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ABSTRACT

The Great Observatories All-sky LIRG Survey (GOALS) is a comprehensive, multiwavelength study of luminous
infrared galaxies (LIRGs) in the local universe. Here, we present the results of a multi-component, spectral
decomposition analysis of the low-resolution mid-infrared (MIR) Spitzer Infrared Spectrograph spectra from
5–38 μm of 244 LIRG nuclei. The detailed fits and high-quality spectra allow for characterization of the individual
polycyclic aromatic hydrocarbon (PAH) features, warm molecular hydrogen emission, and optical depths for both
silicate dust grains and water ices. We find that starbursting LIRGs, which make up the majority of the GOALS
sample, are very consistent in their MIR properties (i.e., τ9.7 μm, τice, neon line ratios, and PAH feature ratios).
However, as their EQW6.2 μm decreases, usually an indicator of an increasingly dominant active galactic nucleus
(AGN), LIRGs cover a larger spread in these MIR parameters. The contribution from PAH emission to the total
IR luminosity (L(PAH)/L(IR)) in LIRGs varies from 2%–29% and LIRGs prior to their first encounter show
significantly higher L(PAH)/L(IR) ratios on average. We observe a correlation between the strength of the starburst
(represented by IR8 = LIR/L8 μm) and the PAH fraction at 8 μm but no obvious link between IR8 and the 7.7 to
11.3 PAH ratio, suggesting that the fractional photodissociation region (PDR) emission, and not the overall grain
properties, is associated with the rise in IR8 for galaxies off the starburst main sequence. We detect crystalline
silicate features in ∼6% of the sample but only in the most obscure sources (s9.7 μm < −1.24). Ice absorption
features are observed in ∼11% (56%) of GOALS LIRGs (ULIRGs) in sources with a range of silicate depths.
Most GOALS LIRGs have L(H2)/L(PAH) ratios elevated above those observed for normal star-forming galaxies
and exhibit a trend for increasing L(H2)/L(PAH) ratio with increasing L(H2). While star formation appears to be
the dominant process responsible for exciting the H2 in most of the GOALS galaxies, a subset of LIRGs (∼10%)
shows excess H2 emission that is inconsistent with PDR models and may be excited by shocks or AGN-induced
outflows.
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1. INTRODUCTION

Luminous infrared galaxies (LIRGs; LIR > 1011 L�) are
relatively rare in the local universe, but by z ∼ 1, they dominate
the co-moving infrared (IR) energy density (Le Floc’h et al.
2005; Magnelli et al. 2009). Thus, not only do LIRGs represent
a galaxy population that dominates the energy budget in the IR
at an epoch when star formation was at its peak, but they also
reflect a set of galaxies that has undergone rapid evolution since
z ∼ 1–2.

Given their high IR luminosities, LIRGs, especially those at
z ∼ 0, offer an ideal extragalactic laboratory for studying the fea-
tures that dominate in the mid-infrared (MIR), particularly the
emission from polycyclic aromatic hydrocarbons (PAHs). PAH
emission is believed to originate from the transitive heating of
small carbonaceous grains by UV photons in photodissociation

regions (PDRs) and thus is a good tracer of star formation, even
when that star formation is heavily dust obscured. The various
possible rotational and vibrational modes of the carbon and hy-
drogen atoms that form PAH molecules have been well studied
in the laboratory and so clues as to the ionization state and size
distribution of the extragalactic dust grains can be determined
from measurements of various PAH ratio strengths. More than
85% of the MIR emission from LIRGs is produced by star for-
mation (and not by an active galactic nucleus (AGN); Petric et al.
2011), so LIRGs provide a variety of conditions (e.g., a weak
AGN, a range of merger stages, varying amounts of warm H2,
deep silicate obscuration) within which to study PAH emission.
In addition to grain size distribution and ionization state, PAHs,
when linked to other galaxy properties, can reveal whether or
not warm H2 emission originates from within PDRs (i.e., is
traced by PAH emission) versus being triggered by shocks or
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X-ray heating (see, for example, Roussel et al. 2007; Zakamska
2010), as well as the environments in which IR and UV emission
decouple (through comparisons with the infrared excess, IRX).

A major effort to study LIRGs in the local universe is the
Great Observatories All-sky LIRG Survey (GOALS; Armus
et al. 2009). The GOALS sample of 180 LIRGs and 22 ULIRGs
represents a complete subset of the IRAS Revised Bright Galaxy
Sample (RBGS) Catalog (Sanders et al. 2003) covering a range
of dust obscuration and merger stages. In our first paper, we pre-
sented the low-resolution Infrared Spectrograph (IRS) spectra
for 244 nuclei within the 202 GOALS LIRG and ULIRG sys-
tems and some of the basic related measurements (EQW6.2 μm,
s9.7 μm, MIR slope, as well as merger stage; Stierwalt et al. 2013).
Here we present the results of a detailed spectral decomposition
of these low-resolution MIR LIRG and ULIRG spectra using
the method described in Marshall et al. (2007).

In Section 2, we briefly discuss the sample selection, as well as
the data reduction and spectral fitting method. In Section 3, we
present the results of the spectral decomposition, specifically
how PAH emission relates to other PAH features (via PAH
feature ratios), neon fine structure lines, the total L(IR), merger
stage, obscuration (due to silicate dust grains and water ices),
and UV properties (i.e., IRX). In Section 4, we discuss warm
molecular hydrogen in LIRGs, including whether it is confined
to PDRs, and some of the LIRGs with excess H2 emission in the
GOALS sample. We also explore the effects weak AGNs may
have on the MIR properties of LIRGs. Finally, we summarize
our conclusions in Section 5.

2. OBSERVATIONS AND DATA ANALYSIS

2.1. The Sample

Of the 180 luminous (1011 < LIR/L� < 1012) and 22
ultraluminous (LIR > 1012 L�) IR systems comprising the
GOALS sample, several are multiple interacting galaxies that are
resolved in the MIR. As a result, 244 individual galaxy nuclei
were targeted for MIR spectroscopy using the low-resolution
short–low (SL: 5.5–14.5 μm) and long–low (LL: 14–35 μm)
modules of the Spitzer IRS (Houck et al. 2004). New staring
mode observations were obtained for 157 of the LIRG systems
(PID 30323; PI: L. Armus), and archival low-resolution staring
or mapping mode data were acquired for the remainder of the
sample.

All 202 systems are nearby but cover a range of distances
(15 Mpc < D < 400 Mpc), so the resulting projected IRS
slit width varies from source to source. At the median galaxy
distance of 100 Mpc, the nuclear spectrum covers the central
1.8 kpc in SL and the central 5.2 kpc in LL. Since NGC 1068
(the nearest GOALS galaxy at D = 15.9 Mpc) saturates the
spectrograph, the closest sources for which results are presented
here are NGC 2146 (D = 17.5 Mpc) and NGC 1365 (D =
17.9 Mpc), which are probed on subkiloparsec scales by both
the SL and LL slits. For the most distant galaxy in the sample,
the ULIRG IRAS07251−0248 (D = 400 Mpc), the SL and LL
slit widths translate to ∼7 kpc and 21 kpc, respectively.

2.2. Data Reduction

The data reduction is described in detail and all 244 reduced
GOALS spectra are presented in Stierwalt et al. (2013) along
with tabulated values for 6.2 μm PAH equivalent widths,
apparent silicate absorption feature depths, and MIR slopes for
the entire sample. Briefly, staring mode spectroscopic data were
reduced using the S17 and S18.7 IRS pipelines from the Spitzer

Science Center.14 One-dimensional spectra were extracted using
the standard extraction aperture and point source calibration
modes in SPICE15 which employs a tapered extraction aperture
that averages roughly to a size of 10.′′6×36.′′6 in LL and 3.′′7×9.′′5
in SL. For the 18 systems with archival mapping mode data,
spectra were extracted using CUBISM (Smith et al. 2007a).

The three most prominent absorption features in the MIR are
those due to silicate dust grains at 9.7 and 18.5 μm and ices at
6.0 μm. In all three cases, the extent of the extinction can be
quantified in two different ways: the strength of the absorption
feature, sλ and the optical depth, τλ. The strength sλ is measured
directly from the data (and thus does not rely on the result of the
spectral decomposition) via sλ = log(fλ/Cλ) where fλ is the
measured flux at the central wavelength of the absorption feature
and Cλ is the estimated level of the continuum flux in the absence
of the absorption feature, as derived from an extrapolation to the
surrounding continuum. Thus, sλ > 0 indicates emission at that
wavelength. This method for calculating s9.7 μm follows that of
Spoon et al. (2007), and the resulting values for the GOALS
galaxies are presented in Stierwalt et al. (2013).

We also use our spectral decomposition method to derive
optical depths corrected for extinction for the ices at 6.0 μm
and the silicates at 9.7 μm, τice and τ9.7 μm. The level of
dust obscuration in each source is determined by assuming
the PAH-emitting dust grains are intermixed with a colder
dust component that is positioned between the observer and
a warmer dust component (Marshall et al. 2007). The warm
dust component is thus assumed to be extinguished according
to fwarm = fwarm,0e

−τλ (screen geometry), while the extinction
law applied to the PAHs follows fPAH = fPAH,0(1 − e−τλ/τλ)
(mixed geometry), where fwarm,0 and fPAH,0 are the emitted
fluxes before they have been extinguished.

2.3. Spectral Fitting

To measure line and PAH feature fluxes, silicate optical
depths, water ice absorption, and dust temperatures, each low-
resolution spectrum was fit using the Continuum and Feature
Extraction (CAFE) spectral decomposition method developed
by Marshall et al. (2007). CAFE requires no prior knowledge
of galaxy type or geometry, so it is well suited for fitting the
spectral energy distributions (SEDs) for sources that include
both a starburst and an AGN and for sources where we do
not have prior knowledge of the viewing angle geometry. An
observed spectrum is decomposed into emission from old stellar
populations (the interstellar radiation field), PAHs, atomic and
molecular lines, and thermally heated graphite and silicate
grains at several characteristic temperatures. We assume that
warm dust grains are located behind a screen of obscuring
graphite and silicate grains that are thoroughly mixed with PAHs
and that the amount of extinction to the warm dust and PAH
components is a free parameter of the fitting procedure. To
make spectral fitting possible, each spectrum from SL is scaled
up by a constant multiplicative factor to match the larger LL slit,
which covers nine times the area covered by the SL slit (i.e., slit
widths of 10.′′7 versus 3.′′6). The scale factors are calculated from
the wavelength coverage overlap in the SL1 and LL2 modules
near 14 μm and are presented for individual sources in Stierwalt
et al. (2013). Excluding the 17 systems for which an additional

14 For more information, see
http://irsa.ipac.caltech.edu/data/SPITZER/docs/irs.
15 For more information, see http://irsa.ipac.caltech.edu/data/
SPITZER/docs/dataanalysistools/tools/spice.
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nucleus falls within the LL slit compared to the SL slit, the
scale factors range from 0.91 to 2 for 93% of the nuclei. The
remaining 15 sources with larger scale factors (i.e., scale factors
between 2 and 5) are due to extended structure outside of the
SL slit. Whenever features from SL and LL are compared in the
following sections, the possible consequences of this scaling are
discussed.

Of the 244 nuclear spectra in the GOALS sample, 10 are
excluded from the analysis that follows because they lack
complete IRS observations (NGC 4922, IRASF08339+6517,
ESO550-IG025, and IC4518), they saturate the spectrograph
(NGC 1068),16 or the archival SL staring mode observa-
tions were not centered on the galaxy nucleus (IIIZw035,
IRASF03359+1523, MCG+08-18-013, IRASF17132+5313,
and MCG-01-60-022). For the remaining 234 sources, an in-
dividual PAH or line feature is considered detected if the
signal-to-noise ratio is greater than 2.5. Among the fitted
sources are two galaxies for which only SL spectra are avail-
able (NGC 2388 and VV705), so these are excluded from
any plots involving features at λobs > 14 μm (i.e., the PAH
emission complex or the H2S(1) line at ∼17 μm). Also ex-
cluded from any analysis at λobs > 14 μm are 12 sources
for which multiple nuclei fell in the LL slit but not in
the SL aperture (CGCG448-020, ESO077-IG014, ESO173-
G015, ESO255-IG007, ESO343-IG013, ESO440-IG058 (north-
ern nucleus only), IRAS03582+6012, IRASF06076−2139,
NGC 5653, NGC 6090, NGC 3690 (western nucleus only),
and NGC 5256). Only three sources do not have enough sil-
icate absorption, PAH, or emission line features to produce
a reliable fit, IRAS05223+1908, Mrk 231 (or UGC08058),
and NGC 1275, and so are considered PAH and spec-
tral line nondetections. Six sources are affected by very
deep silicate absorption (ESO203-IG001; IRAS03582+6012_E;
IRAS08572+3915, IRAS15250+3609; ESO374-IG032; and
NGC 4418) and the detailed structure between 8 μm –20 μm is
not well reproduced by the fit. These galaxies are discussed in
more detail in Sections 3.5.1 and 3.5.2.

We compare the results from CAFE to those derived from
the PAH fitting program PAHFIT (Smith et al. 2007b) for
the same set of GOALS sources and find the results to be
largely consistent. For the PAH feature ratio of L(6.2 μm)/
L(7.7 μm), the results for 90% of the GOALS sample agree
within 10%. The biggest difference between the two fitting
techniques results from different treatments of extinction due to
both silicates (since CAFE includes silicate feature emission in
unextinguished dust components, see Marshall et al. 2007) and
ices (which PAHFIT does not model). The difficulty of applying
other MIR dust models, normally used for starburst galaxies, to
the heavily obscured GOALS LIRGs was also noted by Dopita
et al. (2011), who derived silicate absorption parameters using
an empirical fitting technique instead. The different approaches
used by CAFE and PAHFIT affect most noticeably the flux
derived for the 11.3 μm PAH complex which is nearest to the
center of the 9.7 μm silicate absorption feature. For the dustiest
sources, the resulting PAH fluxes derived from the two methods
differ by as much as 40%. However, the derived L(11.3 μm)/
L(7.7 μm) flux ratio as measured by CAFE and PAHFIT agrees
within 10% for 70% of the measured sources.

The results of the spectral decomposition for the GOALS
sample as obtained by CAFE are presented in Tables 1 (PAH

16 For a detailed discussion of the IRS spectra of NGC 1068, see Howell et al.
(2007).

strengths, ice, and silicate optical depths), and 2 (H2 emission
line strengths). No extinction correction has been applied to the
H2 line fluxes.

3. RESULTS

The basic MIR parameters measured directly from the spectra
without requiring the detailed spectral decomposition (i.e.,
EQW6.2 μm, s9.7 μm, and Fν[30 μm]/Fν[15 μm]) were presented
in Stierwalt et al. (2013). We found that although local LIRGs
cover a large range of MIR properties and any single LIRG
cannot represent the class as a whole, the majority (63%)
of LIRGs have EQW6.2 μm > 0.4 μm, s9.7 μm > −1.0, and
MIR slopes in the range of 4 < Fν[30 μm]/Fν[15 μm] < 10.
Although less numerous (only 18% of the sample), LIRGs with
the largest contributions from AGNs (those with EQW6.2 μm <
0.27 μm) cover a wider range of MIR slopes and silicate
strengths than those sources of higher equivalent width that
make up the majority of the sample. The sources with extremely
low PAH equivalent widths (EQW6.2 μm < 0.1 μm) separate into
two distinct types: relatively unobscured sources with a very hot
dust component (and thus very shallow MIR slopes) and heavily
dust obscured nuclei with a steep temperature gradient.

Figure 1 shows nine example spectra that represent the ranges
of 6.2 μm PAH equivalent width, silicate depth, and MIR slope
covered by the sample together with the fits produced by CAFE.

3.1. A Uniform PAH Spectral Signature in Starburst LIRGs

Dust grain geometry, size distribution, and ionization state
can all affect the PAH feature ratios observed in the nuclear
spectra. Our spectral decomposition method allows for the
separation of line and PAH emission from the dust continuum
and from the effects of silicate absorption and thus enables
full modeling of the contribution from each component. The
three most dominant PAH features (at 6.2, 7.7, and 11 μm) are
plotted as ratios for GOALS galaxies both with and without
an extinction correction in Figure 2. Note that all three PAH
features are observed in the SL portion of the spectrum and so
their ratios are unaffected by the SL-to-LL multiplicative scale
factors discussed in Section 2.3.

The two tracks in each panel of Figure 2 represent the
theoretical models of Draine & Li (2001) for purely ionized
(lower track) and purely neutral (upper track) dust grains with
grain size increasing toward the upper left. The 11.3 μm PAH
is thought to originate from carbon–hydrogen bending modes
of neutral grains, while the PAH emission at 6.2 and 7.7 μm is
produced by carbon–carbon stretching modes of cations. Thus,
higher L(11.3 μm Complex)/L(7.7 μm Complex) ratios may
indicate a lower fraction of ionized grains (Li & Draine 2001;
Allamandola et al. 1999). Changes in PAH luminosity ratios
may also reflect differing dust grain sizes as smaller dust grains
are more likely to have higher-frequency vibrational modes and
thus radiate at shorter wavelengths.

When extinction corrected (right panels), the LIRGs are
highly concentrated around the average values 〈L(11.3 μm
Complex)/L(7 μm Complex)〉 = 0.31±0.10 and 〈L(6.2 μm)/L
(7.7 μm Complex)〉 = 0.26±0.06. Such a tight clustering is not
observed, however, for the measured values without correction
for dust extinction (left panels) where the dispersion in the PAH
ratios is twice as high. Since the PAH feature at 11.3 μm is most
affected by the nearby silicate absorption feature at 9.7 μm, the
L(11 μm Complex)/L(7 μm Complex) ratio is more strongly
affected by the extinction correction than the L(6 μm)/L(7 μm
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Table 1
Fitted MIR Spectral Parameters for the GOALS Sample

Source Namea,b EQW6.2(σ ) 6.2 μm PAH(σ ) 7.7 μm PAH(σ ) 11.3 μm PAH(σ ) 17 μm PAH(σ ) L(PAH)(σ ) τice(σ ) τ9.7 μm(σ ) η(σ )
(μm)c (109 L�)

NGC 0023 0.58 (0.01) 6.118 (0.136) 24.779 (0.790) 7.883 (0.080) 4.473 (0.206) 8.52 (0.56) 0.00 0.81 (0.01) 0.10 (0.05)
NGC 0034 0.45 (0.02) 9.214 (0.177) 38.081 (1.162) 10.234 (0.303) 5.996 (0.436) 21.30 (1.37) 0.04 (0.01) 2.39 (0.01) −0.07 (0.05)
Arp256 0.72 (0.01) 4.407 (0.104) 14.505 (0.404) 4.099 (0.070) 3.027 (0.250) 17.09 (0.90) 0.00 1.20 (0.02)
ESO350-IG038 0.15 (0.00) 1.448 (0.071) 6.189 (0.495) 1.703 (0.310) < 0.534 (0.346) < 3.82 (0.53) 0.00 1.26 (0.01) 0.39 (0.03)
NGC 0232_W 0.55 (0.01) 5.674 (0.118) 22.873 (0.468) 6.701 (0.368) 4.652 (0.167) 16.92 (0.84) 0.00 1.63 (0.01) −0.01 (0.05)
NGC 0232_E 0.16 (0.00) 0.966 (0.044) 3.337 (0.143) 1.606 (0.064) 0.785 (0.104) 2.79 (0.32) 0.00 1.19 (0.02) −0.02 (0.05)
MCG+12-02-001 0.65 (0.01) 8.798 (0.193) 31.546 (0.799) 7.416 (0.507) 5.774 (0.447) 11.37 (0.84) 0.00 1.11 (0.01) 0.10 (0.04)
NGC 0317B 0.57 (0.01) 4.504 (0.097) 18.286 (0.421) 4.660 (0.064) 3.501 (0.126) 8.82 (0.50) 0.00 2.28 (0.02)
IC1623B 0.30 (0.00) 11.609 (0.245) 50.175 (2.207) 11.636 (0.339) 7.911 (0.336) 27.97 (2.08) 0.00 2.80 (0.01) 0.07 (0.05)
MCG-03-04-014 0.67 (0.01) 5.126 (0.109) 19.763 (1.519) 5.792 (0.313) 3.420 (0.164) 34.25 (4.08) 0.00 1.03 (0.01) 0.03 (0.05)

Notes. Column 1: Source Name, Column 2: the equivalent width of the 6.2 μm PAH feature in μm as calculated using a spline fit, Columns 3–6: the fluxes
for the 6.2 μm, 7.7 μm Complex, 11.3 μm Complex, and 17 μm Complex PAH features in units of 10−12 erg s−1 cm−2, Column 7: total PAH luminosity
summed from all fitted PAH features in units of 109 L�, Columns 8–9: optical depths of the 6.0 μm ice and 9.7 μm silicate features, and Column 10:
η = log(F IRAC

tot [8 μm]/F IRS
slit [8 μm]), a measure of the total-to-slit flux ratio at 8 μm. A dash indicates a nondetection, and where no IRS data were available

are left blank. Uncertainties are given in ().
a Spectrum could not be adequately fit by spectral decomposition due to the presence of crystalline silicates, an unusually shallow spectral slope, or a lack of
features in the MIR (see the text).
b Multiple nuclei fall within the larger LL slit. When spectral lines are well-fit, their parameters are given, but they likely represent contributions from both
galaxies and so are marked as upper limits.
c 6.2 μm PAH equivalent width was calculated assuming an icy source.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)

Table 2
H2 Line Fluxes for the GOALS Sample

Source Namea,b H2S(0) (σ ) H2S(1) (σ ) H2S(2) (σ ) H2S(3) (σ ) H2S(4) (σ ) H2S(5) (σ ) H2S(6) (σ ) H2S(7) (σ )

NGC 0023 <0.30 2.469 (0.238) 1.143 (0.286) 2.045 (0.238) <1.77 0.354 (0.140) <3.01 0.223 (0.083)
NGC 0034 <1.08 4.763 (0.786) 2.148 (0.446) 4.065 (0.251) <2.68 <5.97 <5.07 0.612 (0.215)
Arp256 <0.01 <0.68 <0.44 0.773 (0.134) <0.90 <4.65 <2.36 <1.49
ESO350-IG038 <0.16 <0.38 <0.59 0.645 (0.224) <1.31 <1.27 <1.14
NGC 0232_W <0.09 2.223 (0.266) 0.945 (0.275) 1.716 (0.150) 1.990 (0.573) 0.478 (0.149) <3.03 <2.24
NGC 0232_E <0.01 1.249 (0.164) 0.306 (0.099) 0.566 (0.090) <0.19 0.281 (0.093) <0.35 <0.65
MCG+12-02-001 <0.24 2.361 (0.564) <1.29 2.369 (0.292) <2.26 <9.12 <5.16 <3.21
NGC 0317B <0.44 2.206 (0.270) 0.808 (0.216) <0.72 1.535 (0.541) <4.86 <2.05 <2.19
IC1623B <1.45 13.618 (0.963) 2.633 (0.604) 4.453 (0.339) <2.32 <8.48 <5.68 <4.15
MCG-03-04-014 <0.14 1.010 (0.205) 0.694 (0.228) 0.960 (0.104) <1.19 0.866 (0.124) <3.33 <2.04

Notes. Column 1: Source Name, Columns 2–7: the fluxes for the H2S(0), H2S(1), H2S(2), H2S(3), H2S(4), H2S(5), H2S(6), and H2S(7) line features in units
of 10−13 erg s−1 cm−2. A blank indicates that no IRS data were available, and 3σ upper limits are given for nondetections. Uncertainties are given in ().
a Spectrum could not be adequately fit by spectral decomposition due to the presence of crystalline silicates, an unusually shallow spectral slope, or a lack of
features in the MIR (see the text).
b Multiple nuclei fall within the larger LL slit. When spectral lines are well-fit, their parameters are given, but they likely represent contributions from both
galaxies and so are marked as upper limits.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)

Complex) ratio. Correcting the PAH ratios for extinction both
reduces the dispersion in the distribution shown in Figure 2 and
shifts the entire distribution up, favoring a more neutral grain
population.

In LIRGs where starbursts dominate the MIR emission (i.e.,
EQW6.2 μm � 0.54 μm, the average EQW6.2 μm observed for
the starbursts of Brandl et al. 2006, lower panels), very lit-
tle variation is seen in the PAH feature ratios (and thus the
ionization states and grain size distributions) after correcting
for extinction. However, the scatter increases with decreasing
PAH equivalent width. The lowest equivalent width sources
(EQW6.2 μm < 0.27 μm; red circles) are not offset from the
higher EQW sources but instead have an increased dispersion
that is ∼35% larger than that observed for the highest EQW

sources. A low PAH equivalent width requires a larger contri-
bution from the hot dust continuum relative to PAH emission,
which typically indicates the presence of an AGN. Therefore,
LIRGs with a larger fraction of their MIR emission produced
by an AGN also have a much larger spread in their PAH ratios,
an effect that is explored in Section 4.2.

3.2. The 17 μm PAH Complex

In addition to the more dominant PAH emission features at
6.2, 7.7, and 11.3 μm, a strong emission feature at 17 μm is
also thought to originate from PAH bending modes (Smith et al.
2004; Werner et al. 2004; Peeters et al. 2004). Together, these
four PAH features make up, on average, 73% of the total PAH
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Figure 1. Low-resolution IRS spectra with CAFE spectral decomposition results for nine sources representing the ranges in 6.2 μm PAH equivalent width (top row),
silicate depth (middle row), and MIR slope (Fν [30 μm]/Fν [15 μm]; bottom row) covered by the GOALS sample. The overall fitted model is shown in yellow. Also
shown are the warm and cool dust components (green and blue dashed lines), the overall continuum fit (gray dashed line), selected individual PAH emission features
(blue solid lines), and unresolved atomic and molecular spectral line features (red dashed lines).

(A color version of this figure is available in the online journal.)

emission in each GOALS LIRG. As shown in Figure 3, the
luminosities of the 6.2, 7.7, and 11.3 μm PAH features (red,
purple, and blue circles) are 1.4–5.5 times stronger than that of
the 17 μm PAH.

Although the correlations in Figure 3 support the association
of the 17 μm feature with PAH emission, the inclusion of the
17 μm feature causes the largest spread in PAH ratios observed
for the GOALS sample. In Figure 4, the L(11.3 μm Complex)/
L(17 μm Complex) ratio is plotted against the L(6.2 μm)/
L(7.7 μm Complex) ratio and found to vary by a factor of five.
The sources with the highest EQW6.2 μm (starburst-dominated
galaxies; blue stars) are not as highly clustered in (11.3 μm
Complex)/L(17 μm Complex) as they are in the L(11.3 μm
Complex)/L(7.7 μm Complex) ratio (seen in Figure 2).

The 17 μm PAH feature is observed in the LL module, so
some of the scatter in Figure 4 may be due to the difference in
SL and LL aperture sizes. However, the increased dispersion in
L(11.3 μm Complex)/L(17 μm Complex) cannot be the result
of aperture effects alone. If the scaling factors used to boost the
SL-derived flux to match that observed within the LL aperture

are removed from the L(11.3 μm Complex) measurements (i.e.,
we divide the 11.3 μm PAH flux by the same scale factor
applied to the SL spectrum to allow the fitting), the spread in
the L(11.3 μm Complex)/L(17 μm Complex) remains the same,
and the sources pushing the upper and lower range of the ratio
show no significant changes. Only the mean ratio for the sample
as a whole decreases slightly to L(11.3 μm Complex)/L(17 μm
Complex)∼1.2. There is also no clear correlation observed
between the PAH ratio and the distance to the galaxy, suggesting
that while changing the fraction of the galaxy intercepted by the
IRS slit may cause some points to move around in Figure 4, the
overall distribution remains the same.

The ranges of PAH luminosity ratios shown in Figures 2 and 4
for the GOALS sources are similar to those covered by the
nearby, normal star-forming galaxies from the Spitzer Infrared
Nearby Galaxies Survey (SINGS; Smith et al. 2007b), the 24 μm
selected systems of the 5 mJy Unbiased Spitzer Extragalactic
Survey (5MUSES; Wu et al. 2010), the UV-selected nearby
galaxies in the Spitzer SDSS Galaxy Spectroscopic Survey
(SSGSS; O’Dowd et al. 2009), and the slightly higher-redshift
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Figure 2. PAH diagnostics. L(6.2 μm)/L(7.7 μm Complex) vs. L(11.3 μm Complex)/L(7.7 μm Complex) for 226 GOALS sources color coded by the 6.2 μm PAH
equivalent width (EQW6.2 μm) as observed (left panels) and corrected for extinction (right panels). The highest equivalent width sources (EQW6.2 μm � 0.54 μm)
are plotted separately in the lower panels for clarity. Less variation is seen in the PAH ratios once we account for the obscuring dust. While the mean locus remains
the same, there is a marked increase in the range of PAH ratios seen in the AGN-dominated sources compared to those that are starburst dominated, suggesting an
influence of the AGN on the PAH grains. The expected ratios for purely neutral and purely ionized PAHs derived from the dust models of (Draine & Li 2001) are
shown by a solid black lines with PAH grain size increasing toward the upper left.

(A color version of this figure is available in the online journal.)

7.5 8.0 8.5 9.0 9.5 10.0
log(L(17μm Complex) [W m−2])

−0.5

0.0

0.5

1.0

1.5

lo
g(

L
(P

)/
L

(1
7μ

m
 C

om
pl

ex
)

L(P) = L(11.3μm)

L(P) = L(7.7μm)

L(P) = L(6.2μm)

Figure 3. PAH diagnostics. Luminosities of the three strongest PAH features,
L(6.2 μm) in red, L(7.7 μm Complex) in purple, and L(11.3 μm Complex) in
blue, for 196 GOALS sources, weighted by and correlated with the luminosity
of the 17 μm PAH complex. The red, purple, and blue dashed lines show the
median values for each of the three PAH fractions. Only the uncertainties on the
11.3 μm PAH fraction are shown for clarity.

(A color version of this figure is available in the online journal.)

LIRG sample of Shipley et al. (2013). A similar clustering in
PAH ratios was also observed for galactic PDRs and Magellanic
H ii regions (Galliano et al. 2008). These similarities suggest that
the PDRs do not have fundamentally different properties in these
different galaxy samples. One exception to this homogeneity
across galaxy type and luminosity, the L(7.7 μm)/L(11.3 μm)
ratio, is discussed in the next section.

3.3. PAHs and Neon Fine Structure Lines

Two of the most prominent emission lines in the MIR, [Ne iii]
at 15.6 μm and [Ne ii] at 12.8 μm, provide a direct diagnostic
for determining the ionization state of the gas or the hardness
of the radiation field (Dopita & Sutherland 2003; Groves et al.
2008). In Figure 5, we plot the L([Ne iii] 15.6 μm)/L([Ne ii]
12.8 μm) ratio17, which does not have a strong dependence
on dust grain size, against the L(7.7 μm Complex)/L(11.3 μm
Complex) ratio, which varies both with ionization state and grain

17 The neon ratios plotted here are derived from the CAFE fits to the
low-resolution spectra that follow the same distributions as the emission line
fluxes derived from the high-resolution spectra. The emission line fluxes are
roughly 40% higher than those measured in the short–high module in part due
to the larger slit size of the long–low module. We refer the reader to Inami
et al. (2013) for a detailed discussion and comparison to models of the fine
structure lines.
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(A color version of this figure is available in the online journal.)
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Figure 5. PAH diagnostics. Fine structure line ratio L([Ne iii] 15.6 μm)/
L([Ne ii] 12.8 μm) vs. the PAH feature ratio L(7.7 μm Complex)/L(11.3 μm
Complex) for 203 GOALS sources color-coded by the equivalent width of the 6.2
μm PAH. The starburst LIRGs (blue stars) cover the same range of ratios as the
SINGS lower-luminosity starbursts (black diamonds), but the AGN-dominated
LIRGs (red circles) do not reach the low PAH ratios observed for the SINGS
AGN (black asterisks).

(A color version of this figure is available in the online journal.)

size.18 The PAH ratio varies by less than a factor of three across
nearly two orders of magnitude of neon ratios, and thus over a
large range of ionization states.

18 Although the inverse PAH ratio was plotted in Figure 2 and discussed in
Section 3.1, the L(7.7 μm Complex)/L(11.3 μm Complex) ratio is used as a
tracer of grain size and ionization state in Smith et al. (2007b), so we quote it
here for ease of comparison.

Despite covering the same range of ionization states, the
SINGS nearby star-forming galaxies (shown by the black sym-
bols in Figure 5) show a variation in the L(7.7 μm Complex)/
L(11.3 μm Complex) ratio of up to a factor of 10 (Smith et al.
2007b). Specifically, six of the SINGS sources for which >50%
of the MIR emission is derived from an AGN (black asterisks)
are found at low PAH luminosity ratios (L(7.7 μm)/L(11.3 μm)
< 2) that are not reached by the GOALS sample. GOALS galax-
ies with low EQW6.2 μm, and thus a likely significant contribution
from an AGN, clearly favor higher neon ratios as is observed for
AGN-dominated SINGS sources, but these AGN only increase
the scatter of the PAH feature ratio to both higher and lower val-
ues rather than just favoring low L(7.7 μm)/L(11.3 μm). Other
PAH studies have claimed to see a preference for sources host-
ing an AGN to be found in the lower right corner of Figure 5
(Wu et al. 2010; O’Dowd et al. 2009), but all are based on only
a few data points and, like GOALS, do not reproduce the clear
tail observed for SINGS. The dispersion in this PAH ratio (and
lack thereof) is discussed in more detail in Section 4.2.

The extinction corrections applied by CAFE (and not applied
by PAHFIT used to produce the SINGS results) are not responsi-
ble for the lack of GOALS galaxies with L(7.7 μm)/L(11.3 μm)
< 2. As shown in Figure 2, removing the extinction correction
would shift the GOALS galaxies to even higher L(7.7 μm)/
L(11.3 μm) ratios. The applied SL-to-LL scaling factors also do
not affect the L(7.7 μm)/L(11.3 μm) ratio, as both features are
measured from the SL spectrum.

3.4. PAH Contribution to IR Luminosity

3.4.1. Tracing LPAH with EQW6.2 μm

In the absence of more detailed MIR spectral decomposition,
the equivalent widths of the strongest PAH features have been
used as proxies for the relative strengths of dust continuum
versus PAH feature emission. In particular, the EQW of the
6.2 or 7.7 μm features, which are both prominent and not
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Figure 6. Total PAH luminosity. The contribution of the total PAH luminosity L(PAH) to the total IR luminosity L(IR) in 174 GOALS LIRGs (circles) and ULIRGs
(triangles) is plotted against the equivalent width of the 6.2 μm PAH (left panel) and log(L(IR)/L�) (right panel). L(PAH) is derived from all measurable PAH features
(i.e., at 6.2, 7.7, 8.6, 11.3 12, 12.6, 13.6, 14.2, 16.4, and 17 μm) and then scaled up to account for emission outside the slit. Both plots are color-coded by merger stage
as classified from the Hubble Space Telescope (HST) and IRAC 3.6 μm imaging (see Stierwalt et al. 2013). The 3σ clipped average of L(PAH)/L(IR) for each merger
class is shown by a vertical dashed line.

(A color version of this figure is available in the online journal.)

substantially affected by extinction or blending with other MIR
features, have been studied extensively as function of various
physical parameters such as the metallicity (i.e., Wu et al. 2006)
or AGN strength (i.e., Genzel et al. 1998; Laurent et al. 2000;
Armus et al. 2007; Veilleux et al. 2009; Petric et al. 2011). Our
detailed, multicomponent spectral decomposition allows for the
separation of not only the main PAH features discussed so far
at 6.2, 7.7, 11.3, and 17 μm, but also the weaker PAH emission
features (i.e., at 8.6, 12, 12.6, 13.6, 14.2, and 16.4 μm), and thus
provides an accurate measure of the total PAH contribution to
the infrared luminosity (L(PAH)/L(IR)).

The L(PAH)/L(IR) fraction is shown in Figure 6 as it relates
to EQW6.2 μm, L(IR), and merger stage for the GOALS sample.
L(PAH) is derived from the CAFE fit to each nuclear spectrum
and then scaled up to account for emission outside the slit. This
multiplicative factor, which ranges from 0.8 to 8.8 and is given
for all sources in Table 1, represents the fraction of the emission
at 8 μm intercepted by the IRS slit: F IRAC

tot [8 μm]/F IRS
slit [8 μm]

where F IRAC
tot [8 μm] is the total flux of a source as measured from

its Infrared Array Camera (IRAC) 8 μm image and F IRS
slit [8 μm]

is the flux within the IRS slit derived by convolving the
IRAC 8 μm filter with the low-resolution IRS spectrum. Eight
sources with large factors (i.e., F IRAC

tot [8 μm]/F IRAC
slit [8 μm] >

10)—usually due to detailed, extended structure outside of the
slit—were not included (see Stierwalt et al. (2013) for IRS slit
projections shown on the IRAC 8 μm images). The L(PAH)/
L(IR) for these eight sources ranged from 0.04 to 0.19. The total
IR luminosities for all 202 U/LIRG systems were presented in
Armus et al. (2009) and derived using the definitions of Sanders
& Mirabel (1996).19 In cases of multiple nuclei, the total L(IR)
for the system is divided according to the ratio of the fluxes
at 70 μm for each nuclei. In a small number of cases, 70 μm
images are not available and so 24 μm flux ratios are used
instead.

For the LIRGs in Figure 6, the fraction of PAH-to-IR
luminosity ranges from 0 to 23% with a mean value of 8.3 ±
5.8%. These are similar to the mean value and range covered by
the lower-luminosity SINGS galaxies (Smith et al. 2007b) and

19 LIR/L� = 4π (DL[m])2(FIR[W m−2])/3.826 × 1026[W m−2] and
FIR = 1.8 × 10−14(13.48f12 μm + 5.16f25 μm + 2.58f60 μm + f100 μm[W m−2]).

by LIRGs at slightly higher redshifts (0.02 < z < 0.6; Lagache
et al. 2004; Shipley et al. 2013). With a standard deviation
of nearly 6%, however, the GOALS LIRGS are nearly evenly
distributed across a wide range of PAH fractions. Even the
starburst-dominated LIRGs (EQW6.2 μm � 0.54 μm) are found
to have a standard deviation of 4.7% about a mean PAH-to-IR
luminosity of 9.5%.

There is no linear correlation in either panel of Figure 6,
but clear trends are observed. LIRGs with larger luminosity
contributions from PAHs (L(PAH)/L(IR) > 10%) cover a
narrow range of IR properties (i.e., EQW6.2 μm > 0.4 μm and
log(L(IR)/L�) < 11.5). However, LIRGs with lower-luminosity
contributions from PAHs (L(PAH)/L(IR) < 5%) are observed
over nearly the full range of L(IR) and EQW6.2 μm. This suggests
that sources can have a high EQW6.2 μm and still have low
L(PAH)/L(IR), but cannot have a high L(PAH)/L(IR) without a
high EQW6.2 μm.

The GOALS U/LIRGs in Figure 6 are also color-coded by
merger stage as presented in Table 1 of Stierwalt et al. (2013).
Each galaxy is classified in one of five categories: nonmergers
(no sign of merger activity or massive neighbors; shown in
purple), pre-mergers (galaxy pairs prior to a first encounter;
light blue), early-stage mergers (post-first encounter with galaxy
disks still symmetric and in tact but with signs of tidal tails;
green), mid-stage mergers (showing amorphous disks, tidal tails,
and other signs of merger activity; yellow), or late-stage mergers
(two nuclei in a common envelope; red). The 3σ clipped average
of L(PAH)/L(IR) for each merger class is shown by a vertical
dashed line.

As shown in Figure 6, LIRGs in an early merger state have
a slightly higher median PAH contribution (8.4%; green line)
than nonmergers (7.3%; purple line), mid-stage mergers (6.3%;
yellow line), and late-stage mergers (6.2%; red line) and are not
found with ratios <3%. Pre-mergers, or double galaxy systems
prior to a first encounter (i.e., no signs of tidal tails), have the
highest median PAH contribution to the IR luminosity at 12.8%
(light blue line). These galaxies may more closely resemble
lower-luminosity starbursting galaxies. The apparent decrease in
L(PAH)/L(IR) for late-stage mergers compared to pre-mergers
is consistent with a higher fraction of low EQW6.2 μm sources
and an excess of IR emission not associated with star formation.
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the composite spectrum of Kirkpatrick et al. (2012) for AGN showing 9.7 μm
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observed for the lower-luminosity starburst galaxies of Brandl et al. (2006) and
the solid line is the linear fit to the ULIRG sample from Desai et al. (2007).

(A color version of this figure is available in the online journal.)

As shown in Figure 8 of Stierwalt et al. (2013), the fraction
of starburst-dominated LIRGs declines significantly for later
merger stages while the fraction of composite sources (those
with a weak AGN that does not yet dominate over star formation
in the MIR) increases. Despite these slight differences in merger
stage medians, galaxies at each merger stage are observed over
nearly the full range of L(PAH)/L(IR).

The GOALS ULIRGs (triangles) cover a much narrower
range of L(PAH)/L(IR) (between 2 and 7%) with a median
value of 2.5 ± 1.4%, suggesting that PAH emission becomes
substantially weaker in the ULIRGs. To illustrate this point
more clearly, in Figure 7, we plot the EQW6.2 μm as a function
of νLν[24 μm] for 190 GOALS LIRGs (purple circles) and a
larger sample of 107 local ULIRGs from Desai et al. (2007)
(red squares; see their Figure 9) both binned by νLν[24 μm]
(as indicated by the shaded regions) and then averaged in
EQW6.2 μm.

From Figure 7, we observe that over two orders of magnitude
in νLν(24 μm), the local LIRGs display an EQW6.2 μm of
0.5–0.7 μm, very close to the average for local starbursts
(0.54 μm; dashed line) measured by Brandl et al. (2006). This
suggests that for the given luminosity range, the integrated star-
forming properties of the galaxies as well as the conditions of
the interstellar medium (ISM) and the PDRs surrounding the
massive star-forming regions are all very similar. Only when
we reach 24 μm luminosities close to 1011 L� is a decrease
observed and the EQW6.2 μm of the GOALS LIRGs sample drops
to a value of ∼0.4 μm, approaching the trend indicated by the
ULIRGs of Desai et al. (2007).

Interestingly, higher-redshift submillimeter galaxies (SMGs;
Menéndez-Delmestre et al. 2007, blue stars) and composite star-
forming galaxies at z of 1 and 2 (Kirkpatrick et al. 2012; green
stars), do not follow this downturn. Instead, we see that despite
having higher rest-frame 24 μm luminosities than the LIRGs,

their EQW6.2 μm remains high (EQW6.2 μm > 0.48 μm). This is
consistent with the larger sizes and gas fractions observed for
SMGs compared to local ULIRGs (i.e., Daddi et al. 2010a;
Genzel et al. 2010; Elbaz et al. 2011). At EQW6.2 μm =
0.09 μm, the composite spectrum from the Kirkpatrick et al.
(2012) sample representing AGNs showing signs of silicate
absorption at 9.7 μm (black triangle) is consistent with these
objects having a very compact, highly obscured emitting region
with a strong temperature gradient similar to the local ULIRGs,
but the composite spectrum only represents a small fraction of
the higher-redshift galaxies in their sample.

3.4.2. PAHs and the Starburst Main Sequence

Recent investigations have revealed that galaxies with high
specific star formation rates (i.e., starbursts) separate themselves
from a so-called main sequence of normal, star-forming galaxies
in the ratio of total IR luminosity to rest-frame 8 μm luminosity,
IR8 = LIR/L8 μm (Daddi et al. 2010b; Elbaz et al. 2011).
In particular, those galaxies with the most intense, compact
starbursts have higher values of IR8 (Elbaz et al. 2011, see
also Dı́az-Santos et al. (2010) for a discussion of how although
the range of distances, and thus spatial extents probed by the
slit, may contribute in a few specific cases, it is clearly not the
dominant effect for the GOALS sample). As shown in Figure 8,
most GOALS galaxies are found above the star-forming main
sequence (dashed line at log(IR8) ∼ 0.7). There is an inverse
correlation (dashed–dotted line in the left panel) between IR8
and the PAH fraction at 8 μm20 for sources with EQW6.2 μm >
0.41 μm, which suggests that compact, star-bursting LIRGs with
high specific star formation rates have less PAH emission with
respect to their IR emission than do star-forming galaxies on the
main sequence. This relation is parameterized by log(IR8) =
2.8(±.3) − 3(±.5) × FRACPAH[8 μm]. LIRGs likely to harbor
an AGN (i.e., those with EQW6.2 μm < 0.41 μm; red circles
and orange squares) show no correlation between IR8 and the
contribution from PAH emission to the total flux. There is no
obvious link between IR8 and the 7.7 μm to 11.3 μm PAH ratio
(middle panel), but IR8 increases with the continuum flux ratio
f(24 μm)/f(15 μm) (right panel).

Taken together, the three panels in Figure 8 suggest that
destruction of smaller dust grains is not the cause of the higher
IR8 observed in more compact starburst systems. Instead, since
the grain size or ionization distribution is not changing but the
overall flux contribution from the PAHs is decreasing for the
higher EQW6.2 μm sources, there instead is likely less PDR
emission relative to the emission in the IR. The increasing L(IR)
shifts the peak emission to warmer dust temperatures which
results in an increase in the emission at 24 μm relative to that
at 15 μm. A relative decrease in PDR emission is consistent
with the results of Inami et al. (2013), who saw no correlation
between IR8 and the hardness of the radiation field as measured
via emission lines from the ionized gas, and of Dı́az-Santos
et al. (2013), who observed a correlation between [C ii]/FIR, the
average dust temperature, and the luminosity surface density of
the associated MIR emitting region.

A recent analysis (Magdis et al. 2013) of the Herschel
and Spitzer data for the 5MUSES 24 μm selected sample of
galaxies (Wu et al. 2010) finds an anti-correlation between

20 We calculate the PAH fraction at 8 μm as FRACPAH[8 μm] = (f obs
ν (7.7 μm

PAH) + f obs
ν (8 μm PAH))/f IRAC

ν (8 μm), where the PAH fluxes are not
corrected for extinction and f IRAC

ν (8 μm) is the total 8 μm flux within the IRS
slit derived from convolving the IRAC 8 μm filter with the low-resolution IRS
spectrum.
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by only a factor of ∼1.4 (left panel). There is no link between IR8 and the grain size distribution or ionization state (middle panel), while IR8 increases with increasing
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(A color version of this figure is available in the online journal.)

IR8 and the 6.2 μm PAH equivalent width among star-forming
galaxies and ascribes the change to variations in the PAH emis-
sion. We see a similar anti-correlation of IR8 with the fraction of
PAH emission at 8 μm. However, we see no correlation of IR8
with the PAH band ratios, and the relatively small change in the
PAH fraction at 8 μm (a factor of 1.4) cannot account for the rise
of 5–10 times seen in IR8 among starburst-dominated LIRGs in
Figure 8. This suggests that while the PAH emission decreases
relative to the MIR continuum (less relative PDR emission), the
change in IR8 is dominated by a rise in the IR emission, driven
mostly by the FIR (leading to increased f(24)/f(15) as shown
in the right panel of Figure 8), and not an overall change in the
properties of the small grains.

3.5. Sources of PAH Obscuration

3.5.1. Silicate Absorption at 9.7 and 18.5 μm

The Si–O stretching and O–Si–O bending resonances of
silicate dust grains produce broad absorption features in the
MIR at 9.7 μm and 18.5 μm. Due to the large widths of these
features (often spanning >1 μm), the silicate grains producing
them are likely amorphous. The distribution of silicate strengths
at 9.7 μm (s9.7 μm) for the entire GOALS sample and the relation
of s9.7 μm to other MIR properties were presented in Stierwalt
et al. (2013). We summarize those results here by noting that
−3.58 < s9.7 μm <0.52 for the GOALS sample and that the
GOALS ULIRGs are on average more highly obscured than
the LIRGs with 〈s9.7 μm〉ULIRGs = −1.28 and 〈s9.7 μm〉LIRGs =
−0.34. The MIR spectra for the most heavily obscured GOALS
galaxies are given in Figure 9. Together with IRAS08572+3915
(shown in Figure 1), these 11 sources make up the entirety of
the GOALS sample with s9.7 μm < −1.75.

For two of these LIRGs, IRAS03582+6012_E and ESO374-
IG032, only a poor fit can be made at λ � 10 μm and near
10 μm and 18 μm where the deep silicate absorption fea-
tures are present. In each case, the fit produced from the dust
model assumed by CAFE falls below the observed spectrum
in these regions, suggesting these sources have an excess of
hot dust emission contributing below 10 μm. These sources
also show the shallowest MIR slopes of the entire sample
at Fν[30 μm]/Fν[5 μm] = 9.55 and Fν[30 μm]/Fν[5 μm] =
5.14, respectively. ESO374-IG032 hosts an hydroxyl (OH)
megamaser (Kazes et al. 1990; Darling & Giovanelli

2002), which are often indicators of major mergers and
large amounts of very dense molecular gas in LIRGs (Baan
et al. 1992).

3.5.2. Crystalline Silicates at 23 μm

In a few of the heavily obscured sources (s9.7 μm < −1.75),
CAFE produces a good quality fit to most of the MIR spectrum,
but the detailed structure between 8 and 10 μm or between
18 and 20 μm is not well represented. A different dust model,
specifically one that includes the presence of crystalline sili-
cates, might be necessary to explain the detailed spectral struc-
ture in these obscured sources. Crystalline silicates appear as
absorption features at 11, 16, 19, 23, and 28 μm. The overlap
that occurs with the stronger, broader absorption features at 9.7
and 18.5 μm due to amorphous silicate grains affects the shape
and depth of the broad absorption features which then cannot
be reproduced well by CAFE. Crystalline silicates, specifically
the Mg2SiO4 molecule, have been shown to be important in the
heavily obscured, late merger stage of ULIRGs (Spoon et al.
2006). The presence of crystalline dust grains indicates ongoing
star formation, specifically in the cooler outer regions since they
are observed in absorption, and, given the strength of the fea-
tures relative to those produced by amorphous silicates, Spoon
et al. (2006) suggest the crystalline silicates observed in the
heavily obscured ULIRGs are produced by massive stars on
short timescales.

The crystalline silicate feature at 23 μm is the feature most
clearly seen at the resolutions of the SL and LL IRS modules
and is detected in eight LIRGs and six ULIRGs of the GOALS
sample. Four of these six ULIRGs (Arp220, IRAS08572+3915,
IRAS15250+3609, and IRAS20551−4250) were included in
the higher-resolution Spoon et al. (2006) study of 12 ULIRGs for
which crystalline silicate features at 23 μm as well as at 11, 16,
19, and 28 μm were reported. In Figure 10, we plot the residual
optical depth spectra for the remaining two ULIRGs and eight
additional LIRGs for which we detect the 23 μm crystalline
silicate feature. We consider the crystalline silicates at 23 μm
detected if the feature is �3σ in the residual optical depth
spectrum (i.e., the original source spectrum with the CAFE fits
to the amorphous cool and warm dust components removed).
In Figure 11, we show that while ∼6% of the overall GOALS
sample is detected in crystalline silicates at 23 μm, all of these
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Figure 9. Low-resolution IRS spectra with CAFE spectral decomposition results for 10 GOALS galaxies with the deepest 9.7 μm silicate absorption. Together with
IRAS08572+3915 (shown in Figure 1), these 11 sources make up the entirety of the GOALS sample with s9.7 μm < −1.75. The overall fitted model is shown in yellow,
and model components are color-coded as in Figure 1. The s9.7 μm value is given after each source name in brackets.

(A color version of this figure is available in the online journal.)

detections have s9.7 μm < −1.24, and thus ∼70% of these more
obscured LIRGs and ULIRGs are detected in crystalline silicates
over a range in EQW6.2 μm.

3.5.3. Ice Absorption at 6.0 μm

Another form of opacity arises near 6.0 μm in the form
of water ice absorption. The first extragalactic detections of
this absorption feature were in the LIRG NGC 4418 (Spoon
et al. 2001, also in the GOALS sample) and in the ULIRG
IRAS00183−7111 (Tran et al. 2001). The application of CAFE
allows for the untangling of even weak to moderate ices from
the nearby 6.2 μm PAH feature and continuum, as well as for
the strongest ice absorption features. To produce an accurate
fit, 37 GOALS galaxies (15%) require the inclusion of an ice
absorption component at 6.0 μm and the measured τice values
are given in Table 1. Thirteen of these sources are ULIRGs
for a detection rate of 56.5% among ULIRGs, similar to the
rate found for the ULIRGs in an ISO study of a sample of 103
IR galaxies (Spoon et al. 2002). The remaining 24 water ice
detections were found in LIRGs for a detection rate of 10.7%
among LIRGs, which is comparable to that observed for lower-
luminosity starbursts (Brandl et al. 2006).

Galactic observations of water ice absorption features are
usually attributed to icy mantles of frozen water molecules
surrounding silicate dust grains (Whittet et al. 1996; Keane
et al. 2001). Such a scenario would suggest a tight relationship

between τice and τ9.7 μm. As shown for the GOALS LIRGs
(open circles) and ULIRGs (red triangles) in the right panel
of Figure 12, among those galaxies that show ice absorption
features, there is a general trend for icier sources to also be
dustier. However, even the dustiest sources can still have no ice
features.

Since the absorption feature at 6.0 μm usually overlaps with
the 6.2 μm PAH emission feature, the equivalent width of
the PAH feature must be measured slightly differently in icy
sources. As described in Stierwalt et al. (2013), for the GOALS
sources, the ice absorption is assumed to affect the underlying
continuum but not the PAH emission, and the EW6.2 μm is
calculated using the absorption-corrected continuum following
the method described in Spoon et al. (2007). Therefore, a strong
ice feature can lower the apparent continuum and thus artificially
raise the EQW6.2 μm, in some cases by 10%–20%. The optical
depth of the water ice absorption feature τice is plotted as a
function of 6.2 μm PAH EQW in the left panel of Figure 12.
Of the 24 LIRGs (open circles) where ices are present, only
four have EQW6.2 μm � 0.54 μm, and no starburst galaxies with
EQW6.2 μm > 0.7 μm show any water ice absorption at all.
There is a general trend for the sources with the strongest ice
absorption to have the smallest EQW6.2 μm. Despite composing
a much smaller fraction of the GOALS sample, LIRGs with
low EQW6.2 μm < 0.27 μm (i.e., LIRGs likely dominated by an
AGN) make up one-third (8 out of 24) of the LIRGs with water
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Figure 10. Residual optical depth spectra from 18–28 μm for the eight LIRGs and two of the six ULIRGs for which a crystalline silicate feature at 23 μm is
observed in the low-resolution spectra in order of decreasing silicate strength, s9.7 μm. (The remaining four ULIRGs for which the feature is also detected, Arp220,
IRAS08572+3915, IRAS15250+3609, and IRAS20551−4250, were included in the Spoon et al. 2006 high-resolution crystalline silicate study, so they are not
reproduced here.)
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sample but comprise a large fraction (70%) of those sources that are heavily
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(A color version of this figure is available in the online journal.)

ice detections. However, the majority of the iciest sources are
still ULIRGs (red triangles).

Together, both panels in Figure 12 suggest that a special set
of conditions are required for ices to survive. The correlation

between τ9.7 μm and τice for icy sources supports the idea that
ices form as mantles around silicate dust grains. Silicates tend
to build up in the nuclei of merging LIRG and ULIRG systems
as the merger progresses (Stierwalt et al. 2013) but so may
the contribution from an AGN which can dominate the MIR
emission and heat the surrounding dust so that ices cannot form.
Thus, a galaxy must have enough silicate dust to support the
existence of icy mantles, but the effects of its AGN must also
be weak enough to keep the surrounding dust cool (70 μm/
24 μm � 7) to allow for ices. These conditions are not typically
met in starbursting LIRGs that are not heavily obscured. In
ULIRGs, however, there is typically a significant amount of
molecular hydrogen gas and dust that has been funneled into
the galaxy core allowing for self-shielding by the silicate grains
from the influence of any present AGNs. Thus, the detection
rate of ices is much higher among ULIRGs (as was observed
for ISO spectra by Spoon et al. 2002) and composite LIRGs
(0.27 μm � EQW6.2 μm < 0.54 μm).

We also note that in an analysis of the dust features in
the ULIRG IRAS08572+3915, Dartois et al. (2007) present
compelling evidence that part or all of the absorption in the
5.7–7 μm range is not associated with water ice absorption
but instead originates in carbonaceous materials associated
with the absorption features seen at 6.85 and 7.25 μm. This
type of absorption may dominate over that due to ices in
sources like IRAS08572+3915 and ESO374-IG032, discussed
in Section 3.5.1, given their warm SEDs.
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(A color version of this figure is available in the online journal.)

3.6. Comparison of PAHs with UV Properties

While PAH emission can be used as an effective proxy
for ongoing star formation because it traces the PDRs and is
relatively immune to the effects of extinction, a more direct
tracer of young/moderate age stars (A to OB type) is the
detection of UV emission from their photospheres. Empirical
starburst reddening relations have been observed for normal,
lower-luminosity galaxies (Cortese et al. 2006), for starbursts
(LIR <1011 L�; Meurer et al. 1999), and for UV-selected
galaxies (Seibert et al. 2005). Charlot & Fall (2000) suggest that
the relation between IR excess (IRX = log(FIR/FUV)) and UV
slope (β) is a sequence of effective optical depth for star-forming
late-type galaxies. As a consequence, one can estimate the IR
luminosity of a source, albeit with considerable uncertainty,
from rest-frame UV observations even when little is known
about the intrinsic dust attenuation, as is often the case for dusty
galaxies at high redshift (i.e., Reddy et al. 2012). As part of the
larger GOALS legacy project, 135 LIRGs were observed by the
Galaxy Evolution Explorer (GALEX) and compared to Spitzer
imaging to determine whether or not such dusty galaxies also
followed a similar starburst reddening relation. Howell et al.
(2010) found that LIRGs cover a wide range in IRX and β, with
many sources falling between normal star-forming galaxies and
ULIRGs, which typically have very high IRX and lie off the
normal starburst IRX–β relation (Meurer et al. 1999). In these
LIRGs, the UV emission is likely “decoupled” from the source
of most of the IR light. In addition, LIRGs can scatter to high β
at relatively low IRX, and in these sources, the red UV colors
may indicate significant populations of older stars that dominate
the GALEX bands.

The IRX–β relation determined by Howell et al. (2010) is
re-plotted in Figure 13, but, here, we color-code the galaxies
by L(PAH)/L(IR) (left panel) and by s9.7 μm (right panel). The
average IRX for each colored bin is marked by a horizontal line.
On average, more obscured LIRGs with PAH emission that
contributes <10% to the total LIR tend to have a higher IRX
than LIRGs with less silicate obscuration and more significant
PAH emission. However, the mean values are all consistent
within a standard deviation, and LIRGs at all silicate depths and
L(PAH)/L(IR) are observed to cover the full range in IRX.

In Figure 14, we examine directly whether the amount
of obscuring silicate dust or the presence of a weak AGN
contributes to the observed decoupling of the IR and UV
emission by comparing ΔIRX to s9.7 μm and EQW6.2 μm. Most
(22 of 29) LIRGs with EQW6.2 μm < 0.3 μm, including those
that are highly obscured (s9.7 μm < −1.75), have positive ΔIRX.
Howell et al. (2010) also saw a positive ΔIRX for the GOALS
LIRGs observed to have IRAC colors indicative of the presence
of an AGN. However, as also shown in Figure 14, there are
starbursting LIRGs (EQW6.2 μm � 0.54) with no signs of an
AGN and completely unobscured LIRGs (s9.7 μm > 0) that
deviate just as much from the IRX–β starburst relation as their
lower EQW, more obscured counterparts. Thus, high IRX is not
exclusively associated with low EQW6.2 μm.

4. DISCUSSION

4.1. Warm Molecular Hydrogen in LIRGs

The rotational lines of warm molecular hydrogen (H2) have
three main sources of excitation in luminous IR galaxies: UV
photons from young stars, AGN via UV, soft, or hard X-ray
photons, and shocks (see, for example, Higdon et al. 2006; Ogle
et al. 2010; Guillard et al. 2012). When far-UV photons emitted
by massive stars are absorbed by dust grains, the resulting de-
excitation produces PAH emission, while the subsequent release
of photoelectrons heats the surrounding gas leading to the
emission of H2 lines. Shocks arising from colliding molecular
clouds, molecular gas outflows, or supernova remnants, as well
as X-ray emission from an AGN, can heat and ionize any
surrounding H2, but do not excite the PAH molecules found
in PDRs. Thus, linking warm H2 and PAH emission can help
determine the mechanism responsible for the H2 lines observed
in the MIR.

Several of the lowest-energy pure-rotational transitions in the
H2 molecule are observed in the MIR between 1 and 30 μm.
After eliminating the 10 spectra for which firm detections are
not possible (5 with off-center SL slit placements, 4 without
complete low-resolution IRS data, and 1 which saturates the
spectrograph; see Section 2.3), 97.5% of GOALS galaxies are
detected in at least one of the four lowest transitions (H2S(0) at
28.2 μm, H2S(1) at 17.0 μm, H2S(2) at 12.3 μm, and H2S(3) at
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(A color version of this figure is available in the online journal.)
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(A color version of this figure is available in the online journal.)

9.7 μm). The H2S(3) line which falls directly in the middle of
the 9.7 μm silicate absorption feature has the highest detection
rate and is observed in ∼90% of our sources. The H2S(0)
line has the lowest detection rate (in part due to the lower
sensitivity of the LL1 module compared to SL) and is observed
in only 6% of the sample. Line fluxes (and the associated
uncertainties) derived from the low-resolution spectra for the
seven lowest H2 transitions (H2S(0) to H2S(7)) were given in
Table 2. Upper limits are set at 3σ of the residual after fits to the
dust continuum and PAH emission features are subtracted. For
the determination of fluxes and upper limits for sources without
adequate fits from CAFE due to an overall lack of spectral
features in the MIR (Section 2.3), an unusually shallow spectral
slope (Section 3.5.1), or crystalline silicates (Section 3.5.2), the
continuum is determined via a spline fit to the spectrum covering

0.4 μm (where μm = microns) on either side of the line. These
sources are all marked with an asterisk in Table 2.

4.1.1. Linking PAHs and Warm H2

In low-luminosity star-forming galaxies, the luminosity ratio
L(H2)/L(PAH) is roughly constant (albeit with a fairly large
scatter) over several orders of magnitude in L(H2) (SINGS;
Roussel et al. 2007) suggesting that both the observed H2
and PAH emission mainly arise from PDRs. AGNs, however,
show L(H2)/L(PAH) ratios higher by factors of 15–16 (Roussel
et al. 2007), suggesting an enhancement in the H2 emission,
a decrease in PAH emission, or both compared to normal,
star-forming galaxies. In Figure 15, we plot the ratio of H2-
to-PAH emission as a function of H2 luminosity for the GOALS

14



The Astrophysical Journal, 790:124 (21pp), 2014 August 1 Stierwalt et al.

3 4 5 6 7 8 9 10
log L(H2) [Lsun]

−2.5

−2.0

−1.5

−1.0

−0.5
lo

g 
(L

(H
2)

/L
(P

A
H

))

1

2
3

4
5

6

SINGS HII
SINGS AGN
EQW < 0.27μm
0.27μm < EQW < 0.41μm
0.41μm < EQW < 0.54μm
EQW > 0.54μm
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(A color version of this figure is available in the online journal.)

sample. Since we are examining both extinction and excitation
effects, we do not correct either the H2 emission lines or the
PAH fluxes for extinction in Figure 15. To represent L(H2), we
use only the three lowest transitions (H2(S0-S2)) as the H2S(3)
line is most likely to be affected by the silicate absorption
at 9.7 μm (although the distribution observed in Figure 15
holds if the H2S(3) emission is included). For the purposes
of comparison to lower-luminosity galaxies, we also performed
an identical spectral decomposition using CAFE on the low-
resolution SINGS nuclear spectra (Smith et al. 2007b; Roussel
et al. 2007) (represented by black asterisks and open diamonds).
When quoting the L(H2)/L(PAH) ratio, L(PAH) represents the
luminosity of the 7.7 μm and 8.6 μm PAH complexes.21

A clear trend of increasing H2-to-PAH ratio with increasing
L(H2) is seen in Figure 15 for the GOALS sample as a whole
(filled circles, open squares, and stars, all color-coded by
EQW6.2 μm as detailed in the legend). While there are a number
of starburst-dominated GOALS sources with L(H2)/L(PAH)
values consistent with the nearly constant value found for lower-
luminosity star-forming SINGS galaxies (solid line), most of
the GOALS sample lies well above this value. Combining the
data from both the SINGS and GOALS samples, a threshold
is reached near L(H2)∼ 107 L� where the L(H2)/L(PAH) ratio
changes from a roughly constant (low) value (open diamonds
and the solid line) to an increasing function of L(H2). The fact
that the rising L(H2)/L(PAH) ratio is seen among the pure
starburst LIRGs (i.e., those lacking enough hot dust in the
MIR to decrease the EQW6.2 μm and thus indicate an AGN) is
evidence that it is not the presence of an AGN that drives up the
L(H2)/L(PAH) ratio among LIRGs. In fact, of the 102 highest
equivalent width sources (EQW6.2 μm > 0.54 μm; blue stars),

21 As a result of using L(PAH) = L[7.7 μm] + L[8.6 μm] when computing the
L(H2)/L(PAH) ratio, the L(PAH) used in this section is not the same L(PAH)
given in Section 3.4 in Figure 6.
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NGC 6240; 5 = IRAS01364−1042; 6 = ESO507-G070).

(A color version of this figure is available in the online journal.)

only 8 have any indication of an AGN at all (based on a detection
of the [Ne v] line; Petric et al. (2011)). As discussed in more
detail in Sections 4.1.2 and 4.1.3, turbulence and shocks also
present in star-forming systems can result in enhanced L(H2)/
L(PAH) ratios (see also Cluver et al. 2010; Lesaffre et al. 2013).

Some processes directly associated with the star formation
must also result in enhanced L(H2)/L(PAH) ratios in these
LIRGs. The six GOALS sources with no detectable MIR H2
emission in the low-resolution spectra also have very low PAH
equivalent width (i.e., EQW6.2 μm < 0.05 μm) and are likely to
harbor an AGN.

4.1.2. Enhanced H2 Emitters

To more clearly separate those GOALS galaxies that have
high L(H2)/L(PAH) luminosity ratios due to excess H2 emission
rather than weak PAHs, we plot the L(H2)/L(PAH) ratio versus
L(H2)/L(IR) in Figure 16. Most of the LIRGs with the highest
L(H2)/L(PAH) ratios have EQW6.2 μm < 0.54 μm. In those
LIRGs with high L(H2)/L(PAH) but below average H2 emission
(i.e., log(L(H2)/L(IR)) < −3.5, the median for the GOALS
sample; upper left in Figure 16), suppressed PAH emission likely
drives up the L(H2)/L(PAH) ratios. In ∼10% of GOALS LIRGs,
however, log(L(H2)/L(PAH)) > −1.5 and log(L(H2)/L(IR))
> −3.5, thus affirming their L(H2)/L(PAH) luminosity ratios
are high due to excess H2 emission and not simply caused by
weak PAH emission. Such enhanced H2 emission likely requires
the presence of X-rays or shocks produced by either an intense
starburst or by AGN outflows. The MIR spectra for a sampling
of these enhanced H2 emitters are shown in Figure 17.

Also shown in Figure 16 is an approximate translation of the
upper limit set by PDR models in which both the warm H2 and
PAHs are directly heated by young stars (dashed purple line). We
adopt the limiting PDR ratio presented in Guillard et al. (2012)
as derived from the Meudon models (assuming nH =104 cm−3

and GUV = 10; Le Petit et al. 2006). Since Guillard et al. (2012)
use different H2 emission line and PAH features to represent
the L(H2)/L(PAH) ratio, we adjust their reported value for this
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Figure 17. Low-resolution IRS spectra with CAFE spectral decomposition results for GOALS sources with excess H2 emission. All six galaxies have high L(H2)/
L(PAH)) luminosity ratios (log(L(H2)/L(PAH)) > −1.3) and above average L(H2)/L(IR) (log(L(H2)/L(IR)) > −3.5). The overall fitted model is shown in yellow, and
model components are color-coded as in Figure 1. The four lowest transitions (H2S(0) at 28.2 μm, H2S(1) at 17.0 μm, H2S(2) at 12.3 μm, and H2S(3) at 9.7 μm) are
marked with vertical dashed lines. The locations of each galaxy are labeled in Figures 15 and 16 above.

(A color version of this figure is available in the online journal.)

upper limit by a multiplicative factor of 0.6, the average ratio
between L(H2)/L(PAH) for GOALS galaxies calculated using
the H2S(0-3) and 7.7 μm PAH features (as in Guillard et al.
2012) and using the H2S(0-2) and both the 7.7 and 8 μm PAH
features (as presented in this work). Thus, while the GOALS
LIRGs have high L(H2)/L(PAH) ratios compared to lower-
luminosity star-forming galaxies (as seen in Figure 15), the
majority still lie below the maximum value set by PDR models,
so their higher L(H2)/L(PAH) ratios may still be associated
with PDRs.

X-rays produced by AGNs can also heat the surrounding H2,
and a subset of the GOALS sample has been observed in X-ray
emission (Iwasawa et al. 2011). For LIRGs with enhanced H2
emission (upper right in Figure 16), the average X-ray hardness
ratio (i.e., X-ray color as defined by HR = (Hard – Soft)/(Hard
+ Soft)) and the average ratio of soft X-ray-to-IR luminosity are
within 1σ of the same values averaged for sources consistent
with the limiting ratio set by PDR models (i.e., log(L(H2)/
L(PAH)) < −1.8). Thus, X-ray heating is unlikely to be the
only excitation mechanism producing the excess H2 seen in
Figures 15, 16, and 17.

High-velocity molecular outflows have recently been seen in
some AGN-dominated ULIRGs such as Mrk 231 with Herschel
(Fischer et al. 2010; Feruglio et al. 2010; Sturm et al. 2011;
Spoon et al. 2013), and nuclear outflows on subkiloparsec scales

have been observed via the line profiles of cold molecular gas
in the nearby ULIRG system Arp220 (Sakamoto et al. 2009;
González-Alfonso et al. 2012) and in stacked local ULIRG
spectra (Chung et al. 2011). These detections are consistent with
the production of shocks in the process of feedback on the ISM.
Based on a link between warm H2 and [Fe ii] emission, Hill &
Zakamska (2014) cite shocks as the cause of the enhanced warm
H2 emission in ULIRGs. Of the 16 GOALS LIRGs observed
with the largest excess of warm H2 emission (log(L(H2)/
L(PAH)) > −1.3), none have observed velocity offsets (δv >
200 km s−1) as observed for the H2S(0-3) emission lines in
the high-resolution IRS spectra. However, eight show at least
one of the H2 lines to be spectroscopically resolved (FWHM
> 600 km s−1), and four have at least one nearly resolved
H2 emission line (525 km s−1 < FWHM < 600 km s−1). So
although there is no clear evidence for bulk motion from an
outflow, shocks may still be stirring up the molecular gas in these
systems and causing the excess H2 emission. The remaining four
galaxies with high L(H2)/L(PAH) are likely AGN-dominated
(EQW6.2 μm < 0.27 μm) and thus are stronger candidates for
X-ray excited H2. However, the [Ne v] emission line, usually an
indicator of a strong AGN, is only detected in one of these four
LIRGs, NGC 6240 (Petric et al. 2011).

Although the LINER galaxy NGC 1961 does not have an
exceptionally high L(H2), it stands out in Figure 15 as having

16



The Astrophysical Journal, 790:124 (21pp), 2014 August 1 Stierwalt et al.

−3 −2 −1 0 1
Silicate Strength

−2.5

−2.0

−1.5

−1.0

−0.5

lo
g 

(L
(H

2)
/L

(P
A

H
))

 0.2 0.4 0.6 0.8
6.2μm PAH EQW [μm]

Figure 18. Ratio of L(H2)/L(PAH) uncorrected for extinction vs. (left) silicate depth at 9.7 μm and (right) the equivalent width of the 6.2 μm PAH for 209 GOALS
galaxies color-coded as in Figure 16. On average, the more heavily obscured GOALS ULIRGs (marked by open circles) have higher L(H2)/L(PAH) ratios, a trend
that is less clear among the LIRGs. The mean ratio for the lowest equivalent width sources (〈log (L(H2)/L(PAH))〉 = −1.44; red dashed line) is ∼three times higher
than the mean ratio for highest equivalent width sources (〈log ((LH2)/L(PAH))〉 = −1.89; blue dashed line). Sources with excess H2 emission (see Section 4.1.2) are
marked by crosses.

(A color version of this figure is available in the online journal.)

the largest L(H2)/L(PAH) ratio in our sample. The H2 luminosity
for NGC 1961 is lower than that for NGC 6240 (a well-studied
bright H2 emitter, see Armus et al. 2006), but the L(H2)/L(PAH)
ratio is nearly three times brighter in NGC 1961 and is actually
similar to those observed for the extreme H2 emitters called
MOHEGs (molecular hydrogen emitting galaxies; Ogle et al.
2010). Just as shocks are cited as the cause of the elevated warm
H2 emission in MOHEGs, shocks or a possible outflow likely
play a significant role in elevating the L(H2)/L(PAH) ratio in
NGC 1961.

Optical integral field (IFU) observations of U/LIRGs lend
further support for shocks as a mechanism driving elevated H2
emission. IFU observations have revealed extended LINER-like
emission in the absence of AGN activity (Monreal-Ibero et al.
2006, 2010; Rich et al. 2011). This emission is correlated with
an increase in velocity dispersion and in some instances with
observed outflows, both of which indicate shocked gas is driving
the extended LINER emission in U/LIRGs. Further, although
shock emission cannot account for a substantial portion of the
energy budget in merging U/LIRGs, shocks can strongly affect
observed line emission; in the optical, they may account for up
to one-half of the observed line emission in some later stage
mergers (Rich et al. 2014).

4.1.3. Warm H2 Emission Outside of PDRs

In a study of local ULIRGs, Zakamska (2010) suggest that a
significant fraction of the warm H2 emission is produced outside
of PDRs because the L(H2)/L(PAH) ratio increases with silicate
optical depth. The relation between the dust obscuration and the
L(H2)/L(PAH) ratio for the GOALS sample is examined directly
in the left panel of Figure 18. At low levels of dust obscuration
(s9.7 μm > −0.5) where almost all of the starburst-dominated
LIRGs (EQW6.2 μm � 0.54) are found, there is no correlation
between the L(H2)/L(PAH) ratio and silicate depth. As the level
of obscuration increases, the distribution of sources begins to
shift to higher-luminosity ratios until reaching the most highly
obscured sources (s9.7 μm < −1.75), which, given a reliable
7.7 μm PAH detection, are all found in our sample of extreme
H2 emitters (marked by crosses).

The substantial scatter in the left panel of Figure 18 does
not reveal the correlation among the GOALS LIRGs that was
observed for ULIRGs (Zakamska 2010). However, there is a

noticeable dearth of obscured sources with low L(H2)/L(PAH),
possibly due to a combination of the selective extinction and
excitation. The GOALS ULIRGs (marked by open circles) also
exhibit more of a correlation for increasing L(H2)/L(PAH) with
increasing silicate strength than is observed for the GOALS
sample as a whole. Thus, the processes at work to excite warm
H2 emission outside of PDRs (i.e., shocks via starburst or AGN-
driven outflows or X-ray heating via an AGN) may be more
common in ULIRG environments.

Also shown in the right panel of Figure 18 is a trend
of increasing L(H2)/L(PAH) with decreasing PAH equivalent
width (right panel). The relation has a larger dispersion at
low EQW6.2 μm where there are fewer GOALS sources. The
luminosity ratio is best described as decreasing with increasing
EQW for EQW6.2 μm � 0.41 μm (e.g., log(L(H2)/L(PAH)) =
−1(±0.1) − 1.4(±0.2)×EQW6.2 μm for blue stars and green
squares). The lower equivalent width sources (EQW6.2 μm <
0.41 μm; orange squares and red circles) are roughly consistent
with this trend but with an increased scatter. The mean ratios for
the lowest (red circles) and the highest (blue stars) equivalent
width bins are offset by a factor of three (red and blue dashed
lines).

While the underlying physics behind the increasing lumi-
nosity ratio observed in Figure 15 is not entirely clear, taken
together, Figures 15, 16, and 18 suggest it may reflect a few dif-
ferent physical processes. Some of the most heavily obscured
LIRGs have elevated L(H2)/L(PAH) ratios compared to the ma-
jority of the star-forming LIRGs (left panel of Figure 18), but
not all. On average, lower equivalent width sources have higher
L(H2)/L(PAH) ratios (right panel of Figure 18) suggesting PAH
emission may simply be lower in the sources with high L(H2)/
L(PAH) or the hot dust may be rising while the PAH emission
remains steady. However, the extreme emitters cover a range of
equivalent widths, and we find no correlation between L(H2)/
L(PAH) and the compactness of the source (as traced by IR8 =
LIR/L8 μm). Thus, none of these processes (i.e., preferential ex-
tinction of PAHs over H2, decreased PAH emission, or a rising
hot dust continuum) are individually driving the enhanced ratio
for all or even the majority of LIRGs.

Finally, Figure 19 shows that while enhanced L(H2)/L(PAH)
emission compared to low-luminosity SF galaxies (Roussel et al.
2007) is found in LIRGs of all merger stages, there is a trend
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Figure 19. Luminosity ratio L(H2)/L(PAH) for 104 GOALS galaxies traced
through merger stage. Mergers (Stages 1–6) are represented by the 58 GOALS
galaxies for which high-resolution HST imaging is available (see Haan et al.
2011) and for which reliable PAH and H2 measurements were determined. The
46 nonmergers (Stage N) are classified using IRAC 3.6 μm images and the
literature (see Stierwalt et al. 2013, for details.). Mean values for each merger
stage clipped at 3σ are shown in red with their associated standard deviations.
The extreme H2 emitters (blue squares) are all mid- to late-stage mergers.

(A color version of this figure is available in the online journal.)

of rising L(H2)/L(PAH) on average (red squares) for late-stage
mergers. Sources with excess H2 emission from the GOALS
sample (blue squares; discussed in Section 4.1.2) are only found
in mid- to late- merger stages. Later merger stages have also been
linked to higher L(IR), higher dust temperatures, and increased
starburst strength (e.g., Stierwalt et al. 2013; Inami et al. 2013),
and thus the higher L(H2)/L(PAH) may be associated with more
powerful starbursts.

4.2. PAHs and MIR-weak AGNs

Previous PAH studies have claimed that galaxies hosting an
AGN separate themselves on PAH feature ratio plots, favoring
lower L(7.7 μm Complex)/L(11.3 μm Complex) ratios (Wu
et al. 2010; O’Dowd et al. 2009). These studies credit the
preferential destruction of smaller PAHs by the AGN for the
lowered ratio, but have only a small number of data points (i.e.,
sources with an AGN that is weak enough that PAH emission is
still detected). For a sample of LIRGs at slightly higher redshifts
(0.02 < z < 0.6), Shipley et al. (2013) find that LIRGs with
an AGN do not favor lower L(7.7 μm Complex)/L(11.3 μm
Complex) ratios and blame aperture effects for damping out
this effect. However, Shipley et al. (2013) still find that one-
half of their AGN sources dominate the extreme low end of the
PAH ratio, and their low-EQW sources are not scattered with
the same increased dispersion observed by the AGN-dominated
sources in GOALS (see Figures 2, 4, and 5). The clearest
evidence that galaxies containing an AGN skew toward lower
L(7.7 μm Complex)/L(11.3 μm Complex) ratios is observed for
the normal, star-forming galaxies of the SINGS sample (Smith
et al. 2007b). Because the sources with the lowest PAH feature
ratios (i.e., L(7.7 μm Complex)/L(11.3 μm Complex) < 2) were
those that showed spectral signatures indicative of an AGN,
Smith et al. (2007b) concluded this large spread was likely due
to the preferential destruction of smaller dust grains caused by
the presence of an AGN.

Within the GOALS sample, AGNs contribute <15% of the
luminosity in the IR (Petric et al. 2011), and in order to as-
sess their influence on the PAHs, we consider here only those
sources with a relatively “weak” AGNs not strong enough to
have overwhelmed all of the PAH emission (i.e., those sources
with 0 < EQW6.2 μm < 0.27 μm). Despite covering the same
range as the SINGS sample in L(11.3 μm Complex)/L(17 μm
Complex), L(6.2 μm)/L(7.7 μm Complex), and L([Ne iii] 15.6
μm)/L([Ne ii] 12.8 μm), the GOALS LIRGs and ULIRGs do
not produce a similarly large range in L(7.7 μm Complex)/
L(11.3 μm Complex) (see Figure 5), nor do LIRGs with signa-
tures of a weak AGN favor low L(7.7 μm Complex)/L(11.3 μm
Complex) ratios. In the remainder of this section, we explore
four potential causes for this differing behavior between the
SINGs and GOALS galaxies: (1) the differing median distance
for the two samples, (2) larger errors associated, almost by def-
inition, with the PAH fluxes for lower-EQW GOALS sources,
(3) different dust characteristics in LIRGs versus normal, lower-
luminosity star-forming galaxies, or (4) differing AGN behavior
between the two samples.

The staring mode observations presented here are all aimed
at representing the nuclear region of each GOALS galaxy.
However, depending on the size and distance of each galaxy,
the portion of the galaxy contained within the IRS slit changes.
The nuclear spectra for the SINGS sample were derived from
mapping mode observations and thus the sizes of the extraction
apertures were tailored for each galaxy based on distance to
only focus on the nucleus (Smith et al. 2007b). The median
distance of the SINGS galaxy sample is also only 10 Mpc (Dale
et al. 2007), compared to the GOALS median distance of 100
Mpc. With a fixed IRS slit size and larger median distance, the
nuclear GOALS spectra will in some cases be contaminated
by emission outside the nucleus. If the distribution of the
7.7 μm PAH were more extended beyond the nucleus than the
11.3 μm PAH, the lack of GOALS sources with low L(7.7 μm
Complex)/L(11.3 μm Complex) could be explained by extra-
nuclear emission falling within the slit. However, the opposite
was shown to be true for the GOALS LIRGs: the 11.3 μm
PAH appears more extended than the other PAH features (Dı́az-
Santos et al. 2011). There are also several GOALS LIRGs that
likely have a contribution from a weak AGN (0 < EQW6.2 μm <
0.27 μm) but do not have a low L(7.7 μm Complex)/L(11.3 μm
Complex) PAH ratio despite being nearby (D < 60 Mpc).
Thus, distance cannot entirely explain the differences in the
PAH feature ratio observed between the GOALS and SINGS
samples.

As shown in Figures 2, 4, and 5, LIRGs with low PAH
equivalent widths are not offset in their PAH feature ratios
but instead show a larger dispersion in PAH values than their
starbursting counterparts. Low EQW6.2 μm indicates either low
PAH emission overall or high continuum, and lower detected
PAH fluxes may decrease the signal-to-noise ratio for PAH
detections in low-EQW LIRGs. While the sources with weak
PAH emission have larger uncertainties in their PAH ratios, a
Kolmogorov–Smirnov (K-S) test confirms that the low- and
high-EQW LIRGs are distinctly different populations at a
confidence level of >96%. Even if the errors on the PAH
feature ratios are doubled and every low-EQW LIRG is forced
inward by this amount toward the center of the distribution
for the high-EQW LIRGs, the K-S test still confirms the two
distributions as distinct at a 90% confidence level. Even if
higher uncertainties do contribute in a small way to the higher
dispersion among low-EQW LIRGs, it is highly unlikely that
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Figure 20. L(7.7 μm Complex)/L(11.3 μm Complex) PAH ratio vs. the L(H2)/L(PAH) ratio for 203 GOALS galaxies color-coded by EQW6.2 μm. Those LIRGs with
the lowest PAH band ratios are all observed to have high L(H2)/L(PAH) ratios, suggesting that the mechanism responsible for elevating their H2 emission may also
be linked to the destruction of the 7.7 μm PAHs.

(A color version of this figure is available in the online journal.)

errors might be so large that any GOALS galaxies would actually
have L(7.7 μm Complex)/L(11.3 μm Complex) < 2 to match
the ratios observed for the SINGS AGN.

Since PAH feature ratios ultimately tell us about the dust and
ISM properties in galaxies (see theoretical tracks in Figure 2),
the differing ratios between SINGS and GOALS may represent
physical differences in the dust grains in normal, star-forming
galaxies versus LIRGs and ULIRGs. The roughly constant
L(7.7 μm Complex)/L(11.3 μm Complex) ratio observed for
GOALS could be caused by competing effects: the presence of
an AGN may destroy smaller PAH molecules causing a decrease
in the 7.7 μm PAH emission, while the AGN also ionizes those
PAHs, causing the relative emission from the neutral 11.3 μm
PAH to decrease. These two effects may be equally important
in the GOALS LIRGs, having the net outcome a constant PAH
ratio, while the destruction of small PAH grains may dominate
in the lower-luminosity SINGS galaxies.

However, if competing processes are at work to produce
Figure 5, we would expect the effects of the destruction of
the smaller PAHs to be more pronounced in the L(6.2 μm)/
L(7.7 μm Complex) ratio in Figure 2 or in the L(11.3 μm
Complex)/L(17 μm Complex) ratio in Figure 4, which are not
expected to depend on the ionization state of the grains. Thus, the
differing L(7.7 μm Complex)/L(11.3 μm Complex) ratios may
instead be due to the relative power of the AGNs themselves
and/or their viewing geometry.

Significant 7.7 μm PAH destruction like that found for SINGS
is not observed for the GOALS LIRGs and ULIRGs. However,
as shown in Figure 20, the sources that come closest to
showing such an effect (i.e., those with the lowest L(7.7 μm
Complex)/L(11.3 μm Complex) ratio), are also observed to
have high L(H2)/L(PAH). Thus, the mechanism responsible for
elevating the L(H2)/L(PAH) ratio may also be destroying the
7.7 μm PAHs (although less effectively than the small grain
destruction via AGNs observed for SINGS galaxies). All of
the sources with high L(H2)/L(PAH) do not also have low
L(7.7 μm Complex)/L(11.3 μm Complex) ratios, but that is as
expected. As discussed in Section 4.1, there are likely a variety
of causes for the elevated L(H2)/L(PAH) ratios, and some may
be more effective at also destroying 7.7 μm PAHs than others.
One source with both exceptionally high L(H2)/L(PAH) and
low L(7.7 μm Complex)/L(11.3 μm Complex) is NGC 1961
(labeled in Figure 20), which, as discussed in Section 4.1.2, is

a strong candidate for shocks playing a significant role in the
resulting emission in the MIR.

5. CONCLUSIONS

We presented the detailed multi-component spectral decom-
position of the low-resolution IRS spectra for 244 galaxy nu-
clei in the GOALS sample of 180 LIRGs and 22 ULIRGs.
The GOALS galaxies cover a range of spectral types, silicate
strengths, and merger stages, and represent a complete subset
of the IRAS RBGS. We have investigated the MIR properties
derived from the spectral fits and concluded the following.

1. Despite the wide range of MIR spectral properties observed
for the GOALS U/LIRGs, as long as some PAH emission
is detected, little variation is seen in the PAH feature ratios
after correcting for extinction. The ranges of the L(6.2 μm)/
L(7.7 μm Complex) and L(11.3 μm Complex)/L(17 μm
Complex) PAH luminosity ratios for the GOALS LIRGs
are similar to those observed for the nearby, normal star-
forming galaxies from SINGS (Smith et al. 2007b), the
24 μm selected galaxies of 5MUSES (Wu et al. 2010),
the UV-selected nearby galaxies in SSGSS (O’Dowd et al.
2009), and the higher-redshift LIRGs of Shipley et al.
(2013). One exception is the L(7.7 μm)/L(11.3 μm) ratio,
which reaches much lower values for the SINGS galaxies
than for any other sample.

2. The contribution from PAH emission to the total IR lumi-
nosity (L(PAH)/L(IR)) in LIRGs varies from 0% to 23%.
LIRG systems containing pairs of galaxies that appear to be
prior to their first encounter show higher median L(PAH)/
L(IR) ratios than those observed for other LIRGs. Local
LIRGs have a constant (high) average EQW6.2 μm over
nearly two orders of magnitude in νLν similar to high-
redshift SMGs and star-forming galaxies at higher νLν , but
unlike local ULIRGs which show a trend for decreasing
EQW6.2 μm with increasing 24 μm luminosity. This is con-
sistent with the larger sizes and gas fractions observed for
SMGs compared to local ULIRGs (i.e., Daddi et al. 2010a;
Genzel et al. 2010; Elbaz et al. 2011).

3. No change in the grain size or ionization distribution is
observed with IR8, so the destruction of smaller dust
grains is not the cause of the higher IR8 observed in
more compact starburst systems. Instead, since the overall
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flux contribution from the PAHs is decreasing for the
higher EQW6.2 μm sources, there instead is likely less PDR
emission relative to the emission in the IR.

4. Absorption features similar to those attributed to crys-
talline silicates (Spoon et al. 2006) are observed at 23 μm
only once deep levels of silicate absorption are reached
(s9.7 μm <1.24) in ∼6% of the GOALS (U)LIRGs. Absorp-
tion due to water ices at 6.0 μm is observed in 13 ULIRGs
and 24 LIRGs for detection rates of 56.5% among ULIRGs
and 10.7% among LIRGs.

5. Although (U)LIRGs with low L(PAH)/L(IR) or deep sil-
icate absorption show higher IRX on average, the spread
in these MIR parameters is too large to indicate any cor-
relation with ΔIRX. No other MIR properties were found
to correlate with the decoupling of the IR and UV fields,
ΔIRX, including EQW6.2 μm and s9.7 μm.

6. While there are a number of starburst-dominated GOALS
LIRGs with L(H2)/L(PAH) values consistent with the
nearly constant (low) ratio found for lower-luminosity star-
forming galaxies (Roussel et al. 2007), most of the GOALS
galaxies lie well above this value in an increasing function
of L(H2). The fact that the rising L(H2)/L(PAH) ratio is seen
among the pure starburst LIRGs is evidence that it is not
the presence of an AGN that drives up the L(H2)/L(PAH)
ratio among LIRGs. Turbulence and shocks also present in
star-forming systems likely result in the observed enhanced
L(H2)/L(PAH) ratios.

7. A subset of GOALS (U)LIRGs covering a range of
EQW6.2 μm show enhanced H2 emission in excess over that
suggested by PDR models which only allow for young stars
to excite the H2. These galaxies can be identified by their
high L(H2)/L(PAH) ratio (log(L(H2)/L(PAH)) > −1.5).
One quarter of these galaxies are dominated by AGNs (i.e.,
EQW6.2 μm <0.27 μm) and thus are strong candidates for
X-ray heating of the warm H2. However, one half of the
extreme H2 emitters show resolved H2 lines in the high-
resolution IRS spectra, which indicate that the shocks may
be stirring up the molecular gas, even in the absence of
evidence for larger-scale coherent outflows.

8. A correlation between increasing silicate strength and
L(H2)/L(PAH), like that observed for the Zakamska (2010)
sample of ULIRGs, is not observed for the GOALS LIRGs,
indicating that warm H2 emitted outside of PDRs does not
dominate their MIR H2 emission. The GOALS ULIRGs are
closer to exhibiting such a trend, suggesting that processes
at work to excite warm H2 emission outside of PDRs may
be more common in ULIRG environments.

9. While high-EQW LIRGs are very consistent in their
MIR properties, low-EQW LIRGs usually cover the full
spread of any given MIR parameter. Starbursting LIRGs
(EQW6.2 μm � 0.54 μm) that make up the majority of the
GOALS sample all have very similar values for s9.7 μm and
Fν[30 μm]/Fν[15 μm] (Stierwalt et al. 2013), for neon ra-
tios, τice, and all three PAH feature ratios presented here.
The large range of values observed for such a variety of
galaxy characteristics may suggest that before the emission
from an AGN grows enough to dominate in the MIR, a
weak AGN leads to varied dust conditions.
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Lesaffre, P., Pineau des Forêts, G., Godard, B., et al. 2013, A&A, 550, A106
Li, A., & Draine, B. T. 2001, ApJ, 554, 778
Magdis, G. E., Rigopoulou, D., Helou, G., et al. 2013, A&A, 558, A136
Magnelli, B., Elbaz, D., Chary, R. R., et al. 2009, A&A, 496, 57
Marshall, J. A., Herter, T. L., Armus, L., et al. 2007, ApJ, 670, 129
Menéndez-Delmestre, K., Blain, A. W., Alexander, D. M., et al. 2007, ApJL,

655, L65
Meurer, G. R., Heckman, T. M., & Calzetti, D. 1999, ApJ, 521, 64

20

http://dx.doi.org/10.1086/311843
http://adsabs.harvard.edu/abs/1999ApJ...511L.115A
http://adsabs.harvard.edu/abs/1999ApJ...511L.115A
http://dx.doi.org/10.1086/500040
http://adsabs.harvard.edu/abs/2006ApJ...640..204A
http://adsabs.harvard.edu/abs/2006ApJ...640..204A
http://dx.doi.org/10.1086/510107
http://adsabs.harvard.edu/abs/2007ApJ...656..148A
http://adsabs.harvard.edu/abs/2007ApJ...656..148A
http://dx.doi.org/10.1086/600092
http://adsabs.harvard.edu/abs/2009PASP..121..559A
http://adsabs.harvard.edu/abs/2009PASP..121..559A
http://dx.doi.org/10.1086/116097
http://adsabs.harvard.edu/abs/1992AJ....103..728B
http://adsabs.harvard.edu/abs/1992AJ....103..728B
http://dx.doi.org/10.1086/508849
http://adsabs.harvard.edu/abs/2006ApJ...653.1129B
http://adsabs.harvard.edu/abs/2006ApJ...653.1129B
http://dx.doi.org/10.1086/309250
http://adsabs.harvard.edu/abs/2000ApJ...539..718C
http://adsabs.harvard.edu/abs/2000ApJ...539..718C
http://dx.doi.org/10.1088/2041-8205/732/1/L15
http://adsabs.harvard.edu/abs/2011ApJ...732L..15C
http://adsabs.harvard.edu/abs/2011ApJ...732L..15C
http://dx.doi.org/10.1088/0004-637X/710/1/248
http://adsabs.harvard.edu/abs/2010ApJ...710..248C
http://adsabs.harvard.edu/abs/2010ApJ...710..248C
http://dx.doi.org/10.1086/498296
http://adsabs.harvard.edu/abs/2006ApJ...637..242C
http://adsabs.harvard.edu/abs/2006ApJ...637..242C
http://dx.doi.org/10.1088/0004-637X/713/1/686
http://adsabs.harvard.edu/abs/2010ApJ...713..686D
http://adsabs.harvard.edu/abs/2010ApJ...713..686D
http://dx.doi.org/10.1088/2041-8205/714/1/L118
http://adsabs.harvard.edu/abs/2010ApJ...714L.118D
http://adsabs.harvard.edu/abs/2010ApJ...714L.118D
http://dx.doi.org/10.1086/510362
http://adsabs.harvard.edu/abs/2007ApJ...655..863D
http://adsabs.harvard.edu/abs/2007ApJ...655..863D
http://dx.doi.org/10.1086/341166
http://adsabs.harvard.edu/abs/2002AJ....124..100D
http://adsabs.harvard.edu/abs/2002AJ....124..100D
http://dx.doi.org/10.1051/0004-6361:20066572
http://adsabs.harvard.edu/abs/2007A&A...463..635D
http://adsabs.harvard.edu/abs/2007A&A...463..635D
http://dx.doi.org/10.1086/522104
http://adsabs.harvard.edu/abs/2007ApJ...669..810D
http://adsabs.harvard.edu/abs/2007ApJ...669..810D
http://dx.doi.org/10.1088/0004-637X/774/1/68
http://adsabs.harvard.edu/abs/2013ApJ...774...68D
http://adsabs.harvard.edu/abs/2013ApJ...774...68D
http://dx.doi.org/10.1088/0004-637X/723/2/993
http://adsabs.harvard.edu/abs/2010ApJ...723..993D
http://adsabs.harvard.edu/abs/2010ApJ...723..993D
http://dx.doi.org/10.1088/0004-637X/741/1/32
http://adsabs.harvard.edu/abs/2011ApJ...741...32D
http://adsabs.harvard.edu/abs/2011ApJ...741...32D
http://dx.doi.org/10.1007/s10509-010-0569-6
http://adsabs.harvard.edu/abs/2011Ap&SS.333..225D
http://adsabs.harvard.edu/abs/2011Ap&SS.333..225D
http://dx.doi.org/10.1086/320227
http://adsabs.harvard.edu/abs/2001ApJ...551..807D
http://adsabs.harvard.edu/abs/2001ApJ...551..807D
http://dx.doi.org/10.1051/0004-6361/201117239
http://adsabs.harvard.edu/abs/2011A&A...533A.119E
http://adsabs.harvard.edu/abs/2011A&A...533A.119E
http://dx.doi.org/10.1051/0004-6361/201015164
http://adsabs.harvard.edu/abs/2010A&A...518L.155F
http://adsabs.harvard.edu/abs/2010A&A...518L.155F
http://dx.doi.org/10.1051/0004-6361/201014676
http://adsabs.harvard.edu/abs/2010A&A...518L..41F
http://adsabs.harvard.edu/abs/2010A&A...518L..41F
http://dx.doi.org/10.1086/587051
http://adsabs.harvard.edu/abs/2008ApJ...679..310G
http://adsabs.harvard.edu/abs/2008ApJ...679..310G
http://dx.doi.org/10.1086/305576
http://adsabs.harvard.edu/abs/1998ApJ...498..579G
http://adsabs.harvard.edu/abs/1998ApJ...498..579G
http://dx.doi.org/10.1111/j.1365-2966.2010.16969.x
http://adsabs.harvard.edu/abs/2010MNRAS.407.2091G
http://adsabs.harvard.edu/abs/2010MNRAS.407.2091G
http://dx.doi.org/10.1051/0004-6361/201118029
http://adsabs.harvard.edu/abs/2012A&A...541A...4G
http://adsabs.harvard.edu/abs/2012A&A...541A...4G
http://dx.doi.org/10.1111/j.1745-3933.2008.00568.x
http://adsabs.harvard.edu/abs/2008MNRAS.391L.113G
http://adsabs.harvard.edu/abs/2008MNRAS.391L.113G
http://dx.doi.org/10.1088/0004-637X/747/2/95
http://adsabs.harvard.edu/abs/2012ApJ...747...95G
http://adsabs.harvard.edu/abs/2012ApJ...747...95G
http://dx.doi.org/10.1088/0004-6256/141/3/100
http://adsabs.harvard.edu/abs/2011AJ....141..100H
http://adsabs.harvard.edu/abs/2011AJ....141..100H
http://dx.doi.org/10.1086/505701
http://adsabs.harvard.edu/abs/2006ApJ...648..323H
http://adsabs.harvard.edu/abs/2006ApJ...648..323H
http://dx.doi.org/10.1093/mnras/stu123
http://adsabs.harvard.edu/abs/2014MNRAS.439.2701H
http://adsabs.harvard.edu/abs/2014MNRAS.439.2701H
http://dx.doi.org/10.1086/423134
http://adsabs.harvard.edu/abs/2004ApJS..154...18H
http://adsabs.harvard.edu/abs/2004ApJS..154...18H
http://dx.doi.org/10.1088/0004-637X/715/1/572
http://adsabs.harvard.edu/abs/2010ApJ...715..572H
http://adsabs.harvard.edu/abs/2010ApJ...715..572H
http://dx.doi.org/10.1086/521821
http://adsabs.harvard.edu/abs/2007AJ....134.2086H
http://adsabs.harvard.edu/abs/2007AJ....134.2086H
http://dx.doi.org/10.1088/0004-637X/777/2/156
http://adsabs.harvard.edu/abs/2013ApJ...777..156I
http://adsabs.harvard.edu/abs/2013ApJ...777..156I
http://dx.doi.org/10.1051/0004-6361/201015264
http://adsabs.harvard.edu/abs/2011A&A...529A.106I
http://adsabs.harvard.edu/abs/2011A&A...529A.106I
http://adsabs.harvard.edu/abs/1990A&A...237L...1K
http://adsabs.harvard.edu/abs/1990A&A...237L...1K
http://dx.doi.org/10.1051/0004-6361:20010936
http://adsabs.harvard.edu/abs/2001A&A...376..254K
http://adsabs.harvard.edu/abs/2001A&A...376..254K
http://dx.doi.org/10.1088/0004-637X/759/2/139
http://adsabs.harvard.edu/abs/2012ApJ...759..139K
http://adsabs.harvard.edu/abs/2012ApJ...759..139K
http://dx.doi.org/10.1086/422392
http://adsabs.harvard.edu/abs/2004ApJS..154..112L
http://adsabs.harvard.edu/abs/2004ApJS..154..112L
http://adsabs.harvard.edu/abs/2000A&A...359..887L
http://adsabs.harvard.edu/abs/2000A&A...359..887L
http://dx.doi.org/10.1086/432789
http://adsabs.harvard.edu/abs/2005ApJ...632..169L
http://adsabs.harvard.edu/abs/2005ApJ...632..169L
http://dx.doi.org/10.1086/503252
http://adsabs.harvard.edu/abs/2006ApJS..164..506L
http://adsabs.harvard.edu/abs/2006ApJS..164..506L
http://dx.doi.org/10.1051/0004-6361/201219928
http://adsabs.harvard.edu/abs/2013A&A...550A.106L
http://adsabs.harvard.edu/abs/2013A&A...550A.106L
http://dx.doi.org/10.1086/323147
http://adsabs.harvard.edu/abs/2001ApJ...554..778L
http://adsabs.harvard.edu/abs/2001ApJ...554..778L
http://dx.doi.org/10.1051/0004-6361/201322226
http://adsabs.harvard.edu/abs/2013A&A...558A.136M
http://adsabs.harvard.edu/abs/2013A&A...558A.136M
http://dx.doi.org/10.1051/0004-6361:200811443
http://adsabs.harvard.edu/abs/2009A&A...496...57M
http://adsabs.harvard.edu/abs/2009A&A...496...57M
http://dx.doi.org/10.1086/521588
http://adsabs.harvard.edu/abs/2007ApJ...670..129M
http://adsabs.harvard.edu/abs/2007ApJ...670..129M
http://dx.doi.org/10.1086/512038
http://adsabs.harvard.edu/abs/2007ApJ...655L..65M
http://adsabs.harvard.edu/abs/2007ApJ...655L..65M
http://dx.doi.org/10.1086/307523
http://adsabs.harvard.edu/abs/1999ApJ...521...64M
http://adsabs.harvard.edu/abs/1999ApJ...521...64M


The Astrophysical Journal, 790:124 (21pp), 2014 August 1 Stierwalt et al.

Monreal-Ibero, A., Arribas, S., & Colina, L. 2006, ApJ, 637, 138
Monreal-Ibero, A., Arribas, S., Colina, L., et al. 2010, A&A, 517, A28
O’Dowd, M. J., Schiminovich, D., Johnson, B. D., et al. 2009, ApJ, 705, 885
Ogle, P., Boulanger, F., Guillard, P., et al. 2010, ApJ, 724, 1193
Peeters, E., Mattioda, A. L., Hudgins, D. M., & Allamandola, L. J. 2004, ApJL,

617, L65
Petric, A. O., Armus, L., Howell, J., et al. 2011, ApJ, 730, 28
Reddy, N., Dickinson, M., Elbaz, D., et al. 2012, ApJ, 744, 154
Rich, J. A., Kewley, L. J., & Dopita, M. A. 2011, ApJ, 734, 87
Rich, J. A., Kewley, L. J., & Dopita, M. A. 2014, ApJL, 781, L12
Roussel, H., Helou, G., Hollenbach, D. J., et al. 2007, ApJ, 669, 959
Sakamoto, K., Aalto, S., Wilner, D. J., et al. 2009, ApJL, 700, L104
Sanders, D. B., Mazzarella, J. M., Kim, D.-C., Surace, J. A., & Soifer, B. T.

2003, AJ, 126, 1607
Sanders, D. B., & Mirabel, I. F. 1996, ARA&A, 34, 749
Seibert, M., Martin, D. C., Heckman, T. M., et al. 2005, ApJL, 619, L55
Shipley, H. V., Papovich, C., Rieke, G. H., et al. 2013, ApJ, 769, 75
Smith, J. D. T., Armus, L., Dale, D. A., et al. 2007a, PASP, 119, 1133
Smith, J. D. T., Dale, D. A., Armus, L., et al. 2004, ApJS, 154, 199

Smith, J. D. T., Draine, B. T., Dale, D. A., et al. 2007b, ApJ, 656, 770
Spoon, H. W. W., Farrah, D., Lebouteiller, V., et al. 2013, ApJ, 775, 127
Spoon, H. W. W., Keane, J. V., Tielens, A. G. G. M., Lutz, D., & Moorwood, A.

F. M. 2001, A&A, 365, L353
Spoon, H. W. W., Keane, J. V., Tielens, A. G. G. M., et al. 2002, A&A, 385,

1022
Spoon, H. W. W., Marshall, J. A., Houck, J. R., et al. 2007, ApJL, 654, L49
Spoon, H. W. W., Tielens, A. G. G. M., Armus, L., et al. 2006, ApJ, 638,

759
Stierwalt, S., Armus, L., Surace, J. A., et al. 2013, ApJS, 206, 1
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