
for the 7.7 um feature for 2A0335, and only an upper limit for MS0735.

In Table 4.11, SFRy. exceeds SFRpag throughout our sample, by more than a
factor of 4 except in the cases of MS0735 and A1835. This is expected from Fig.
4.13. Note that the PAH emission in MS0735 is dominated by the 11.3 pum feature,
associated with neutral emission which may be stimulated by an old population of

stars rather than current star formation.
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4.8.3 SFR based on 24 ym continuum

The distinctive MIR thermal dust continuum arising from small dust grains repro-
cessing the light of hot young stars into the infrared is a hallmark of star formation.
(Classic star-forming systems and starbursts usually have infrared spectra dominated
by the combination of this continuum and a powerful PAH emission spectrum. There
is a host of factors that complicate any calibration of SFR based on the 24 ym contin-
uum, but the wide availability of MIPS observations of a broad range of star-forming
systems, as well as the tight correlation between extinction-corrected Pa emission
(a reliable indicator of star formation activity) and Lo, (Alonso-Herrero et al. 2006;
Rieke et al. 2009), have motivated the development of estimates of SFRy,.

We adopt the SFR-Ly, correlation of Rieke et al. (2009, Egs. 10, 11), where Loy

is in units of 1010 L

SFRoy 7.8 Lgy if 6 x 10® Ly < Loy < 1.3 x 101 Ly (5)
-1 .
Mo yr 7.8 Log % (0.76 Loa)®9 if 1.3 1010 Ly < Loy < 2 x 1012 Lg,

Among our sample, three BCGs (2A0335, A0478, and MS0735) are less luminous
than the lower limit on those ranges. For MS0735, Ly; < 2.2 x 10% L. Below this
limit, the scatter in the Pa - Lo4 relation increases significantly (Rieke et al. 2009,
Fig. 7) but is still broadly applicable to Loy as low as 8 x 107 L. The other targets
fall into the first category, except for A1068 and A1835, which belong to the latter
category.

The values of SFRy4 appear in Table 4.11 and are estimates of the rate of obscured
star formation.

A1068 and A1835 have very strong continua (> 15 um) from warm dust grains,
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yielding a rate of star formation in rough agreement with other IRS-based measures
(within a factor of ~ 2—3). Obscured measures of star formation consistently exceed
SFRopt, as expected in IR-luminous, starburst-like targets.

However, in the other cases (excluding MS0735, for which there is no optical-
UV evidence for star formation) the optical-UV star formation rates systematically
exceed those derived from the 24 pm continuum by factors of ~ 10. We would
have readily detected the mid-IR continuum associated with normal star formation
if it were present in these galaxies. By comparison to normal star-forming galaxies,
the BCGs are subluminous in the mid-IR continuum, possibly indicating a relatively
exposed mode of star formation.

Furthermore, in several of those cases, the estimate of SFRo, falls short of SFRpan
by factors of 2 — 3 (see ratios in Table 4.11). While we do not trust the measure of
SFRpan as an absolute indicator of star formation, we do conclude that this systematic
discrepancy, while not severe, may indicate that the warm dust grains are subluminous
relative to the PAH strength in these targets, compared to their distribution in the
normal star-forming systems on which these relationships were calibrated. Recall
that other analysis in this work indicated that the PAHs themselves (particularly
the emission at 6.2 and 7.7 pm) tend to be weak in these targets relative to normal
star-formers, whether measured against local continuum (see Fig. 4.10), the feature
at 11.3 pm (see Figs. 4.11 and 4.12), or the neon emission (see Fig. 4.13).

The 24 pm continuum is especially weak when compared to the neon (see Table
4.11). It is capable of tracking total star formation, while the 24 pym continuum is
sensitive only to light reprocessed into the infrared, thus obscured star formation.
High ratios of SFRy./SFRgy for most of the star-formers in the sample, ~ 10 — 50

(excluding A1068 and A1835), indicate that the dust may be capturing a remarkably
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small fraction of the light of young stars. However, the neon emission has a separate
heating source than the 24 pm continuum (Donahue et al. 2011), so this ratio should
be considered an upper limit on the ratio of exposed to total star formation.

In the event that non-stellar heating such as an AGN contributes significantly to
the thermal dust profile, SFRo4 must be taken as an upper limit of obscured star
formation. Note that calibrations of star formation using 24 pm light are based
on samples that purposefully exclude AGN (Rieke et al. 2009; Calzetti et al. 2010).
However, these targets do not demonstrate the MIR signatures of an AGN-dominated
target, and extended structures of star formation are too far from the core for nuclear

radiation to play a major role (see §4.9).

4.8.4 SFR based on starburst models

In Donahue et al. (2011), we applied a physical model to the IRS spectra of the
cool-core BCGs, composed of a set of simulated starburst models from Groves et al.
(2008) (spanning a range of physical parameters: metallicity, pressure, compactness,
and the presence of a PDR surrounding H II regions) as well as a 10 Gyr old stellar
population and a two-temperature H, model. The purpose of the Hy model was
mainly to subtract the luminous rotational Hy from the spectrum so it would not
interfere with the other components of the fit; in Chapter 5, we apply a more careful
model and get similar but slightly more refined results.

The physical model of Donahue et al. (2011) is relatively rough, frequently un-
derpredicting the luminosity at ~ 15 um and (in the case of the six targets which
we conclude in this work to have unusually exposed star formation, namely 2A0335,
Hydra A, A1795, A2597, A0478, and PKS0745) overpredicting the slope of the MIR

continuum at > 18 pm. The fits to the models were made in consideration of the
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Fig. 4.14.— The 150 starburst models of Groves et al. (2008) that include a PDR are
plotted as black dotted lines. Each model represents the SED for 1 My yr~! of star
formation for a certain set of physical parameters. The subset of models with a PDR
and the minimum concentration parameter (C' = 4) are overplotted in orange.
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entire spectrum, so the dominant components in each spectrum tend to have the
greatest impact on the result; once Hy is subtracted off, it is usually the long-wave
continuum or the bright neon emission lines that tend to set the fit parameters. See
Donahue et al. (2011) for a thorough discussion of each fit, a plot of the fits and
spectra, and analysis of the models.

In brief, we found that the compactness parameter C' is the feature that distin-
guishes the targets listed above (and MS0735 which also has a weak MIR continuum,
but excluding PKS0745 which is an intermediate case) from A1068 and A1835. C
characterizes the intensity of the radiation field at the H II / PDR interface; it is
generally a measurement of how close the dust is to the young stars. More compact
H II regions have hotter dust grains, a steeper MIR thermal dust continuum, and (as
we established in Donahue et al. (2011)) lower ratios of L7y / Loy (see Table 4.10 and
discussion in §4.10). A1068, A1835, and PKS0745 were fit with high C, while the
other targets were fit with the lowest possible C' in the range of models (Hydra A,
also an intermediate case, was fit with a low but not the lowest C').

To illustrate, in Fig. 4.14 we have plotted the 150 Groves SEDs which include
a PDR (as all of our models in Donahue et al. (2011) do, in order to account for
the observed PAHs). Each model simulates the SED caused by 1 Mg yr~! of star
formation, for a certain set of parameters. We have highlighted the models with the
lowest values of C' in orange. These are the SEDs which tend to be the best fits
for the cool-core BCGs with exposed star formation. (Note that these plots do not
include the other components of the model used in Donahue et al. (2011), namely
the old stellar continuum and the two-temperature Hy spectrum; the missing former
element accounts for why all of the models shown in Fig. 4.14 seem to have steeper

MIR continua than the spectra in Figs. 4.4 - 4.6.)
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Since C'is correlated to the steepness of the MIR continuum, and the models in
Donahue et al. (2011) consistently overpredict the continuum slope for these targets,
we speculate that an even lower compactness than available in the range of the Groves
et al. (2008) models, with a flatter MIR continuum, may be appropriate.

The models support the result that the targets with higher optical-UV measures
of star formation than SFRy4 tend to have unusually exposed star formation, with a
low compactness parameter (the dust is farther from the young stars than in most
starburst-like environments) and cool dust peaks (measured with L7 / Log).

The star formation rates derived from the models in Donahue et al. (2011) (SFRGroves
in Table 4.11) arise from the scaling of the selected Groves SEDs: how many SEDs
(each providing 1 Mg, yr~!) are required to produce the observed MIR spectrum. We
note that SFRqroves consistently falls short of SFRy. and (except for A1068) con-
sistently exceeds SFRgy. Agreement with SFRpay is generally good. We examine
whether SFRq oves 1S realistic as an estimate of obscured star formation in the cool-
core BCGs.

Considering the model from an statistical point of view, it makes sense that
SFRGroves tends to cut the difference between SFRy. and SFRoy4, because once the
Hs is subtracted away, those two components dominate most of the spectra, and the
model compromises between them.

The SFRGroves may exceed SFRgy because of the influence of the neon lines on
the fit, which suggests that SFRy, may be a more reliable indicator of obscured star
formation. We have established that neon has an extra heating source beyond that
heating the dust that generates the 24 gum continuum (Donahue et al. 2011). However,
we note that the models tend to underpredict the neon lines at 12.8 and 15.5 pum

(which is not surprising from a physical point of view, since the models do not account
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for the extra source of heating that acts upon the neon) but do not systematically
overpredict the 24 ym continuum. The slope at 24 pm is often overpredicted (probably
a consequence of the limited range of compactness parameters) but the models are
remarkably effective at fitting the flux. Any offset between the model and the spectra
at 24 pum certainly does not account for the systematic discrepancy of ~ 4x seen in
the first five targets listed in Table 4.11.

The puzzling discrepancy between SFRaoves and SFRoy may be considered as a
discrepancy between the assumptions of the Groves models and the standard calibra-
tion of SFR based on the 24 pum continuum that we used to obtain SFRy,. In Fig.
4.15, we plot all 300 of the Groves et al. (2008) models. Recall that our targets with
relatively flat MIR continua, associated with exposed star formation, are best fit by
the Groves models with low compactness, which populate the bottom of the range of
SEDs in Fig. 4.15.

We have also included the standard calibrations of SFR based upon the 24 pym
continuum, from Rieke et al. (2009); Calzetti et al. (2010). Rieke et al. (2009) applied
their calibration to a wide range of MIR luminosities (with a break between the high
and low luminosity regime at Ly, = 5 x 10?3 erg s71) in an effort to make a widely
accessible measure of star formation. Meanwhile, Calzetti et al. (2010) estimated
total star formation, which is only predicted by Ly, alone in the highly obscured
high-MIR-luminosity regime (Los > 5 x 103 erg s7!). At lower luminosities, they
include Ha to estimate the exposed component of star formation.

The three calibrations are represented with symbols in Fig. 4.15, at the 24 pym
spectral luminosity density predicted by 1 Mg yr~! of star formation. Clearly, the
two calibrations, and the high and low luminosity regimes for Rieke et al. (2009), are

all in close agreement. We have also included the starburst template of Brandl et al.
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Fig. 4.15.— The 300 starburst models of Groves et al. (2008) are plotted as black
dotted lines. Each model represents the SED for 1 Mg yr~! of star formation for
a certain set of physical parameters. The standard star formation calibrations of
Rieke et al. (2009); Calzetti et al. (2010) are overplotted (for Loy > 5 x 1013 erg s71,
“high lum”, or below that threshhold, “low lum”). The Brandl et al. (2006) starburst
template (normalized to the Rieke et al. (2009) high-Ly, calibration) is overplotted
in cyan.
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(2006), normalized to pass through the Rieke et al. (2009) “high lum” point.

It is a source of concern that the standard star formation calibrations based upon
the 24 pm luminosity are clearly not representative of the majority of the starburst
models of Groves et al. (2008), and specifically that the low-C' models which comprise
the best fits to many of the cool-core BCG spectra are very poorly represented by the
24 pm calibrations. This is a fundamental discrepancy between the physical (Groves
et al. 2008) models and the empirical calibrations of SFR from 24 pm.

It remains to be decided whether the Groves et al. (2008) models or Rieke et al.
(2009); Calzetti et al. (2010) calibrations are more representative of the environment
of star formation in cool-core BCGs, and particularly of the mode of exposed star
formation that we discuss in most of the cool-core BCGs. We must choose which is
a more realistic estimate of obscured star formation in our targets. The ability of
the Groves models applied in Donahue et al. (2011) to distinguish physically between
low- and high-compactness environments of star formation is consistent with several
other avenues of analysis discussed in that work and here (such as the temperature of
the cool dust peak and the ratios of optical-UV estimates of exposed star formation
to MIR dust-based estimates of obscured star formation), which disposes us to select
SFRGroves as the estimate of obscured star formation. On the other hand, the Groves
models are preliminary and do not cover a very wide range of parameter space, while
the 24 pum calibrations are empirically determined using a broad range of star-forming
targets, and there is no hazard of contamination from the extra source of heating
which applies to the neon gas.

We tentatively elect to use SFRo4 as the estimate of obscured star formation, but
we will continue to investigate. Though there is a systematic offset of ~ 4x between

the two estimates of SFR in the case of the star-forming cool-core BCGs with the



232

weakest MIR continua, the discrepancy between SFRs4 and the estimate of exposed
star formation from optical-UV data is even larger. If we used SFRgroves instead
of SFRo4, our conclusions about how exposed the star formation is in many of the
cool-core BCGs would be revised downward (particularly for targets like A2597), but
they would still stand.

Finally, the fact that SFRos exceeds SFRaroves Only in the case of A1068 makes
sense when considering that A1068 is the only target that is likely to have significant
MIR contribution from the light of an AGN (see §4.9).

4.8.5 An estimate of total SFR

The SFR; column in Table 4.11 is the sum of the estimates of obscured star formation
from the 24 pm continuum and exposed star formation from optical and ultraviolet
continuum (see Table 4.2), and is thus an indicative estimate of total star formation.
Calibrations of total star formation rates are usually based on a combination of Ha
luminosity and a luminosity taken from either infrared or radio regimes such as Loy
(Zhu et al. 2008; Kennicutt et al. 2009; Calzetti et al. 2010). For the most IR-
luminous targets (Loy > 5 x 10%® erg s7!1), the optical extinction is so extreme that 24
pum alone can be taken as an estimate of total star formation (Calzetti et al. 2010).
In our sample, PKS0745 approaches that category, and A1068 and A1835 lie well
above that threshold, even if a significant fraction of the 24 pym light for A1068 were
ascribed to heating from the AGN instead (see §4.9). As discussed in §4.4.1, we find
the Ha evidence of star formation in our targets a promising corroboration of optical
continuum evidence, but it is also subject to non-stellar ionization. Future work may
focus on employing such a calibration, however, particularly for the closer members

of the sample for which the extended Ha emission may be resolved (McDonald et al.
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2011a).

In the case of 2A0335, the available SFR,,; from the literature was corrected for
internal extinction and thus stands as an approximate measure of SFR; on its own.
Because the warm-dust continuum is so low in 2A0335, and SFRy, is correspondingly
also very low, it does not make much difference whether we add SFRqs to SFRp to
estimate SFRy in this case.

Our estimate of SFR; is tentative, resting on many assumptions. The optical
component comes from a heterogeneous sample. SFR; may be compared to SFRye,
which is also a measure of total star formation (see Figure 4.16). As noted above,
SFRye should be considered an upper limit on total star formation, especially for
MS0735, because of a possible second source of heating for the neon. Thus it is
not surprising that we find that SFRy. generally exceeds SFR;. However, the two
estimates are comfortably within our estimated margin of error (in total, about 3x),
except for A2597, A0478, PKS0745, and MS0735.

In Figure 4.17, SFR,,: / SFR; is plotted against SFRy, to demonstrate the degree
of exposed star formation in the cool-core BCGs. While most of the light of star
formation in A1068 and A1835 (marked with a 7 and a 9 respectively) is obscured,
resulting in exposed star formation fractions as low as in normal star-forming regions,
the rest of the cool-core BCGs have unusually exposed star formation. In these cases,
> 80% of the light of star formation escapes in the optical and ultraviolet without
being intercepted by gas or dust.

In an evolved BCG, the major source of fuel for star formation is material from the
cooling flow. Therefore, it would be suspicious if the sustained total star formation
rate exceeded the cooling rate (see Table 4.1). The discussion of the efficiency with

which the cooling ICM of a cool-core galaxy cluster is converted into stars has changed
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Fig. 4.16.— Estimates of total SFR based on the sum of the [Ne III] and [Ne II]
emission lines (SFRy.) compared to those based on a combination of 24 pm and
optical luminosities (SFR;). The numbers within the black points correspond to
those in Table 4.1. The solid line is unity, and the dotted lines show a scatter of a
factor of 1.7x.
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Fig. 4.17.— The ratio of SFR,,; to SFR; (the exposed fraction of star formation) is
plotted against SFR;. The numbers within the black points correspond to those in
Table 4.1. The solid line represents completely exposed star formation; the dotted
line represents the typical level of exposure for high-metallicity spiral disks; and the
dashed line represents the typical level of exposure for starbursts.
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dramatically as the originally estimated cooling rates have been reduced by about 90%
to the current spectroscopically-determined rates of ~ 10 — 200 Mg yr~! (see Table
4.1).

A recent estimate of star formation efficiency in cool-core galaxy clusters, based on
FUV and Ha observations without correction for intrinsic extinction, is a rate of 14%
with a typical scatter of 10 - 50% (McDonald et al. 2011b). This is consistent with
previous results (Rafferty et al. 2006; O’Dea et al. 2008; McDonald et al. 2010). We
expect to find higher efficiencies in our sample because we also include obscured star
formation in our estimates of total star formation rates, but since the star formation
in six of our nine targets is mostly exposed, we do not expect great differences.

A comparison of the cooling rate with the estimated total SFR is displayed in Fig-
ure 4.18. For reference, efficiencies of 10% (the empirical minimum for the McDonald
et al. (2011b) sample and our own, not including non-star-forming systems such as
MS0735) and 100% (the line of unity) are overplotted with dotted and solid lines.
Generally among our sample of cool-core BCGs, the cooling rate exceeds the SFR
by a factor of several. The observed efficiencies for several systems (2A0335, A2597,
A0478 and PKS0745) fall into the same regime as the McDonald et al. (2011b) sam-
ple, at ~ 13 — 25%. We find higher efficiencies (2 80%) for the other systems. In the
case of A1068 (marked with a 7), the SFR exceeds the cooling rate by a factor of 5.
These high efficiencies naturally are of great interest and require confirmation. We
examine these systems in turn.

In Hydra A and A1795, the 24 um continuum is so weak (at least relative to the
optical evidence for star formation and the PAH and atomic line emission) that the
estimate of SFR; is dominated by the exposed component, SER, (see Table 4.11).

Estimates of the star formation rate utilizing Ha yield rates of only ~ 1 Mg yr—!



237

for these targets (see §4.4.1) compared to rates of ~ 6 — 11 Mg yr~! from optical
continuum evidence. However, SFRy, is more consistent with the continuum rate,
even if we assume that a significant fraction (~ 50%) of the neon is being excited by
a source other than star formation. Both sets of measures of exposed star formation
rates, continuum and Ha, are heterogenous and are drawn from a variety of aper-
tures or originate in different star formation models. Homogeneous observations and
conversions to the star formation rate would help to resolve such questions.

The major star-formers among our sample, A1835 and A1068, have even more
extreme star formation rates relative to their cooling rates. There is no doubt that
A1835 exhibits powerful star formation; by both obscured and exposed measures,
the evidence is unambiguous. What is surprising is that a source which appears
to be a starburst galaxy with all the hallmarks of obscured star formation has any
optical signs of star formation. When Calzetti et al. (2010) derive a calibration for
star formation rate, based upon Lgy and He, targets as 24 pum-bright as A1835 are
expected to reprocess all of the ultraviolet light of star formation into the infrared.
This is evidently not the case for A1835. One source of uncertainty is the duration
selected for calculating SFRp (see §4.4.2). It may be reasonable to go in either
direction for A1835, but even if we selected a longer duration (900 Myr) with a

1 and

correspondingly smaller star formation rate, SFR,p cannot fall below 50 Mg yr~
Ha indicates a SFR of 41 Mg yr=' (McNamara et al. 2006). When either is combined
with SFRo4, the estimate of star formation efficiency still approaches 100%. Further
exploration of the remarkable nature of star formation in this system is desirable.

In A1068, the estimate of SFR; is driven by the BCG’s great luminosity at 24 pum.

Note that the optical and ultraviolet evidence for star formation in A1068 suggests

a rate of only 16 M yr~! (consistent with Ha evidence, Rafferty et al. 2006) which
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is less than the cooling rate of 30 My yr—1.

It is possible that a longer duration of
star formation is more appropriate, but changing this assumption would make little
difference, because it would revise SFR,p, downward, and the 24 pm luminosity would
still dominate.

Star formation in A1068 may be deeply embedded, like in a classical starburst.
In that case, the efficiency of star formation relative to the cooling rate may exceed
100%. This is plausible if the BCG has a source of star formation fuel other than the
cooling flow (such as significant stellar mass loss or infall of other cluster components)
or if star formation is progressing in episodes which temporarily exceed the rate of
fuel deposition.

Another explanation is that a non-stellar heating source such as an AGN is con-
tributing to the thermal dust continuum, artificially raising SFRys and thus SFR;
(see §4.9). Assuming that the cooling rate and SFR,p; are accurate, this heat source
would have to be responsible for > 90% of the 24 pym continuum emission to lower the
true star formation rate below the cooling rate (see Table 4.11). As discussed in §4.9,
AGN activity is significant in A1068 but there is no evidence that the effects of AGN

radiation (or any other non-stellar source of heating) dominates the MIR spectrum,

so we find this explanation less plausible.
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Fig. 4.18.— Total star formation rate estimate SFR; from Table 4.11 (with uncer-
tainties of 1.7x) compared to cooling rate Mys from Table 4.1. The numbers within
the black points correspond to those in Table 4.1. The solid line is unity (100% star
formation efficiency), and the dotted line represents 10% efficiency.
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4.9 AGN activity

When dust grains are located close enough to the nucleus, an AGN may dominate
a galaxy’s MIR spectrum with a power-law continuum rising to the red, sometimes
with a break at about 15 pm (Weedman et al. 2005) (while a classical starburst has a
continuum that continues to rise steeply to the red). Small dust grains do not emit as
efficiently as larger ones, so at a given radiation field strength, the smaller grains will
be hotter than the larger grains. Closer to the AGN, the small grains are hotter and
more easily destroyed by sublimation. The strong continuum emitted by AGN-heated
dust grains can nearly subsume line emission, particularly at low resolution. However,
there is significant diversity in the MIR morphology of AGN systems. They often, but
not always, feature a spectrum of emission lines including high-ionization transitions
such as [Ne V]14.3 pm. AGN-dominated spectra may exhibit PAH emission features,
but these are generally weak compared to starburst-dominated spectra.

Cool core BCGs commonly host AGNs, and are usually radio sources. Feedback
from an AGN, wherein the cold gas condensing from a cooling flow provides the fuel to
power the jet, is the most likely candidate for the mechanism that evidently maintains
most of the overlying ICM in the neighborhood of the BCG at a high temperature.

The cool-core BCGs in this sample have evidence for AGN activity, including radio
jets, X-ray cavities (including overlapping cavities and ghost cavities supporting the
theory of interrupted cooling flow activity) (see Table 4.1), and some evidence for
jet-induced star formation at the interface between the jet and the hot ICM (e.g.,
O’'Dea et al. 2004; Rafferty et al. 2006; Fabian et al. 2006; Ogle et al. 2010).

A1068 hosts a more prominent AGN than most of the other cool-core BCGs in this
sample. While optical and far-infrared observations of A1068 indicate the presence

of massive stars (Allen 1995; McNamara et al. 2004; O’'Dea et al. 2008; Edge et al.
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2010b), optical line ratios and IRAC colors also indicate an unresolved red central
source consistent with the presence of a dusty AGN (Crawford et al. 1999; Quillen
et al. 2008). The discrepancy between the enormous rate of obscured star formation
implied by the strong MIR continuum and the much smaller cooling rate for this
system could be resolved if most of the MIR continuum is actually powered by an
AGN (see §4.8.5). While the AGN appears to contribute significantly to the 24 pm
light (Edge et al. 2010b), at this point we see no evidence that the AGN is capable
of contributing 80% of the MIR continuum, or that the starburst is weak in A1068
relative to the AGN. Therefore, while considerable uncertainty remains, we still find
the total estimate of star formation to be high relative to the cooling rate. We
speculate that the rate of star formation may be irregular in A1068, and that it may
be undergoing a major burst of star formation to use up a stockpile of fuel that has
been slowly accumulating from the cooling flow.

Meanwhile, Hydra A is a well-known strong radio galaxy (included in the analysis
of Ogle et al. 2010) with unusually high levels of radio feedback (McDonald et al.
2011a).

In the cool-core Perseus Cluster, the AGN dominates the nuclear spectrum of
the BCG, NGC 1275 (Weedman et al. 2005), though that well-studied system is also
sufficiently nearby to permit MIR spectral resolution of atomic and Hs line emission
in off-nuclear regions (Johnstone et al. 2007). The off-nuclear MIR spectra of NGC
1275 bear a strong resemblance to several targets in our sample, though in the case
of our targets, our apertures include any significant nuclear continuum emission.

None of the MIR spectra of this sample of cool-core BCGs display conclusive evi-
dence for the influence of AGN radiation. Furthermore, the extended star formation

observed in most of these targets is at large distances from the nucleus (~ 6 —50 kpc)
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where the radiation field from the AGN is expected to be weak.

The high ionization lines that are strong indicators of AGN activity are largely
absent or weak. While we note that these lines are often weak enough to be difficult
to detect in low-resolution spectra of classical AGN, they are reliably detected in the
most powerful AGN (Weedman et al. 2005). The high-ionization emission line of [Ne
V] at 14.3 pm, with an ionization potential of 97.1 eV, is only securely detected in
Hydra A and A1835, and [Ne V]24.3 pm is not detected in any cases. [O IV]25.9 pum
is a firm signature of AGN activity, but at low resolution it is blended with [Fe 11]26.0
pm. The combined feature is detected in Hydra A and PKS0745.

As discussed in Donahue et al. (2011), the ratios of PAH features do not show
evidence of trauma from a hard radiation field or sputtering from the hot ICM in
most of the BCGs, with the exception of A1068, where the ratio of PAHs at 17 and
11.3 pm indicates the preferential destruction of smaller grains by an agent like the
AGN or the hot ICM.

While all of the BCGs in this sample host AGN, radiation from the nucleus does
not affect the MIR spectra (except perhaps in A1068). The gas and dust that produce

the MIR spectra are not close enough to the AGN to display its signature.
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4.10 Dust temperature in CC BCGs

The longwave broadband photometry of the MIPS camera permits the examination
of continuum emission from larger and cooler dust grains than those that produce the
24 pm continuum. The 70 pm data point in the SEDs of Figs. 4.4 - 4.6 demonstrates
that the SED rises sharply above 30 pum, even in the targets with unusually flat and
low MIR continua. The luminosity at 70 pum is correlated with star formation, though
with considerably more scatter than the emission at 24 pum (Calzetti et al. 2010).

The ratio of the 70 um to 24 um bands (see Table 4.10) yields a diagnostic of the
temperature of the dust peak. A cooler dust peak is associated with a larger ratio,
as the peak moves out to 70 pm and beyond.

Figure 4.19 is a histogram of the L;q/Los ratio for our sample, excluding MS0735
(see Table 4.10), plotted with the SINGS sample (Dale et al. 2007). For a plot of
the same ratios against Loy, compared with the star-forming galaxies and LIRGS of
Calzetti et al. (2010), see Donahue et al. (2011, Fig 7).

While this ratio for most of our targets falls in the normal range for star-forming
galaxies, 2A0335, A2597 and A478 have a much cooler dust peak (and higher Lz /Loy
ratio) than normal for star-formers. These three targets are among those with un-
usually weak indicators of obscured star formation, and low modeled compactness

parameters (Donahue et al. 2011) (and see discussion above).

4.11 Conclusions

This sample significantly expands the available library of MIR spectra of BCGs in
cool-core galaxy clusters, to a total of thirteen (Egami et al. 2006a; Johnstone et al.

2007; Ogle et al. 2010). All nine are powerful sources of rotational Hy emission, dis-
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cussed in Donahue et al. (2011) and Chapter 5, and feature unresolved low-ionization
emission lines such as [Ne II] 12.8 pm.

In all targets, the ratio of the moderately ionized emission line of [Ne III] 15.5
pum to [Ne IT] indicates a radiation field weaker than seen in the nuclei of the nearby
star-formers of the SINGS sample, but typical or slightly higher than found in star-
bursts and ULIRGs. (MS0735 is consistent with an even softer radiation field.) The
SINGS ratios are high probably because of aperture effects; in the other categories
(our targets, starbursts, and ULIRGs), the aperture covers a larger volume including
ionized gas more distant from the source of light, softening the measured radiation
field.

MSO0735 is an outlier among our sample in that it shows no indication of star
formation at all. Features in its spectrum like the PAH at 11.3 pm may be stimulated
by the soft radiation field of an old stellar population, as in the case of dusty, non-
star-forming elliptical galaxies. As in those targets, the ionized gas responsible for
the [Ne II] emission line may be heated by the nuclear source (Kaneda et al. 2010),
but we propose that the hot ICM is conducting into a set of extended filaments and
heating up the Hy and atomic gas, producing the rotational Hy and low-ionization
atomic emission lines (Fabian et al. 2011a). MS0735 may share these morphological
properties with the rest of the sample, but with no active star formation (McNamara
et al. 2009).

We divide the rest of the sample up into two main categories of star formation
(extended, exposed star formation, and a combination of extended star formation
with nuclear starburst activity), all primarily fueled by the cooling flow, with the
following summary of features and interpretation.

A1068 and A1835 show the MIR hallmarks of classic and powerful star form-
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ers including a strong 24 pm continuum consistent with star formation rates of
> 100 My yr~!. PAH emission is strong, especially in A1835, and is generally consis-
tent in profile with normal star formation (for example, the high ratios of PAH 7.7
/ 11.3 pm indicate an intense environment of star formation). A1835 in particular
has a MIR morphology which resembles normal star-formers except perhaps in its
extraordinary luminosity. The data are consistent with the presence of a nuclear or
circumnuclear starburst in these two targets. The strong H, indicates that these two
targets may also have extended structures, where the same type of exposed star forma-
tion as the rest of the sample could be occurring. This may explain why A1835 has a
strong MIR continuum, typically associated with heavily obscured starburst activity,
but also has the optical and ultraviolet indicators of vigorous exposed star formation
(~ 100 Mg yr~!). PAH and neon emission may arise in both sites of star formation,
and star formation rates estimated from either type of feature are on the same order
as the total amount of star formation estimated from optical and 24 pm light (though
neon is stronger, probably because of an additional non-stellar source of heating such
as energetic particles from the ICM). Star formation efficiency in A1835 is at 100%
of the cooling rate. A1068 may be similar, but has significantly weaker PAHs than
A1835 and shows some signs of processing of smaller PAH molecules (Donahue et al.
2011). This source remains something of a mystery in that it has a low cooling rate
and thus only a trickle of fuel for star formation (consistent with the observed PAHs),
and only moderate AGN activity, yet a very strong MIR continuum whose heating
source is thus not understood. The star formation in this target is mostly obscured
(if the 24 pm continuum does in fact trace star formation) and is progressing at a
rate five times higher than the cooling rate.

The other six BCGs generally fall into a single category as described below, though
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in some respects Hydra A and PKS0745 form an intermediate category between ob-
scured and exposed star formation. All six generally share the following properties

(as well as the ones listed above which are common to the sample):

e Firm optical and ultraviolet evidence for exposed star formation at about ~
10 My yr~!. Spatially resolved optical-UV imaging and spectroscopy of some
of the nearer BCGs conclusively indicates that star formation is progressing in
extended knots or in chains of H II regions along filaments that, in some cases,
are associated with the edges of the radio lobes or the footprint of the radio jet

upon the overlying ICM.

e Relatively weak PAH emission. Equivalent widths of the 6.2 um feature are
far lower than in normal star-forming systems. PAH emission is also weaker,
compared to neon emission, than observed in normal star formation (this may
be due to a second source of heat for the neon emission, which will be discussed
in more detail in Chapter 5). The work of (Donahue et al. 2011) indicates
that smaller PAHs have not been preferentially destroyed (except perhaps in
A2597) and the relatively low ratios of 7.7 to 11.3 um PAHs is consistent with
PAHs in the quiescent ISM. Star formation rates derived from PAH emission
(~ 1—40 Mg, yr~! for this category) are meant to be used as a metric of relative
PAH strength rather than as a realistic estimate of star formation rate. The
weak PAH emission indicates that the PAHs are further from newly formed
stars than in normal star-forming morphologies, and are not experiencing sig-
nificant heating or destruction from other sources of energy in the cool-core

BCG environment.

e Very weak MIR longwave continua. The source of continuum emission is small

dust grains, most likely heated by star formation. Star formation estimates
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based on the 24 pym continuum luminosity measure the degree of obscured star
formation (~ 0.5 — 8 Mg yr~!). There is less obscured star formation than
exposed star formation in these targets. (If we assume that the calibration of
obscured SF based on 24 um does not apply to the low-compactness environment
of star formation in these targets, and apply the SFR based on starburst SEDs
instead, the rate of obscured SF increases but still falls short - barely, in the case
of A2597 - of the rate of exposed SF, and the overall efficiency of star formation
increases.) We compare star formation estimates from neon, PAH, and MIR
continuum features as a metric of the relative strengths of those components,
and find that the continuum is weak relative to the PAH emission (indicating
that the young stars heat the dust even less efficiently than the PAH molecules
in these systems) and especially relative to the neon emission (because the neon

may trace both obscured and exposed star formation).

e The sum of SFR,,; and SFRy, is an estimate of the total star formation rate
in the cool-core BCGs (SFRy). It is in generally good agreement with SFRye,
though the neon is significantly overluminous in several cases, perhaps caused
by a non-stellar heating source for the neon (Donahue et al. 2011). SFR¢
exceeds SFRo,.

e Relative to the cooling rate based on X-ray spectroscopy, SFR; suggests a mod-
erate to high efficiency of star formation from fuel delivered by the cooling flow

(13 — 80%).

e High ratios of vL,(70 pm) / vL,(24 pm) for several BCGs of this category

suggest an unusually cool dust population relative to normal star-formers.

The subluminous warm dust continuum in the majority of BCGs in this sample
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is the most dramatic indicator among a collection of clues pointing to a picture of
an abnormal morphology of star formation in cool-core galaxy cluster BCGs. While
some cool-core clusters (A1835, A1068) appear to have a starburst progressing at their
heart, and others have entirely quenched star formation (MS0735), the majority have
solid optical and ultraviolet evidence for moderate levels of exposed star formation
and weak indicators of obscured star formation.

The evidence is not consistent with star formation progressing in a familiar dense,
disk-like volume or other normal morphology with young stars embedded within large
molecular cores, as found in spirals and starbursts. In those environments, the ab-
sorption of optical-FUV light from young stars typically ranges from ~ 66 — 90%
(see §4.2.1). However, in many cool-core BCGs (notably 2A0335, Hydra A, A1795,
A2597, and A0478), we find that only ~ 4 — 15% of the light of star formation is
reprocessed into the MIR by small dust grains (the ratio of SFRy4/ SFR; from Table
4.11).

Two of the models of star formation discussed in §4.2.1 are consistent with this
evidence: jet-induced star formation at the interface between the radio-bright struc-
ture and the ICM, and extended filaments of star-forming material outside the main
body of the BCG. In some cool-core BCGs, there is optical evidence for both types of
extended star formation at once, so we do not attempt to separate the mid-infrared
evidence for the two models in this work. Both models are associated with the cool-
ing flow (which provides the majority of the fuel of star formation) and the jet from
the AGN (which induces star formation via shocks, or may provide the energy to
supply the inner region of the ICM with dust from the BCG, dredging the dust up
with buoyant radio bubbles). We suggest that the model of NGC 1275 proposed by

Fabian et al. (2011a), describing a network of filaments (up to 50 kpc long and ~ 100
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pc wide) with a complex, magnetically supported substructure of molecular threads
only ~ 0.3 pc in diameter, also applies in these targets, and provides an optically thin
environment of star formation. The star formation rates based on optical evidence
from extended regions represent most of the star formation in these targets.

We propose that in this environment, dust and PAH molecules are exposed to
only a fraction of the light of young stars, allowing most of the UV light to escape in
the lateral direction unattenuated. This explains why the PAH emission (especially
from smaller, ionized PAH molecules) is weak, and thermal emission from small warm
dust grains is even weaker. The extended regions are too far from the nucleus for
the dust and PAHs to experience significant radiation from the AGN. This model is
also consistent with the unusually cool dust profile in several of these targets, and
with the undisturbed (relative to normal star-forming regions) character of the PAHs
(Donahue et al. 2011). However, this model requires that the dust and PAHs also
escape major trauma from any other source of heat, suggesting that sources of energy
in the extended filaments such as conduction or X-ray heating from the ICM, cosmic
ray heating, or MHD waves do not have much impact on dust and PAHs.

This model is consistent with the conclusions of Donahue et al. (2011) that the
strong emission from low-ionization atomic lines arises in part from the same source
of heat as the weak thermal dust emission (namely, star formation) but also receives
a boost from non-stellar heating (probably energetic particles from the ICM). The Hy
emission is also well above the level expected in a normal star-forming environment
and experiences the same additional source of heat as the atomic gas, as discussed in
Chapter 5.

Meanwhile, A1068 and A1835 may have all of the same morphology, in addition to

a powerful obscured starburst in the core, and MS0735 may have the same morphology
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without any active star formation.

After decades of effort to resolve the discrepancy between high cooling rates and
low star formation rates in the centers of cool-core galaxy clusters, the cooling rates
have been refined downward, and star formation rates have been slightly increased
by the addition of mid-infrared evidence, to the point where they have finally come
into close agreement. It is normal for cool-core BCGs to have significant exposed
star formation in their filamentary networks. However, the observed efficiency of
star formation is surprisingly high, even exceeding the cooling rate in the case of the

extremely MIR-luminous cluster A1068.
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Chapter 5

Warm Molecular Hydrogen in

Cool-Core (Galaxy Clusters
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5.1 Abstract

This third paper in a series on the IRS spectra of a set of nine cool-core BCGs exam-
ines the luminous pure rotational Hy emission, which may be located in a filamentary
network associated with Ha emission. We perform excitation analysis to find tem-
peratures and masses of warm H,, and compare to other luminous sources of warm
Hsy emission. We contrast with other MOHEGS, in which H, is generally heated by
shocks, and consider whether shocks or energetic particles from the ICM are more
likely to heat the Hs in the filaments. We test the efficiency of the Hy heating relative
to the power of star formation, and find that Hy shares a heating source other than
star formation with weakly ionized atomic gas (confirming but revising an earlier re-
sult). There are inconsistencies between our data and the type of shocks that power
other MOHEGS, and our data are consistent with the energetic particle model, but

we do not rule out shock heating.

5.2 Introduction

5.2.1 Molecular hydrogen

The massive reservoirs of cold molecular gas that harbor star-forming regions are
difficult to detect directly. Molecular hydrogen, the most abundant molecule in the
universe, forms most efficiently in the interstellar medium in the presence of small
dust grains (Fabian 1994). It is vulnerable to dissociation by ultraviolet radiation but
can survive considerably longer within a dense molecular cloud, where cosmic rays
are the main destruction mechanism (Black & Dalgarno 1976). The molecule has no
permanent dipole moment and is therefore nearly invisible, though quiescent clouds

may be detected in ultraviolet absorption lines (Black & van Dishoeck 1987). In all
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but the most primordial gas, the metallicity is sufficiently enriched to permit the
formation of carbon monoxide (CO) molecules. The detection of CO (Lazareff et al.
1989; Edge 2001; Salomé & Combes 2003) traces the presence of a larger reservoir of
quiescent Hy (Solomon et al. 1987).

Hy; may be detected in emission, however, when disturbed. It may be excited
via absorption of ultraviolet photons at wavelengths longer than 912 A, resulting
in dissociation in only 10% of such events. Surviving molecules populate excited
rovibrational levels via fluorescence, and eventually decay, on timescales of 10° s
(Black & van Dishoeck 1987). The cascade is referred to as ultraviolet pumping. Hy
may also be excited or ionized by X-rays and cosmic rays, or be excited during hot
formation upon grain surfaces, particularly deep within molecular clouds, followed by
a rovibrational cascade (Black & Dalgarno 1976). As discussed below, shocks are also
an important heating mechanism for Hs.

The pure rotational and rovibrational quadrupole series of Hy emission lines, aris-
ing in the mid- and near-infrared (MIR and NIR) respectively, serve as important
cooling channels for warm molecular gas. Like CO, the warmer phases of Hy repre-
sent only a small fraction of the total mass of the cold gas reservoir, but the transitions
associated with the warm Hs serve as useful tracers. The warm H, transitions are
also an energetically important coolant for star-forming regions, though not as dom-
inant as [O I] 63 pm, [C II] 158 pm, and [Si I1] 34.8 um (Roussel et al. 2007), and
can dominate other coolants in shocked environments and the ISM of radio galaxies
(Ogle et al. 2010), perhaps facilitating accretion onto a central active galactic nucleus
(AGN). Pure rotational transitions, corresponding to emission lines between 5 and
30 pm, arise from warm gas at temperatures between 100 and 1000 K, while the

rovibrational lines originate in hot gas at temperatures between 1000 and 2000 K.
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These temperatures may be maintained by intense ultraviolet emission, such as in a
photodissociation region (PDR) (Tielens & Hollenbach 1985; Shaw et al. 2009), or by
collisional excitation such as in shock-heated gas (Black & van Dishoeck 1987).

The warmer phases of molecular hydrogen have been used to trace star formation
itself. While the transitions are highly forbidden and the lines are therefore relatively
faint, they are detected in PDRs in normal star-forming regions at a small fraction of
the total infrared (3 — 1100 ym) power: L(Hy)/Lig ~ 6 x 10~* (Roussel et al. 2007)
where L(Hsy) is the sum of the three lowest energy pure rotational transitions. Hs
emission has also been found in ULIRGs, and found to be consistent with an origin
in PDRs or perhaps in a massive circumnuclear dusty torus (Higdon et al. 2006). In
other ULIRGs, it has been explicitly disconnected from PDRs and probably arises

from large-scale shocks (Zakamska 2010).

5.2.2 MOHEGs

Surprisingly powerful emission from warm Hy has been found in the LIRG NGC
6240 (a late stage major merger and a starburst) (Joseph et al. 1984; Armus et al.
2006), in the shock front in the strongly interacting galaxy group Stephan’s Quintet
(Appleton et al. 2006), in ~ 30% of radio galaxies at z < 0.22 (Ogle et al. 2007), and
in the cool-core central galaxy ZwCl 3146, discussed below (Egami et al. 2006a). MIR,
spectra dominated by Hy emission lines led to the establishment of a category of highly
luminous molecular hydrogen emission line galaxies (MOHEGs) with L(Hs)/Lig >
1073 (Ogle et al. 2007). The lack of significant star formation in these targets indicates
a major source of Hy emission disengaged from the processes of star formation. Many
dusty elliptical galaxies fall into the same category (Kaneda et al. 2008).

The distinction between MOHEGs and sources of Hy associated with star forma-
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tion becomes even more clear when the category is redefined as those targets with
L(Hy)/Lpanrz > 0.04 (Ogle et al. 2010; Guillard 2010) where L(Hs) is the summed
luminosity in the pure rotational series between Hy 0-0 S(0) and Hy 0-0 S(3).! Lpanr.s
is the luminosity of the broad polycyclic aromatic hydrocarbon feature at 7.7 pm, a
useful indicator of star formation activity. This definition of the term MOHEG per-
mits easier classification when FIR data are not available, and is robust across many
decades of Lay, but also changes the significance of the category (because Lpap77 may
not trace the same energetic processes as Lig).

The category is broad, covering many diverse sources of Hy emission, and empir-
ical. A unifying factor may be the heating mechanism. Many MOHEGs are linked
with interactions or merger activity, including Stephan’s Quintet and most of the
radio MOHEGs of Ogle et al. (2010). Shocks are certainly responsible for heating the
Hs in these targets. In the case of the radio MOHEGs, the gas has been delivered
to the central region of the galaxy by interactions, and then heated by shocks from
radio-jet-driven outflows. Star formation, X-ray heating, and the UV emission of
AGN have been ruled out as sources of heat in the radio MOHEGs, though cosmic
rays are still a distant possibility (Ogle et al. 2010). Note that while star formation
is demonstrably not the main heating source for the Hy in any of these targets, it is
possible for shocks to drive both Hy emission and knots of star formation (Beirao et al.
2009). Shock heating has also been tentatively linked to the warm Hy emission in
other MOHEGS. Ogle et al. (2010) propose that Hy-luminous dusty elliptical galaxies
are radio galaxies in a quiescent phase between radio-jet outbursts, and that radio
galaxies that are the BCGs of cool-core galaxy clusters have sufficient jet cavity power

to produce the Hy luminosity. In NGC 6240, the Hy probably arises from slow shocks

IThis work focuses on the pure rotational emission series; thus, the 0-0 designation is not included
but assumed in all following notation. The number S(#) is the lower rotational level Jiower, with
AJ = —2 (Hewitt et al. 2009).
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between the two galaxy nuclei (Armus et al. 2006). Egami et al. (2006a) found that
while a variety of shock mechanisms are required to produce the spectral morphology
seen in the cool-core BCG ZwCl 3146, shocks are a plausible heating mechanism.
The significance of the category of MOHEGs may turn out to be that they are
all sites of major shock activity. However, the presence and character of shocks
in these targets is far from established, and there are many candidates for the H,
heating mechanism, including non-radiative sources such as cosmic rays, dissipative
magnetohydrodynamic (MHD) waves, or conduction from the surrounding hot ICM

(Ferland et al. 2008, 2009).

5.2.3 H, in cool-core BCGs

The subject of this paper (the third in a series, following Donahue et al. (2011) and
Chapter 4) is the luminous pure rotational Hy emission in a sample of nine elliptical
brightest cluster galaxies (BCGs)%in the centers of cool-core galaxy clusters. The
hot intracluster medium in about half of nearby galaxy clusters has a relatively short
cooling time (< 1 billion years) and low entropy (K = kT'ne 3 < 30 keV cm™?).
These clusters, featuring cusps of cool, dense X-ray emitting gas in their centers,
are called “cool-core” galaxy clusters and feature a much higher incidence of star
formation than non-cool-core galaxy clusters (Fabian 1994; Cavagnolo et al. 2008;
Rafferty et al. 2008; Hudson et al. 2010). It is now known that a negative feedback
mechanism, probably in the form of AGN feedback, acts to prevent ~ 90% of the hot
gas from cooling down (McNamara & Nulsen 2007). However, the gas that escapes
the feedback mechanism is able to cool (referred to as a cooling flow, though this is

not the catastrophic cooling event first proposed in cooling flow theory) and fuels star

2We refer to most of our targets by the name of the galaxy cluster, though our observations are
limited to the region of the BCG.
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formation in the BCG.

Star formation rates (SFRs) of up to ~ 100 My, yr~! are derived from optical and
ultraviolet continuum and emission line observations (Johnstone et al. 1987; McNa-
mara & O’Connell 1989; Fabian 1994; Crawford et al. 1999; Donahue et al. 2010;
McDonald et al. 2011b). In some resolved cool-core clusters, the star formation is
occurring in knots and filaments (Koekemoer et al. 1999; Conselice et al. 2001; Martel
et al. 2002; Donahue et al. 2007a; Fabian et al. 2008; O’Dea et al. 2010; McDonald
et al. 2010), and there is evidence that in some cases the star formation traces the
edges of radio cavities (van Breugel et al. 1984; McNamara & O’Connell 1993; Mec-
Namara et al. 1996; Koekemoer et al. 1999; Conselice et al. 2001; O’Dea et al. 2004;
Donahue et al. 2007a; McDonald et al. 2010). Observations of far-infrared excesses
also support the correlation between cool-core galaxy clusters and star formation in
the BCGs (O’Dea et al. 2008). However, the weak MIR signatures of star formation
in many cool-core BCGs suggest that the star formation is not occurring in a nor-
mal (centrally concentrated, heavily obscured) environment and that the star-forming
regions have a morphology subject to less obscuration than in typical star-forming
galaxies (see the second paper in the series, Chapter 4).

Both rotational and rovibrational Hy emission have been detected in cool-core
galaxy clusters and are sometimes associated with the interaction between molecular
gas deposited by the cooling flow and jet activity in the BCG (Jaffe & Bremer 1997;
Falcke et al. 1998; Edge et al. 2002; Egami et al. 2006a). The Hy emission is found
to be extended in some cases (Jaffe et al. 2005; Johnstone et al. 2007) and to be
associated with optical emission line filaments (Donahue et al. 2000; Johnstone et al.
2007). There are indicators of star formation and warm Hy emission in most cool-core

cluster BCGs (Egami et al. 2006a; Donahue et al. 2011) (and see Chapter 4).
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However, the strength of Hy emission in cool-core galaxy clusters is generally not
correlated with the strength of the warm dust continuum arising from obscured star
formation, though each are correlated with low-ionization line emission in the MIR
(Donahue et al. 2011, the first paper in the series). The Hj is strongly correlated
with low-ionization neon emission even when both are scaled by the strength of the
24 pm continuum. The implication is that the Hy and the ionized atomic gas have
a source of heat that boosts their emission above what is expected (relative to the
thermal dust continuum) in a normal star-forming environment.

In this paper we will compare our sample of cool-core BCGs to the radio MOHEGs
discussed in Ogle et al. (2010). That sample includes four cool-core BCGs (including
Hydra A, which appears in this sample). The radio MOHEGs typically have weak
indicators of star formation, while our sample of cool-core BCGs, with the exception
of MS0735, have star formation rates in the range 5 — 200 Mg, yr~! (Chapter 4). We
will discuss whether shocks, the heating mechanism for the H, in the radio MOHEGS,
are also likely candidates in our cool-core BCG sample.

The closest and best-studied cool-core galaxy cluster, the Perseus Cluster, hosts
a BCG (NGC 1275) with a complex morphology, including a beautiful extended
filamentary network of ionized gas (Minkowski 1957; Conselice et al. 2001). Some of
the Ha filaments also have optical-UV continua indicating the presence of ongoing
star formation, while others clearly do not host star formation (Canning et al. 2010).
The filaments have a MIR spectrum dominated by atomic and molecular hydrogen
emission (Johnstone et al. 2007) and a powerful AGN that dominates the nuclear
MIR spectrum (Weedman et al. 2005). Even in the nuclear region, Hy emission is
detected (Ogle et al. 2010). The mass of warm Hy (> 100 K) represents a small
fraction (about 107%) of the mass of cold gas (Ferland et al. 2008, 2009). NGC 1275
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(or 3C 84) also appears among the radio MOHEGs discussed in Ogle et al. (2010).

5.2.4 Models of H, filaments in cool-core BCGs

Based upon NGC 1275, an emerging theory of Hy in cool-core galaxy clusters describes
complex, magnetically-supported filaments of molecular and dusty gas in thermal
equilibrium. As observed in many cool-core BCGs, the filaments may extend up to
50 kpc in length but are only 100 pc wide, suggesting that magnetic support is a
factor (Martel et al. 2002; McDonald et al. 2010). Magnetic support is possible even
for largely neutral bodies of gas, if residual ionization from the neighboring X-ray-
emitting ICM provides enough of a binding link (Fabian 1994). In NGC 1275, the
filaments start to become resolved at scales less than 70 pc. The mean density within
the filaments is ~ 2 cm™ (Fabian et al. 2008; Ferland et al. 2008, 2009).

Models of NGC 1275 describe a delicate substructure, as yet unresolved by ob-
servation. The filament volume filling factor is low (~ 107°) with molecular gas
concentrated into distinct threads, each only 0.3 pc in diameter, with an average of
10 pc between each thread (Fabian et al. 2011a). Density in the molecular threads
can reach ~ 10° ecm™3, and it is along those threads that chains of H II regions may
form stars (though observations indicate that not all molecular filaments host star
formation). Each thread is sheathed in a lower-density halo of ionized gas. The
magnetic field acts as a shield protecting the filaments, but the most likely source of
heat for both the Ha and warm H, emission is the penetration of hot ICM particles
through the magnetic field and into the filaments (Fabian et al. 2011a).

Shock activity is not required to produce the Hy emission in this model, though
they are certainly present in association with the nuclear radio jet (Fabian et al. 2006;

Ogle et al. 2010). Shocks have been considered (along with other non-stellar sources
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of heat) as the source of ionization for Ha and Hy emission in other work on NGC
1275, with no consensus (McNamara et al. 1996; Conselice et al. 2001; Johnstone
et al. 2007; Fabian et al. 2008; Ferland et al. 2008; Salomé et al. 2008a; McDonald
et al. 2011b). There is some evidence that slow continuous shocks are associated with
the warm Hy emission in the cool-core BCG ZwCl 3146 (Egami et al. 2006a). We
consider both shocks and energetic particles from the ICM as the most likely sources
of Hy heating in cool-core BCGs, though a thorough shock analysis is beyond the
scope of this work.

In Chapter 4, we argue that the Fabian et al. (2011a) model is applicable to the
characteristics of star formation in the nine cool-core BCGs in our sample (including
one target with no detected star formation and two which appear to also have a
classical starburst, which is probably located within the BCG). In this work, we
examine the Hy in these targets in comparison to other strong sources of Hy and with
consideration of this model.

The filaments in cool-core BCGs probably form as part of the cooling flow, as gas
at the cooling radius collapses into filamentary structures on its inward fall (Canning
et al. 2010; McDonald et al. 2010, 2011a). Interaction with the rising radio bubbles
observed in many cool-core BCGs may sculpt the filaments. However, it is possible
that the filaments form in the wake of the buoyant bubbles, dredged out of the
BCG rather than forming from the cooling flow (Churazov et al. 2000) or that they
where the radio lobes interact with the hot ICM or via galaxy mergers (Kenney et al.
2008; Ogle et al. 2010). We consider the metallicity and dust content in the filaments.
Though star formation in many our cool-core BCGs is unusually obscured, heating up
dust less than in normal star formation, we observe thermal dust emission associated

with star formation (Donahue et al. 2011) (and see Chapter 4). We proposed in
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Chapter 4 that the weak thermal dust continuum is caused by geometry rather than
the absence of dust in the star-forming region. Dust is likely to be a necessary
component of warm H, emission regions, in order to create enough Hy to maintain
the abundance in the face of predicted destruction rates in proximity to the hot ICM
or shocks (Ogle et al. 2010). While the gas in the inner regions of the hot ICM has
been processed by earlier generations of stars and has a metallicity of ~ 0.3 — 0.5
Ze (Fabian 1994; Hudson et al. 2010), the origin of dust in extended filaments is not
so clear. Dust mainly forms in the stellar winds of low-to-medium mass stars in the
AGB phase, and is expected to originate in the BCG rather than from the hot ICM.
If the filaments are dredged up from the BCG by buoyant radio bubbles, the dust
was brought up at the same time. If the filaments form from the cooling flow, they
probably contain dust because the entire inner region of the cooling ICM was injected
by dust dredged up from the BCG by jet activity; it is also possible that the dust is
generated from the stars forming in the filaments (Hansen et al. 1995)

1

All computations in this paper assume a Hubble constant of 70 km s~ "Mpc™" and

the cosmological parameters €2, = 0.3 and ) = 0.7.

5.3 Observations and data reduction

The Spitzer IRS observations of the cool-core BCGs took place in 2005 and 2006
under Spitzer Program IDs 20345 and 3384, encompassing all four low-resolution
(R ~ 50 — 100) modules of the IRS: SL2 (5.2 - 7.6 um), SL1 (7.5 - 14.3 pm), LL2
(14.3 - 20.6 pm), and LL1 (20.5 - 37.5 pm). The observations and data reduction
are discussed in detail in Donahue et al. (2011) and in Chapter 4. IRS spectra and
infrared broadband SED points appear in both works.

In brief, we prepared spectral cubes using the software package CUBISM v1.7
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(Smith et al. 2007a), extracted spectra from an aperture of relatively high signal-
to-noise, and corrected for MIR light lost beyond the aperture and for mismatches
between spectral modules, using the broadband photometry as the master baseline.
For the targets without full broadband coverage (see (Donahue et al. 2011, Table 4)
for broadband fluxes and apertures), we added up all of the light in each of the SL1
and LL2 modules (which have the highest signal-to-noise) and used the profiles of
light along the slit to estimate the distribution of light in our targets and correct for
gaps between modules. The effective apertures of the IRS feature strengths are the
apertures of the corresponding broadband observations, within 15% uncertainty.

Though the BCGs in this sample are all very luminous sources of Hy emission,
the SED is dominated in some cases by thermal dust continua or by line emission
from broad PAH features, with significant contributions from atomic emission lines.
The scaling described above is only appropriate for the Hy emission lines if the Hy
dominates the SL1 and LL2 spectra (as it does in some cases) or if the sources of
emission are co-spatial.

For two reasons, we consider the scaling valid for the Hy emission. First, we added
up the Hy emission in the two modules mentioned above, subtracted continuum, and
compared the resulting light profiles (in SL1 and LL2) to the general light profiles used
above. For both modules, the FWHM of the Hy, profile is consistent with the FWHM
of the general profile, with a scatter in the sample of ~ 30% in both directions. There
is considerable noise in some of the light profiles, and comparing the two pairs of
light profiles for each of the targets in the sample uncovered no discernible pattern;
therefore, we conclude that there is no evidence that the H, has a different spatial
distribution than the continuum in any of the targets.

Second, in Chapter 4, we found that star formation in eight of the nine BCGs
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in the sample is occurring in extended regions like filaments of molecular gas, with
low extinction of the optical-UV light of the young stars. (MS0735 has no detected
star formation, but has strong Hy emission and probably shares the same filamentary
morphology. A1068 and A1835 probably also have major sites of nuclear star forma-
tion.) The environment of these BCGs may resemble NGC 1275 in the core of the
well-resolved Perseus cluster, where MIR observations of the network of Ho filaments
that surround the BCG have revealed powerful pure rotational Hy emission similar
to the Hy emission in our targets. The assumption that the Hy emission is arising
from the same extended filaments (sometimes associated with ongoing star forma-
tion) which generate the atomic and PAH features is the simplest interpretation of
the data, and it is the assumption that we adopt.

The morphology in A1068 and A1835 may be somewhat more complicated. Their
MIR spectra are dominated by the signatures of obscured star formation (PAHs and
thermal dust emission) which is probably arising from a centrally concentrated star-
forming region, while their Hy emission (and some of the MIR atomic and PAH
emission) likely arises in the same type of extended regions as seen in the other BCGs
in the sample. Thus, one might expect the Hy to show a more extended profile than
the thermal dust continuum. There is no conclusive evidence. The Hy may be ~ 50%
more distributed than the continuum emission in A1835, but the same kind of profiles
in A1068 suggest that the Hy has only 50% of the spatial extent of the thermal dust
continuum, which is unrealistic because both are point sources in continuum emission.

After spectral extraction, feature strengths were estimated with the empirical
spectral fitting package PAHFIT v1.2 (Smith et al. 2007b). Thorough tables of fea-
ture strengths including the entire Hy, pure rotational series are included in Chapter 4.

Different fit methods can yield significantly discrepant integrated fluxes for the broad
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PAH features, but the literature for MOHEGs (Ogle et al. 2010; Guillard 2010) con-
sistently use PAHFIT as well.

Many of these targets have also been observed in the NIR (Falcke et al. 1998;
Jaffe et al. 2001; Edge 2001; Edge et al. 2002; Jaffe et al. 2005; Wilman et al. 2011).

Future work may integrate the NIR and MIR H, observations.

5.4 Analysis

The Hy S(1) - S(7) pure rotational series is well-detected in all nine sample galaxies,
though in a number of cases individual features yielded only 3¢ upper limits. The
strongest line is the ortho-state S(3). The weak S(0) line at 28.2 pm is not well
detected in any target in our sample. In four cases, the line was so weak that PAHFIT
could not estimate an upper limit.

The H; line luminosities are presented in Table 4.7. The luminosities are extreme.
The luminosity of the S(3) line ranges from 0.77 x 10*! erg s=! (for 2A0335) up to
19 x 10" erg s™* (for A1835).

To compare, sources where the warm Hs emission originates in PDRs tend to
have luminosities summed over S(0) - S(2) of 103 — 10%° erg s (Roussel et al. 2007;
Smith et al. 2007b). Much more luminous sources of warm Hy emission include the
first discovered MOHEG, the LIRG NGC 6240 (a late stage major merger and a
starburst), which has Hy emission on the order of 20 x 10*! erg s™' (Joseph et al.
1984; Armus et al. 2006). This emission probably arises from slow shocks between
the two galaxy nuclei (Armus et al. 2006). The powerful shock front in Stephan’s
Quintet, about 40 x 15 kpc in size, has a total estimated luminosity in all of the
rotational lines of > 10 erg s™! (Appleton et al. 2006). The observed sum over the

S(0) - S(3) lines for the radio MOHEGsS of Ogle et al. (2010) range from ~ 1039 — 10
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erg s~ (their luminosity for Hydra A, or 3C 218, from a slightly smaller aperture is
about 30% smaller than ours). Finally, the cool-core BCG ZwCl 3146 has astounding
H, luminosities of > 10?3 erg s™! (Egami et al. 2006a). The mechanism heating the
Hs in cool-core BCGs, in this sample and elsewhere, is clearly capable of producing
Hs luminosities on the order of the most luminous known sources, all of which are
associated with shock heating.

The Hy normally has an inverse mass-temperature distribution, with a small
amount of gas at > 1000 K generating rovibrational lines, a larger amount between
100 and 1000 K generating pure rotational lines, and a vast repository of cold gas.
However, radio MOHEGs generally heat 10— 2 50 % of their molecular gas to > 100
K (Ogle et al. 2010).

We may describe the Hy by constructing a model of two components of optically
thin warm Hs (each in local thermodynamic equilibrium (LTE) at a single tempera-
ture), making fits to the excitation diagram, and finding the mass corresponding to
each temperature. This basic model simplifies the actual, surely far more complex
distribution of the Hy. The assumption of LTE is realistic because the critical densi-
ties of the upper levels are relatively low and the efficiency of collisional excitation in
those levels is high (Higdon et al. 2006; Ferland et al. 2008; Ogle et al. 2010). We also
adopt an ortho-to-para (odd to even angular momentum quantum number J) ratio of
3, valid for temperatures around 300 K (Higdon et al. 2006) (at lower temperatures,
the ratio decreases).

Our targets are unresolved point sources or poorly resolved extended sources in
the MIR (Donahue et al. 2011). The S(3) line, the brightest line in the series, falls
in the SL1 module, with an aperture diameter corresponding to the IRAC 8 pm

observation (10-20” depending on the target) (Donahue et al. 2011, Table 4). In



267

the case of A1795, which lacks IRAC observations, we assume an effective aperture
diameter of 10” based on the original IRS aperture and scaling (Donahue et al. 2011,
Table 3). Assuming that the Hy source uniformly fills the aperture, we calculate the
rest-frame surface brightness I;; of each Hy transition, in units of 107 W m™2 sr™!.

In Figure 5.1, we plot the column density N; of the upper level of each transition,
divided by its statistical weight g;, in log space against the upper level energy E,.
Following the example of Ogle et al. (2010), we include upper limits in the fit as
20 detections with 1o uncertainties, in order to set a better limit on the lower-
temperature component; those upper limits are labeled with arrows. (The exception
is A0478; we did not include the S(6) upper limit in the fit, because it impaired
the higher temperature fit without having much effect on the lower temperature or
resulting masses.) We could not obtain an upper limit to the S(0) fit in four cases,
nor to the S(6) feature for Hydra A. The color of each point denotes the module in

which the emission line was observed. For each emission line, the weighted column

density of the upper level is given by

100.414)\ 5.1
h,CA]Zg] ~ ( )

N;/g; =

where \j; is the rest wavelength of the emission line, Aj; is the transition prob-
ability or Einstein coefficient (Turner et al. 1977), g, is the statistical weight, h is
Planck’s constant, and c is the speed of light.

A, is the extinction at that wavelength in magnitudes. The extinction is likely
to be very low unless the Hy emission arises within the PDRs of normal star-forming
regions or starbursts (Higdon et al. 2006; Zakamska 2010). In our targets, we expect
the Hs to be distributed in extended filaments studded with star-forming knots, with

unusually low optical-UV extinction by dust and aromatic molecules (see Chapter 4).
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269

Evidence from Donahue et al. (2011) and this work indicates that the primary source
of Hy emission is not star formation. Significant attenuation of Hy emission by dust
seems unlikely, but as discussed above, Hy is most efficiently created and maintained
in the presence of dust. The profile of MIR extinction in such a geometry is not
known.

We modeled extinction as part of the PAHFIT spectral decomposition package as
described in Chapter 4. PAHFIT models the strength of the extinction based on the
continuum shape. In the two targets for which a secure detection of a wavelength-
dependent absorption profile was made (A1068 and Hydra A), all feature strengths,
including Hy emission lines, have been extinction-corrected. This may not be appro-
priate for this work if the Hy has a different distribution than the dust, which seems
especially likely for A1068 (where there may be a separate, nuclear site of obscured
star formation; see Chapter 4). The extinction profile has the greatest impact upon
the S(3)9.66 um emission line, which falls near the peak of a major silicate absorption
feature. We found an optical depth at 9.7 pm of 0.83 and 0.60 for the two features,
respectively.

During our analysis below, we consider whether the S(3) line appears to be over-
luminous by a factor of about 2 for those two targets, or whether it appears to be
subuminous in any of the other targets (as one would expect if the Hy is subject to
extinction which we have not corrected for).

2 vs E, in K, a population of warm H,

In the plot of logarithmic N/g in cm™
at a single temperature will yield a series of emission lines forming a straight line,
of which the absolute value of the reciprocal is the excitation temperature 7., in K

(Higdon et al. 2006). Two or more populations will form a curve with lower energy

levels falling on a steeper slope (lower temperature) and higher energy levels lying on
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a shallower slope (higher temperature) (Johnstone et al. 2007).

We fit two temperature populations to each of our targets, using MPFITFUN
(Markwardt 2009); the fits are plotted in Fig. 5.1, and the resulting temperatures are
tabulated in Table 5.1. We selected two temperatures for consistency, but in some
cases a three-temperature fit is helpful (see below). Temperature was permitted to
vary up to 2000K. Though we expect the pure rotational series of Hy to mainly probe
gas between 100 and 1000 K, the higher energy transitions may reasonably probe the
same temperature range as the NIR rovibrational emission lines.

While the fits are generally excellent, potential sources of error include the fol-
lowing. Major errors in the calibration of the Hs spectrum would tend to cause
unexpected vertical offsets between the data points extracted from different modules,
particularly between the LL and SL modules. This would mainly affect the lower
fitted temperature. No such offset is prominent or conclusive in Fig. 5.1, though a
lower temperature fit may be appropriate for the low-temperature component of the
model for A0478.

Regarding extinction, we consider whether the correction applied to the spectra
of A1068 and Hydra A appears to have been inappropriate and to have negatively
affected the quality of the excitation diagram fits. The most dramatic effect of the
correction is upon the S(3) line, which was revised upward by a factor of about 2
in each case by the extinction correction. An examination of Fig. 5.1 suggests that
removing the extinction correction would slightly impair both fits, implying that
perhaps the extinction correction was appropriate after all for Hy. Meanwhile, if
the Hy emission in any of the other targets (to which no extinction correction has
been applied) is subject to significant extinction, the S(3) line is expected to be

subluminous, but such a pattern is not evident in any of the targets.
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If the ortho- and para- states of Hy are not in equilibrium, as one might expect in
a situation where cold quiescent gas has only recently been shock heated, the effect
on the excitation diagram would be the elevation of the para-states (even J) over the
ortho-states (odd J) and a zig-zag pattern instead of a smooth curve (Hewitt et al.
2009). Such a situation is marginally plausible for 2A0335, except for the S(2) line.
A slight zig-zag pattern is detectable for A1068 and A1835, but it favors the ortho-
states instead. Since our adopted ortho-to-para ratio is the expected maximum for
LTE (Guillard 2010), we dismiss this variation as noise.

The total mass My of each population of Hy may be calculated from the luminosity
of each line (therefore, the masses in Table 5.1 are averages incorporating the weights

of each data point) as follows.

MT = MHgnT (52)

where My, is the mass of the molecule and nr is the total number of Hy molecules
at that temperature. The latter depends on the luminosity of a given emission line,

Lj;, which is given in Table 4.7.

__ LyZn,
~ AjhvgjeEu/kTe

nr (5.3)

where Zr,, is the partition function, v is the frequency of the line, and k is
Boltzmann’s constant.

We calculate the mass based on each of the available emission lines, covering at
least three of the four modules, but most of the weight of the resulting mass comes
from the better-detected emission lines appearing in the SL1 and SL2.

We have also included in Table 5.1 the estimate of the total mass of cold (< 100

K) Hs, based on the CO observations of Salomé & Combes (2003); Edge (2001).



Table 5.1. Hs temperature and mass.
Source ‘ T, M; Ty M, My, (cold)?
(K)  (10° Mg) (K) (10° Mg)  (10° M)
2A0335 | 360 £ 30 16 £4 1300 £ 100 0.13 £0.03 1.5+0.2
Hydra A | 220 £ 50 42 + 38 760 £90 0.70 £0.24 2.04+0.3
A1795 270 £30 54+ 20 940 £80 0.84 +£0.16 4.8+ 0.6
A2597 260 £20 220 + 80 950 £ 60 3.9+0.6 < 1.8
A0478 460 + 40 21+4 1800 + 400P 0.23 £ 0.09 1.7+1.0
PKS0745 | 310 £30 120 +30 | 1200 + 100 1.5£0.2 4.0+0.9
A1068 380 £ 50 91 + 47 1200 + 200 1.9+0.6 42 £ 2
MS0735 | 370 &+ 60 21+9 1000 £200 0.90 £0.39 -
A1835 310 240 240 £160 | 1200 =200 2.3+£0.9 68 + 8

(a) Mass of cold Hy estimated from CO observations, Salomé & Combes

(2003) except for 2A0335, A0478 and A1835 (Edge 2001). (b) The S(6)
upper limit was not included in this fit; including it forces this temperature
to the upper limit (2000 K) but otherwise has little effect.

272
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5.5 Discussion

5.5.1 H, temperature and mass

Two temperatures are adequate to fit the rotational Hy series in this sample of BCGs.
Our lower temperatures fall between 220 and 460 K, while the hotter temperatures
range from 760 to 1800 K. The temperatures we fit generally agree within ~ 1 —
20 with the two-temperature fits used in Donahue et al. (2011) to assist in fitting
starburst SEDs to the spectra of cool-core BCGs. As expected, our two-temperature
fit straddles the single-temperature fit to Hydra A in Donahue et al. (2011). The main
purpose of the fits in Donahue et al. (2011) was to remove the Hy lines to secure a
better fit to the rest of the spectrum using the starburst SEDs, so these more careful
fits should be considered the replacement.

The masses associated with the ~ 300K temperature populations range from ~ 10°
to 108 My, while the hotter (~ 1200 K) populations correspond to smaller masses
of ~ 10° — 10° M. In general, we measure higher masses of warmer and hot Hs in
the targets with enormous reservoirs of cold Hy (see Table 5.1), but it is interesting
to note that A2597 has one of the highest > 300 K Hy masses and among the lowest
masses of cold Hy, implying that the processes in that cool-core BCG are heating up
the Hy more efficiently than in the others.

The radio galaxy Hy sources of Ogle et al. (2010), which mainly belong to the
category of radio MOHEGS, were found to have large amounts of warm gas (100 -
200 K), between ~ 107 and 10'° M, suggesting that shocks from the radio-jet-driven
outflow are capable of heating an entire galaxy’s mass of molecular gas. In fact, the
mass of warm gas exceeds the mass of cold gas in some cases (Ogle et al. 2010, Table

12). The warm gas fraction, defined as the ratio of the mass at 100 — 200 K and
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the mass at < 100 K, ranges from about 0.1 to 2 for radio MOHEGs. Egami et al.
(2006a) found that the cool-core BCG ZwCl 3146 also has an enormous mass of gas
at about this temperature, ~ 101 M, at 160 K, with a warm gas fraction of about
0.1.

In many cases, we were able to successfully fit the data with a three-temperature
fit, which tends to better probe the 100 — 200 K gas. We find correspondingly higher
masses of gas in this temperature range: ~ 10° Mg at 120 K for MS0735, 5 x 108
Mg at 170 K for PKS0745, 3 x 10® M, at 150 K for 2A0335, and ~ 10® M, at 180
K for Hydra A and A1795. This suggests a warm gas fraction of ~ 0.02 — 0.2 (except
for MS0735 for which no cold gas estimate is available). ZwCl 3146, as noted above,
falls in the same range.

We are interested in A1068 and A1835, which both have approximately the same
amount of cold Hy gas as ZwCl 3146; all three fall among the highest masses of
cold reservoirs among cool-core clusters (Fig. 6, Salomé & Combes 2003). With no
successful S(0) measurement, however, we cannot probe the 100 — 200K temperature
regime. Based on the pattern seen in the targets listed above, we expect that there is
2 —60x as much warm gas at 160 K than at 350 K, corresponding to ~ 2 x 108 — 10%°
Mg at 160 K in A1068 and A1835, and a warm gas fraction between 0.004 and 0.2.

The cool-core BCGs have more gas at intermediate temperatures (~ 300K) than
the radio MOHEGs, which typically have masses in this regime of about 5 x 106 M,
(ranging from 0.03 to 80 x 10%) (Ogle et al. 2010). Meanwhile, at hot temperatures
(1000 - 1500 K), the median radio MOHEG has a mass of ~ 10° My, (ranging from
1700 to 7 x 10°> M), considerably less than most of the cool-core BCGs.

There is one target common to both samples, Hydra A (3C 218). Ogle et al.

(2010) publishes similar or slightly smaller line fluxes than ours; their aperture is
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smaller. At a temperature of 540 K, Ogle et al. (2010) find a mass of 10° M. Our
fitted temperatures straddle this temperature, and as expected, the masses do as well:
we find a higher mass at a lower temperature (220 K) and a lower mass at a higher
temperature (760 K). The results are consistent.

At least two categories of cool-core galaxies clusters seem to be emerging. First,
there are those like A1068, A1835 and ZwCl 3146, with large deposits of cold Hy and
abundant evidence for both obscured and exposed star formation. See Chapter 4 for
a discussion of the environment of star formation. There is also a strong correlation
between the supply of cold gas and the degree of Ha emission, associated with star
formation (Salomé & Combes 2003).

The rest of the sample has smaller reservoirs of cold gas, consistent with the
amount of cold molecular gas toward the higher end of the range of the SINGS
sample (Roussel et al. 2007).

However, while some cool-core BCGs appear to be bigger than others in terms of
the supply of cold Hy gas, the processes that heat the Hy to temperatures > 100 K act
relatively equally on all of them. The warm gas fractions are similar in all cool-core
BCGs studied here, though with a broad range, and generally fall short of the warm
gas fractions found in the radio MOHEGsS.

If the Hy in cool-core galaxy cluster cores does, in fact, tend to reside in mag-
netically supported extended filaments, in which the Hy is heated by a non-radiative
process such as the penetration of energetic particles from the ICM into the filaments
(or another source of heat such as MHD waves or cosmic rays), it is possible that such

mechanisms are not as efficient at heating the Hy as the shocks found in the radio

MOHEGS.
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5.5.2 Cool-core galaxy cluster BCGs as MOHEGs

Fig. 5.2 recreates Ogle et al. (2010, Fig. 14). The fluxes of four of the pure rotational
H, lines, S(0) - S(3), are summed and divided by the flux in the PAH feature at 7.7
pum, and plotted against the luminosity at 24 pm. As discussed in Ogle et al. (2010);
Donahue et al. (2011) and Chapter 4, the targets to the right have more star formation
or AGN power (in our sample, that means star formation, though A1068 may have
significant AGN contributions). Ogle et al. (2010) characterize targets higher on the
plot as those with more mechanical heating compared to their star formation power.

The lower of the horizontal lines in Fig. 5.2 shows the median level for the nor-
mal star-forming galaxies of the SINGS sample, at 0.014 - an average which holds
across several decades of Los. Meanwhile, the horizontal line at 0.04 indicates the
approximate lower cutoff for MOHEGsS.

In our sample, typically more than half of the flux in the sum of Hy lines comes
from the same aperture as the PAH7.7 flux, reducing the impact of aperture effects
upon the ratio.

We have overplotted other data of interest, including the radio MOHEGs of Ogle
et al. (2010). They appear as red triangles, and are often lower limits because only
an upper limit to the PAH feature could be set. The four cool-core BCGs in that
dataset (Hydra A or 3C 218, NGC 1275 in the Perseus Cluster or 3C 84, A2052 or 3C
317, and A2199 or 3C 338) have been indicated with black rings. Their datapoint for
Hydra A is nearly coincident with our own, validating the comparison between the
two samples. We have also plotted the shock front in the interacting galaxy group
Stephan’s Quintet (SQ) (Appleton et al. 2006), the LIRG NGC 6240 (Lutz et al.
2003), and the cool-core BCG ZwCl 3146 (Egami et al. 2006a).

All cool-core galaxy cluster BCGs for which these parameters have been observed
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Fig. 5.2.— Ratio of the sum of the fluxes of the rotational series Hy S(0) - S(3) over
the flux of the 7.7 yum PAH feature, plotted against Lss. The dotted line shows the
lower cut-off for MOHEGSs at 0.04, while the dashed line shows the median value for
the normal star-forming galaxies from the SINGS sample, 0.014 (Ogle et al. 2010).
Our sample is plotted with solid black dots (numbers correspond to those in Table
4.1), while data on CC BCGs from other samples is highlighted with black rings. Red
triangles: radio MOHEGs from Ogle et al. (2010). Includes 4 CC BCGs including
Perseus A (NGC 1275) and their reduction of Hydra A (overlapped by our data
point). Orange stars are other targets of interest: Stephan’s Quintet, NGC 6240, and
ZwCl 3146.
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belong to the category of MOHEGs. To the previous sample of five, we add seven
(and confirm Hydra A). A1835 falls below the cutoff because of strong PAH emission
arising from star formation, but for the same reasons as the radio galaxy 3C 31, it
lies well above the track of normal star-formers like the SINGS spirals and belongs
among the other MOHEGs. While we were not able to set a limit on the PAH feature
at 7.7 pm in 2A0335, a comparison of the strengths of Hy and the PAH feature at 6.2
pum among our sample (see Chapter 4) indicates that 2A0335 is likely to fall into the
category of MOHEGs as well.

The data point on Fig. 5.2 for NGC 1275 (“PerA”) from Ogle et al. (2010) comes
from a nuclear aperture on the BCG, as seen in Weedman et al. (2005). This captures
the strong dust continuum emission powered by the AGN. The Hy in the nucleus is
strong enough to place NGC 1275 among the other radio MOHEGs, but the contrast
becomes more remarkable when the off-nuclear filaments of NGC 1275 are examined
(Johnstone et al. 2007). The 24 pm luminosity for positions 2 and 11 have not been
published, and the high-resolution spectra do not include coverage of the 7.7 um
PAH, but the weak 11.3 ym PAH and flat long-wave continuum indicate that these
filaments should be placed toward the upper left of Fig. 5.2.

MOHEGsS are very luminous sources of rotational Hy compared to the PAH 7.7
pum emission. Ogle et al. (2010) describe the significance of the y-axis in Fig. 5.2 as
the relative mechanical (e.g. jet) to star formation power. This does not necessarily
apply in cool-core BCGs. Jet interactions are certainly critical to the mechanism of
a cooling flow, and may be responsible for dredging gas and dust up from the BCG.
The jet power could play a role if it drives shocks or MHD waves that heat the Hs, or
if cosmic rays from the radio lobes are responsible, but if particles from the hot ICM

is the agent that heats up the Hs,, the jet may be unrelated. However, considering
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that none of those heating mechanisms are known contributors to PAH luminosity,
the position of a cool-core BCG on the y axis of Fig. 5.2 may indicate the relative
power of the H, heating mechanism, regardless of what it is. Assuming that the
PAH 7.7 pm feature is an accurate tracer of star formation, the significance of the
category is that the Hy is more luminous than it should be if it is powered by star
formation. One efficient source of heat for Hy is clearly shock activity; the question
remains whether another mechanism is capable of the same efficiency.

A group of cool-core BCGs falls near the position occupied by the radio galaxy
3C 326N, the most extreme radio MOHEG, in which the H, is shock heated either by
a tidal accretion flow from the companion galaxy (Ogle et al. 2007) or by the radio
jet (Ogle et al. 2010). Four of these BCGs (A1795, A2597, A0478, and PKS0745)
were found in Chapter 4 to have relatively weak signatures of obscured star formation
from dust in the MIR (~ 1 Mg yr~!) compared to optical and ultraviolet evidence
of exposed star formation (~ 10 My yr—!). (PKS0745 was found to be something
of an intermediate case between exposed and obscured star formation. MS0735,
however, has no known indication of star formation at all.) As discussed above,
the Hy in these targets probably resides in filaments outside the main body of the
BCG, sometimes filled with chains of relatively exposed H II regions. The penetration
of energetic particles from the hot ICM into the filaments has been suggested as a
heating mechanism for the Ho and Hy (Fabian et al. 2011a). There is direct evidence
for extended star formation in A1795 and A2597, (McNamara & O’Connell 1993;
O'Dea et al. 2004; McDonald et al. 2011b) as well as other cool-core galaxy clusters
including NGC 1275 (which is moved to the right in Fig. 5.2 by its AGN-powered dust
continuum), A2052, and others (Conselice et al. 2001; Martel et al. 2002; McDonald

et al. 2011b). A2052 appears in Fig. 5.2 as one of the two radio MOHEGs with
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a black ring around it, just below MS0735. If these filament-dominated cool-core
BCGs are powered by energetic ICM particles, Fig. 5.2 demonstrates that it can be
approximately as efficient at heating Hy as the most extreme interaction-fueled radio
MOHEG.

Hydra A was also found to be an intermediate case. It shares many properties
with the above-mentioned group, including the general scale of star formation, though
its PAHs are considerably stronger.

Meanwhile, A1835 and A1068 are comparable in Fig. 5.2 to the LIRG NGC 6240
(see above). A1835 and A1068 have the properties of a starburst, with a great deal
of obscured star formation, though A1835 also has very strong optical and ultraviolet
indicators of exposed star formation. Like NGC 6240, both of these cool-core BCGs
have powerful star formation, yet still have warm Hy emission well above the level of
the normal star-forming systems of SINGS. As demonstrated by Fig. 5.1, however,
the rotational H, series is not detected as cleanly as in most of the other cool-core

BCGs.

5.5.3 Source of heat for H

In normal star-forming galaxies, warm Hy emission is stimulated from star formation
via ultraviolet pumping (Roussel et al. 2007), and emits via fluorescence. In inter-
acting systems such as Stephan’s Quintet and radio MOHEGsS, it is heated by shock
activity (Appleton et al. 2006; Ogle et al. 2010). Shocks have also been proposed
as a heating mechanism in cool-core BCGs (including ZwCl 3146, and those which
are also radio MOHEGs). In the filaments of the cool-core BCG NGC 1275, which
have MIR spectra remarkably similar to some of the spectra in this sample, Fabian

et al. (2011a) proposed that energetic particles from the hot ICM penetrating into
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the filaments can generate the observed Ha and Hy emission.

While we have found the latter model promising as an explanation for the un-
usually exposed star formation in many of our cool-core BCGs, it is also true that
shock activity is prominent in cool-core BCGs (see above). Our spectra do not have
the spatial resolution to distinguish Hy arising from filaments from Hs in interacting
regions, and it is beyond the scope of this work to perform a thorough shock analysis.
Instead, we focus on characterizing the source of heat for the Hy. We test the claim
in Donahue et al. (2011) that the weakly ionized gas and Hy in the cool-core BCGs
both receive more heating than expected from star formation, and quantify the extra
heating.

In Donahue et al. (2011), we used the 24 pm continuum as a tracer of star for-
mation power. We found that the low-ionization [Ne II] and [Ne III] emission lines
are strongly correlated with Loy (with 7 > 0.9), but that the correlation is not linear.
As discussed in Donahue et al. (2011) and Chapter 4, this implies either that star
formation does not act equally upon the dust that generates the 24 pm continuum
and upon the weakly ionized gas that generates the neon emission, or that the neon
emission has a source of heat other than star formation.

In Donahue et al. (2011), we found that the Hy luminosity (traced by the S(2) and
S(3) emission lines, which are the most reliably detected in this sample) is uncorrelated
with Lgy (r = 0.68). This is an unambiguous indication that the Hy is receiving an
additional source of heat than the 24 pym continuum. We still expect Hy in the
vicinity of star formation to experience normal heating, but the other source of heat
dominates.

Most importantly, in Donahue et al. (2011, Fig. 11), we found a strong correlation

(r = 0.98) between Hy and neon luminosity when each were divided by L4, which
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should cancel out the “bigger is bigger” effect. The power-law coefficient is 1.49+0.12.
The implication is that the additional heat sources incident upon the neon and Hs
are the same.

It is also interesting to note the broad scatter in this plot. Under the hypothesis
that all of the emission is being stimulated by star formation, one would expect the
data to be clustered at one point in Donahue et al. (2011, Fig. 11) (governed by the
standard ratios of neon or Hy to continuum emission for normal star-formers), with
a total scatter of perhaps 3x on each axis (i.e. a scatter of 1.7x in each direction).
Instead, we observe that the [Ne II] / Loy ratios have a scatter of about 40x, and
the (Hy S(2) 4+ S(3)) / Loy ratios have a scatter of 100x. (We exclude MS0735 from
much of this discussion because star formation is clearly not the source of heat in that
target, and it is an outlier on most of these plots.) We do not know where normal
star-formers lie on this correlation, but we can reasonably assume that they fall near
A1068 and A1835 (which have many normal MIR signatures of star formation) at
the bottom end of each range of scatter. We average A1068 and A1835 to get the
canonical value of each ratio for normal star-formers. The implication is that the
source of heat acting upon the neon in extreme cases like A0478 may be up to ~ 25x
more effective than if only the source of heat acting upon the dust grains (assumed
to be star formation) were heating the neon, and the source of heat acting upon the
Hs; may be ~ 100x as effective as if the Hy were heated by the same source of heat
as the dust grains. This is remarkable.

We explored this association further, under the assumption that the thermal dust
continuum traces the star formation rate, by comparing standard SFR calibrations
based upon neon (Ho & Keto 2007) or Hy (Treyer et al. 2010) to the SFR derived from

the MIR spectrum (using fits to the Groves et al. (2008) models). We found that for
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A1068 and A1835, the three SFR calibrations were in rough agreement, though A1835
has relatively weak Hy (consistent with its position on Fig. 5.2). While we discussed
their exposed and probably filamentary star formation in Chapter 4, these two targets
appear to be dominated by normal, probably nuclear, starburst activity. For the rest
of the sample (excluding MS0735), the SFR estimated from neon is 3 —8x larger than
the SFR estimated from the 24 ym continuum, which is similar to the results of Table
4.11 in Chapter 4; neon is overluminous compared to the dust continuum associated
with star formation. Meanwhile, SFR estimated from Hy is 5 — 15x larger than the
SFR from the 24 pm continuum (Hydra A, an intermediate case, has a variation of
only ~ 2x).

While this analysis demonstrates that the atomic and molecular gas are overlumi-
nous compared to the thermal dust continuum, it does not necessarily demonstrate
that they are overluminous compared to the power of star formation. The assumption
that the 24 pm continuum traces star formation power in most cool-core BCGs was
rejected in Chapter 4 (or at least, it traces only a small fraction of the star formation
power). Star formation in many cool-core BCGs is highly exposed, supporting our
proposal that it occurs in a system of thin (~ 0.3 pc) molecular threads. Under that
consideration, we must revise our analysis of Donahue et al. (2011), using a more
accurate tracer of star formation analysis than Los. We have chosen the indicative
estimate of total SFR from Chapter 4, SFR; from Table 4.11. It is the sum of an
estimate of obscured SFR from the 24 ym continuum and exposed SFR from optical
and ultraviolet continuum observations.

In Fig. 5.3(a), we recreate (Donahue et al. 2011, Fig. 11) with this revision. We
plot the sum of the well-detected Hy S(2) and S(3) lines, divided by SFRj, against

the [Ne II] line divided by SFR;. We find a correlation with a power-law coefficient
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Fig. 5.3.— (a) Luminosities of the Hy S(2) + S(3) lines and [Ne II] (all in rest-frame
10" erg s7!, see Table 4.7) scaled by the estimate of the total SFR in Mg yr~! (see
Table 4.11). CC BCGs are plotted with black dots (numbers correspond to those in
Table 4.1). The dotted line is unity, and the solid line is the best fit, with a power-law
coefficient of 1.5 + 0.6. (b) Similar plot, with the sum of the Hy S(0), S(1) and S(2)
lines versus the sum of the [Ne II] and [Ne III] lines. Dashed line is the best fit,
with a power-law coefficient of 1.5 £ 0.5 (R=0.90). The dash-dot lines are the SFR
calibrations based on neon (Farrah et al. 2007, or see Eq. 4.3) and Hy (Treyer et al.
2010), with a scatter of 1.7x in each direction.
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of 1.5 £ 0.6, in agreement with the correlation found by (Donahue et al. 2011). The
existence of a correlation confirms that the Hy and weakly ionized gas share a source
of heat beyond star formation.

However, the scatter has tightened up considerably. The range in the ratio of
neon to SFR; is only 6x, and the range in the ratio of Hy to SFR; is ~ 30x. (It
makes no significant difference whether we include MS0735 in the correlation, because
of its large errorbars, but we exclude it from the discussion of scatter.) We still do
not have a reference point for normal star formation, but if we assume that A1068
and A1835 are representative, most of the targets fall within the expected scatter for
normal star formation (~ 1.7X) around the ratio of [Ne II] / SFR; (about 0.2 for
those two targets). A2597, A0478, and PKS0745 (marked with a 4, 5 and 6 on the
plot respectively) exceed this range, but not by much. The source responsible for
heating the neon is up to ~ 3x as efficient as star formation alone, in the extreme
case of A2597. This suggests that while neon shares an additional source of heat with
Hs, it is not much more effective at heating the neon than star formation; in other
words, star formation could be responsible for generating all of the neon emission seen
in most of the BCGs. In targets like A2597, star formation probably contributes 1/3
of the observed warm Hy emission, and another process contributes the other 2/3.

Though the scatter is reduced compared to the analysis that used Los as a metric
of star formation power, it is still high for the ratio of Hy to SFR; relative to A1068
and A1835, our best examples of normal star formation. Their ratio is about 0.13.
All of the other BCGs (except Hydra A, marked with a 2 on the plot) are above the
expected range for normal star formation. This analysis implies that it is impossible
for star formation to generate the observed Hy emission in these targets. The efficiency

of Hy heating in A2597 may be 15x as efficient as in a normal star-forming region.
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The assumption that A1068 and A1835 characterize normal star formation leaves
much to be desired. In Chapter 4, we proposed that they are hosts to sites of both nor-
mal, starburst-like star formation in their cores and extended, exposed star formation
in their filamentary networks. They are not perfectly understood.

Therefore, in Fig. 5.3(b), we select indicators of neon and Hy emission that have
been linked to standard calibrations of star formation, still scaled by our estimate of
total SFR;. [Ne II] + [Ne III] have been correlated to SFR by Ho & Keto (2007);
Farrah et al. (2007). We use the latter, as in Eq. 4.3. That calibration is plotted with
a vertical dash-dot line, with the expected scatter of 1.7x in each direction shaded
in gray. The sum of the three reddest rotational Hy lines, S(0), S(2), and S(3), is
plotted on the other axis. Their sum has been correlated to SFR by Treyer et al.
(2010), and the calibration appears as a horizontal dash-dot line with the expected
scatter shaded in gray.

The two ratios are still correlated with a power-law coefficient of 1.5 £ 0.5 (r =
0.90). As above, including MS0735 makes little difference to the correlation. The neon
analysis is much the same as above; most BCGs have the expected neon luminosity
for their degree of star formation. A2597, A0478 and PKS0745 have higher neon
luminosity (though the discrepancy is only decisive for A2597), implying an additional
source of heat beyond star formation which is up to 5x as efficient for A2597 than
star formation alone.

We do not securely detect the Hy S(0) line in any of our targets. We plot the
sum of the S(1) and S(2) lines when detected, and add upper limits to the upper
errorbar. Therefore, the upper uncertainties should receive additional attention when
determining whether a target has normal Hs luminosity. Indeed, while Hydra A,

A1068 and A1835 fall short of the expected range of normal star formation, the
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errorbars in all three extend upward into that range. They may have relatively weak
Hs for their level of star formation, but Fig. 5.2 suggests otherwise.

The other BCGs are systematically high (~ 2.3x the standard calibration) but
are also consistent within uncertainty with the normal range of Hy luminosity for
star-forming regions, except for A2597, which is ~ 10x more luminous in Hy than
can be accounted for with star formation alone.

In summary, the warm Hy gas is being heated by a process other than star for-
mation in A2597 and MS0735, and perhaps in some of the other BCGs as well. In
general, star formation can account for the weakly ionized atomic emission. However,
the correlation between the Hy and atomic emission, when the power of star formation
has been scaled out, suggests that the two may share a source of heat.

We suggest that the method proposed by Fabian et al. (2011a), where hot ICM
particles turbulently penetrate through the magnetic shielding and into the filament,
may act upon the molecular gas as it does upon the Ha-emitting gas. This may be
the only source of heat for the Hy and low-ionization atomic emission in MS0735,
where no star formation is detected.

By scaling by our most realistic estimate of total star formation and comparing
to standard star formation calibrations, we find that neither neon nor Hy experience
the extreme heating which is implied when they are scaled by the 24 ym continuum.
This is another way of saying that the thermal dust continuum is weak in many of
these targets, relative to many reference points including neon and Hy emission.

The neon and Hy luminosities are systematically high (2 2.3x) relative to the
standard star formation calibrations for several cool-core BCGs, but the only star-
forming BCG with remarkable neon and Hy excesses is A2597, where the heating of

neon and Hy is 5 and 10x more efficient (respectively) than by star formation alone.



288

This BCG is also extreme among cool-core BCGs in terms of Hy luminosity relative
to PAH luminosity (see Fig. 5.2) and has a spectacular filamentary emission line
system and blue continuum lobes (Koekemoer et al. 2002).

To test whether shocks or energetic particles are the more likely heating mech-
anism, we are interested in the normal relationship between H, and neon emission
in shocked systems such as most of the non-cool-core-BCG MOHEGSs in Fig 5.2.
Egami et al. (2006a) found that shocks were capable of producing neon emission in
the cool-core BCG ZwCl 3146, but not the same type of shock as that generating
the Hy emission. They also note that such co-existence of different shock types has
been discovered in other targets, but it is not clear whether such a morphology would
produce the correlation between Hy and neon luminosities shown in Fig. 5.3.

Low-ionization neon emission is found in the main shocked region in Stephan’s
Quintet, but it is weak compared to in our sample, with a fractional flux in the [Ne
I1] line of 0.58 of the flux in the Hy S(2) line (Cluver et al. 2010). The radio MOHEG
3C 326 N has a ratio of In our sample, that fraction ranges from 1.3 (2A0335) to
6.2 (Hydra A). MS0735 is an outlier (having no boost to the neon emission from star
formation), with a ratio of 0.87, almost as low as Stephan’s Quintet. However, among
the radio MOHEGs, there is a wide range of neon strengths relative to Hy: 5.0 £4.9
(Ogle et al. 2010). Targets like NGC 1275 tend to have high fractional neon emission
(6.5) while the interacting galaxy 3C 326 N has a lower ratio of about 1.1. Thus, in
general it appears that the shocks found in interacting systems may not be capable
of producing the same relationship between Hy and low-ionization atomic emission as
observed in our sample, but this is a preliminary conclusion, and many of the radio
MOHEGS have ratios of [Ne II] / Hy S(2) similar to ours.

There is no prediction for the normal relationship between Hy and neon luminosity
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in the energetic particle model of Fabian et al. (2011a). However, the model is based
upon the filaments of the cool-core BCG NGC 1275. In those filaments, the fraction of
[Ne II] to Hy S(2) is ~ 1 (in position 2) and ~ 1.5 (in position 11), comparable to our
sample (Johnstone et al. 2007). This does not support the energetic particle model in
particular (because some other mechanism, perhaps a different type of shock, could
be acting in that system instead of energetic particles from the ICM). However, our
data are consistent with the environment that the model is based on, and inconsistent
with at least some systems where Hy and neon are being generated by shocks from
interacting systems.

A comparison between the ordinates of Fig. 5.2 and Fig. 5.3(b) suggests that the
definition of MOHEGSs may be refined by replacing the ratio of Hy/ PAH(7.7 pm) with
the ratio of Hy/SFR. The PAH luminosity is easier to measure in a consistent manner
(at least when fit with the same method such as PAHFIT; see §4.5.6) and there have
been many correlations between PAH luminosity and SFR (Roussel et al. 2001; Elbaz
et al. 2002; Houck et al. 2007; Farrah et al. 2007; Zhu et al. 2008; Menéndez-Delmestre
et al. 2009; Hiner et al. 2009). However, these attempts are hindered by the complex
and variable nature of the PAH emission and by multiple sources of contamination
(see Chapter 4 for more discussion). Even when a SFR based on PAH emission can
be relied upon, it traces obscured star formation, which is adequate to estimate total
SFR in the case of normal star formation (where ~ 66 — 90% of the optical-UV light
of young stars may be obscured) but insufficient for extremely exposed star formation
such as we see in many cool-core BCGs (see Chapter 4).

We consider what known MOHEGs may look like on such a plot. The radio
MOHEGs generally have weak star formation, suppressed by the radio jet; SFR esti-

mated with PAH7.7 is low (Ogle et al. 2010). No significant exposed star formation
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is expected. For the most part, they will not shift relative to normal star-formers,
and serve as a baseline. Among the cool-core BCGs included in the radio MOHEGs
sample, 3C 317 (A2052) and 3C 338 (A2199), which lie close to each other in Fig.
5.2, do not have indications of star formation at more than ~ 2Mg yr=! (Cardiel et al.
1998; Martel et al. 2002; Hicks et al. 2010) and thus are unlikely to shift. However,
the filaments of NGC 1275 have been shown to have at least 20My yr—! of exposed
star formation (Canning et al. 2010). Relative to the other radio MOHEGs, it will
shift downward. A1835 would stay in about the same place (its SFR based on PAHs
is about the same as our total estimate of SFRy, see Table 4.11) as would MS0735
(its PAH7.7 pm is only an upper limit, as is its SFR;). The rest of the cool-core
BCGs would move downward in the plot because their estimates of SFR; are higher
than those based upon PAHs, by factors of ~ 3 — 8 (see Table 4.11). The estimated
result is that cool-core BCGs would be more tightly clumped on such a plot, falling
among typical or weak radio MOHEGs rather than among the strongest. Such a plot
would measure the strength of Hy (and its energy source) relative to total star-forming
power, rather than only obscured star formation. The BCGs with the highest Hy to
SFR; ratios, like A2597, would appear at a level ~ 10x that of the normal star-
forming galaxies of SINGS. The ratio of Hy to SFRy, indicating the power of the heat

source for the Hy, probably correlates with the cool Hy fraction.

5.6 Conclusions

Massive reservoirs of molecular hydrogen, generally formed on dust grain surfaces,
act as important absorbing agents and coolants in many types of galaxy systems.
Emission lines of warm Hy are detected in PDRs, where the Hy serves as a shield and

coolant for star formation in cold dark molecular cores. They are detected in dusty
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elliptical galaxies, ULIRGs, and most of all in shocked systems such as interacting
galaxies, motivating the establishment of a category of galaxies (MOHEGS) defined
by strong H, proportional to indicators of star formation (> 4% of PAH emission at
7.7 pm) (Ogle et al. 2010).

The BCGs of cool-core galaxy clusters are also major sources of pure rotational
and rovibrational Hy emission. Powerful emission from warm Hs is present in all nine
BCGs of this sample (and in four other cool-core BCGs not included in this sample).
As discussed in Chapter 4, eight of the nine targets have indicators of both obscured
star formation (based on MIR characteristics such as Las) and exposed star formation
(based on optical-UV continuum observations). Two (A1068 and A1835) have large
total star formation rates (150 — 240My yr~!) that are mostly obscured, while the
rest have moderate star formation (5 — 25My yr~!) which is mostly exposed.

Observations and models of another cool-core cluster, NGC 1275, indicate that
warm Hs originates in intricate magnetically-supported filaments which are associated
with ionized line emission and sometimes with chains of H II regions. Energetic
particles from the ICM may be the primary heating source for the Ha and Hy emission
in the filaments, but shocks are present in cool-core BCGs and may also be a plausible
source. In Chapter 4, we find that such filaments or other extended environments
of star formation are the most plausible explanation for the exposed star formation
found in most of the sample (though not all filaments host star formation, and two
of our targets probably also have a major site of nuclear, normal starburst activity
as well). Filaments such as those in NGC 1275 are also a promising environment for
the strong Hy emission found in all nine cool-core BCGs in the sample.

We fit two-temperature models to the warm Hs; and found that some cool-core

BCGs may be consistent with ZwCl 3146 in heating up as much as 10% of their large
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reservoirs of cold gas to a warm (> 100 K) state. Cool-core BCGs generally do not
heat their Hy gas as efficienctly as radio MOHEGs, which serve as an example of a
shocked system.

All cool-core BCGs which have been examined are MOHEGs by the definition of
Ogle et al. (2010), and some are among the most extreme MOHEGs known. (A1835 is
a marginal case.) Hy scaled by PAH emission is a measure of the power of the energy
source for the Hy (definitely shocks in most cases) relative to the star formation
power. However, when Hj is scaled by total star formation instead of by PAH 7.7 ym
emission (a measure of obscured star formation, which is adequate for most normal
star formation but not for the exposed star formation environments found in many
cool-core BCGs), we estimate that cool-core BCGs become more moderate. They still
have high Hs emission relative to normal star-formers, but their H, heating mechanism
may not be as efficient as the most extreme radio MOHEGs and the shock front in
Stephan’s Quintet.

We gauge the efficiency of the heating mechanism for the Hy by comparing its
luminosity to normal star formation calibrations, and correlating to weakly ionized
neon emission scaled the same way. Star formation may account for the atomic
emission, but it cannot account for the Hy emission in at least two targets and perhaps
in others as well. Furthermore, the atomic gas and H, are correlated when the power
of star formation is scaled out, suggesting that they share a heat source which may
not be star formation. The second heat source only stands out in the case of A2597,
where it heats the neon 5x as efficiently as star formation alone, and heats the H,
10x more efficiently than star formation alone, and in the case of MS0735, where
there is no star formation detected at all.

We seek to distinguish between energetic particles from the ICM and shocks as
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the source of Hy emission in cool-core BCGs. The efficiency with which the heating
source heats up the cold gas reservoir offers some clues. Cool-core BCGs convert
at most 10% of their cold Hy gas to a cool state; most convert substantially less.
However, 10% is the minimum cool gas fraction for radio MOHEGs (Ogle et al.
2010), indicating that the mechanism in cool-core BCGs is inherently less efficient at
heating cold Hy than the types of shock systems (associated with galaxy interactions
and radio-jet outflows) found in the radio MOHEGs. This is not conclusive because
there are many types of shocks, and the model of energetic particles discussed in
Fabian et al. (2011a) does not predict the efficiency with which the hot ICM will
convert, large reservoirs of cold Hy to a cool state.

Another clue is that the heating source acts upon both the H, and neon, but
approximately twice as efficiently upon the Hy relative to the effect of star formation
alone. We found that the relationship between neon and Hs luminosities in our sample
is consistent with the ratio in the filaments of NGC 1275 (upon which the Fabian et al.
(2011a) model was based) but not with some systems where the Hj is generated in
shocks caused by interacting systems. More analysis may determine whether shocks
are capable of producing neon and Hy which are correlated in the same way as in
cool-core BCGs.

This is far from a proof of the energetic particle model, or a refutement of all shock
types as the source of the Hy heating. In fact, considering that all MOHEGs until this
sample have been associated with shock heating of Hs, it would take extraordinary
evidence to demonstrate that another mechanism can generate such luminous Hy
relative to indicators of star formation. However, we have demonstrated that the
model of shocks in interacting systems or other large-scale motions of gas within a

system does not consistently describe the Hy in cool-core BCGs. Specifically, the cool-
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core BCGs may not heat their cold reservoirs of Hy as efficiently as shocks typically
do, and the relationship between H, and neon emission may be different in shocked
systems than it is in our targets. These results, along with those in Chapter 4,
are consistent thus far with the Fabian et al. (2011a) model, though the predictions
of that model have not been rigorously tested on this sample. Rather than being
an abnormal case, NGC 1275 may provide a template for the extended filamentary
systems of cool-core BCGs. Other heating mechanisms may also be relevant, such
as magnetohydrodynamic waves driven by the jet, or cosmic rays from the hot radio
lobes.

Cool-core BCGs resist reduction in their analysis because some have no star for-
mation and others have multiple and simultaneous environments of star formation
(chains of H II regions in extended filaments, extended jet-induced SF, or nuclear
starbursts). Moreover, the AGN in some cool-core BCGs produces a powerful warm
dust continuum and all of the MIR hallmarks of a radio galaxy, while the AGN in
others has little impact on the MIR spectrum. Thus far, however, all cool-core BCGs
are consistent with a network of molecular filaments raining in from the cooling radius
(though enriched by gas and dust from the central mixing region of the ICM) where

hot ICM particles penetrate the filament and stimulate Ha and warm Hy emission.
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Chapter 6

Summary
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In Chapter 2, we present and study a rich MIR data cube of the nearest super
star cluster, 30 Doradus. Aromatic dust emission features are of modest strength,
concentrated in the arc-like two-lobed ridge coincident with CO emission and partially
encircling the central R136 cluster. The dust temperature is high. Rotational Hs
lines are weak, though the Hy 0-0 S(3) line is detected. Three distinct regions of high
extinction are found. The dominant spectral features are low to moderate ionization
emission lines, which are sensitive to the physical conditions in the ionized gas. We
map excitation in 30 Doradus and find that it generally follows the “ridge and bubble”
morphology. We find local photoionization by hot stars to be dominant in the region,
more than distance from R136, and identify several “hot spots.”

In Chapter 3, we presented the IRS spectra and IRAC / MIPS broadband photom-
etry of a sample of nine cool core BCGs. We detected very bright molecular hydrogen
rotational transitions, PAH features, and forbidden lines from ionized gas (Ne II, Ne
III), in addition to dust continuum at 15 — 25 pum. These galaxies were known pre-
viously to have prominent optical and ultraviolet indications of star formation. The
PAHs in this sample have ratios indicating that the PAHs in such BCGs are heated
by star formation and are similar in size and ionization distributions to PAHs in spiral
galaxies, though also suggesting a weaker radiation field. The PAHs appear not to
have been traumatized by the destructive X-ray radiation and fast-moving thermal
particles in the hot ICM.

Fits of simulated starburst models show that the star formation rates inferred
from the 5—25 pm spectra are consistent with star formation rates inferred from our
70 pm MIPS photometry. The luminosity of the warm ionized gas, traced by the [Ne
I1]12.6 pm emission line, is also correlated with the dust luminosity, so it is likely that

the star formation powering the dust luminosity is also contributing to the heating



297

of the warm ISM. However, the relation is distinctly non-linear, in the sense that the
systems with lower IR luminosities have larger [Ne II] /IR ratios. All of the systems are
over-luminous in [Ne II] compared with PAH or dust emission. Even more strikingly,
the molecular hydrogen luminosities of BCGs are very high compared to that expected
from star-forming galaxies of similar infrared luminosities. The Hs luminosities are
only weakly correlated with the mid IR or PAH luminosities, suggesting that the
Hy emission line power source is nearly independent of that powering the dust. The
strong correlation of the molecular hydrogen line luminosity scaled by Loy with [Ne 1]
scaled in the same way suggests that the warm gas has a second heat source that may
be related to the primary power source for the molecular hydrogen emission lines, a
scenario consistent with excess heating by energetic particles and/or conduction from
the hot intracluster gas.

In Chapter 4, we compare the optical and ultraviolet (exposed) vs infrared (ob-
scured) indicators of star formation. Considering the thermal dust continuum (which
is surprisingly weak in most cases), the PAH emission, and low-ionization emission,
we find that one target (MS0735) has no indicators of star formation, six have un-
usually exposed star formation, and the remaining two (A1068 and A1835) seem to
have both obscured and exposed star formation, which may arise in different spatial
regions. Most cool-core BCGs which are close enough to resolve demonstrate signs of
extended emission such as filaments that emit Ho and warm Hy light, in which knots
of star formation are sometimes found.

Normal star formation in a central disk-like environment or starburst, with a
relatively high (2 60%) degree of extinction of optical-UV light from young stars, is
not able to reproduce our results. We consider in particular whether a model of the

filaments in NGC 1275 applies to our targets. In this model, the observed filaments
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(~ 50 kpc long, ~ 100 pc wide) have an intricate substructure of fine threads (~ 0.3 pc
wide) with 10 pc of separation on average between each. We find that this model may
explain the exposed environment of star formation that we find in cool-core BCGs,
and the unusually cool dust profile and undisturbed PAHs in some of the cool-core
BCGs. In MS0735, we conclude that the same filamentary network is present, but
not forming stars. In A1068 and A1835, the filamentary network is forming stars,
but there is also a large body of normal, obscured star formation which might arise
in an environment like a nuclear starburst.

We estimate the total (obscured + exposed) star formation in the cool-core BCGs
and find that the efficiency of star formation relative to the cooling rate (which
presumably supplies most of the fuel of star formation) ranges from ~ 13% to (in
A1068) well above 100%.

In Chapter 5, we analyze the properties of the extraordinarily luminous pure rota-
tional emission from warm Hy. We consider whether the proposed heating mechanism
in the filamentary model mentioned above, saturated conduction into the filaments
from the surrounding hot ICM, is realistic, and we consider shocks (which are asso-
ciated with all other sources where H, is particularly luminous relative to indicators
of star formation).

We perform excitation analysis to find temperatures and masses of warm H,, and
compare to other luminous sources of warm Hs emission. While A1068 and A1835
may be consistent with ZwCl 3146 in heating up as much as 10% of their large
reservoirs of cold gas to a cool (> 100 K) state, the others have smaller reservoirs of
cold gas and do not heat it efficiently (cool gas fractions are < 1 %) though there are
some indications that they tend to have a larger hot gas fraction (2 1000 K) than

comparable radio galaxies.
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All cool-core BCGs which have been examined belong in the category of molecular
hydrogen emission galaxies (MOHEGs). The significance of the category may be that
the source of heat for Hy is much more efficient than star formation alone. While many
of our cool-core BCGs fall among the most extreme MOHEGs by the criteria used, we
suggest that the criteria depend upon measurements of obscured star formation, and
that if the exposed star formation were taken into account, cool-core BCGs would be
found to be consistently moderate among MOHEGs, not heating their H, as efficiently
as some of the most extreme interacting systems.

We test the efficiency of the Hy heating relative to the power of star formation. We
include measures of exposed and obscured star formation. We confirm that Hy and
atomic line emission are still correlated when scaled by the power of star formation,
but the additional source of heating is not as extreme as previously thought. Star
formation may account for the atomic gas emission, but not for the Hy emission in at
least two (and possible more) targets.

We consider whether shocks or saturated conduction from the ICM are more
likely to heat the Hy in the filaments. Our results are consistent with the model
of saturated conduction, though more rigorous tests are called for. The model of
shocks in interacting systems or other large-scale motions of gas within a system does
not consistently describe the Hy in cool-core BCGs. Specifically, the cool-core BCGs
may not heat their cold reservoirs of Hy as efficiently as shocks typically do, and the
relationship between Hy and neon emission may be different in shocked systems than
it is in our targets. However, we do not rule out shock heating in cool-core BCGs.

Cool-core BCGs resist reduction in their analysis because some have no star for-
mation and others have multiple and simultaneous environments of star formation

(chains of H II regions in extended filaments, extended jet-induced SF, or nuclear
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starbursts). Moreover, the AGN in some cool-core BCGs produces a powerful warm
dust continuum and all of the MIR hallmarks of a radio galaxy, while the AGN in
others has little impact on the MIR spectrum. Thus far, however, all cool-core BCGs
are consistent with a network of molecular filaments raining in from the cooling radius
(though enriched by gas and dust from the central mixing region of the ICM) where

hot ICM particles penetrate the filament and stimulate Ha and warm H, emission.
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