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 Summary

• New public IR SED templates that are appropriate for 
high-z dusty galaxies, composites and AGN. (Kirkpatrick 
et al. 2015, ApJ) 

• Differences in IR SEDs of SFG at z~0 and z~1-2 with local 
SFGs consistent with evolution of the main sequence. 
(Kirkpatrick et al. 2016, in prep.) 

• GADGET+Sunrise simulations are able to reproduce the range 
of SEDs seen in our sample. But we find significant systematic 
uncertainties in the AGN fraction inferred from the IR SED, 
the host galaxy processing of the AGN light is significant.  
(Roebuck et al. 2016, ApJ, in review) 

• SurveySim: a new, public MCMC-based code to model the 
evolution of the IR luminosity function. (Kurinsky et al. 2016, 
ApJ, in review)
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Our 24um-selected supersample of ~340 galaxies all with 
IRS mid-IR spectra. The L-z space is well sampled allowing us 
to study trends with both luminosity and redshift. 
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Fig. 3.— The distribution of mid-IR AGN fraction, determined
from the mid-IR spectral decomposition. The colors correspond to
redshift. A large portion (30%) are SFGs with little AGN contri-
bution, but there is also a sizeable population of AGN (36%). We
indicate our f(AGN)

MIR

classifications below the x-axis.

wavelengths.

3.2. Spectroscopic Redshifts

We determine redshifts for the majority of our sam-
ple by fitting the positions of the main PAH features
(6.2, 7.7, 11.2, 12.7µm complexes). Out of our sam-
ple, 36 sources have a featureless mid-IR spectrum. In
these cases, we adopt available optical spectroscopic red-
shifts for the GOODS/ECDFS sources (e.g., Szokoly et
al. 2004; Barger et al. 2008; Popesso et al. 2009; Stern
et al. 2012). Optical redshifts for the xFLS sources were
determined with targeted Keck and Gemini follow-up ob-
servations (e.g., Choi et al. 2006; Yan et al. 2007; Sajina
et al. 2008). Redshifts derived from fitting the PAH
features have typical uncertainties of �z = 0.01 � 0.03
(Dasyra et al. 2009) while redshifts based only on the
9.7µm silicate feature (as is the case for many of our
strong AGN) have uncertainties of �z = 0.1�0.2 (Sajina
et al. 2007).
The redshift distribution is illustrated in Figure 4,

where we separate sources according to f(AGN)MIR .
The redshift distribution is largely bimodal, with peaks
around z ⇠ 1 and z ⇠ 2, which reflects the overarching
24µm selection criterion. At z = 1, 2, prominent PAH
features fall within the 24µm bandpass causing an in-
crease of detected sources with intense star formation.
Conversely, at z ⇠ 1.5, the 9.7µm silicate absorption
feature falls within the 24µm bandpass, resulting in a
dearth of sources. The highest redshift sources (z > 2.5)
are predominantly AGN; this is also a byproduct of the
24µm selection criterion since AGN activity boosts mid-
IR emission. We have relatively more composites at
z ⇠ 2 than SFGs because the composites tend to be
more luminous at 24µm due to AGN emission and are
more easily detected.

4. A NEW PUBLIC LIBRARY OF EMPIRICAL INFRARED
TEMPLATES

The spectral energy distributions of dusty high red-
shift ULIRGs are seen to di↵er from the SEDs of local
ULIRGs (e.g., Pope et al. 2006; Elbaz et al. 2011; Sajina
et al. 2012; Kirkpatrick et al. 2012). In light of this,
a library of templates designed specifically for high red-

0.0

0.1

0.2

0.3
SFGs: f(AGN)MIR <0.2

0.0

0.1

0.2

0.3
Comp: f(AGN)MIR =0.2-0.8

0.0

0.1

0.2

0.3

F
ra

ct
io

n
 o

f 
S

o
u

rc
e

s

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Redshift

AGN: f(AGN)MIR >0.8

Fig. 4.— The redshift distribution of our sample where we have
separated sources by f(AGN)

MIR

. The top panel shows the frac-
tion of SFGs in each redshift bin, the middle panel shows the
fraction of composites, and the bottom panel shows the fraction
of AGN per bin. The highest redshift sources are mainly AGN,
which reflects the 24µm selection criterion, since AGN are typi-
cally brighter at this wavelength than SFGs. The bimodal distri-
bution which peaks at z ⇠ 1 and z ⇠ 2, particularly evident for the
SFGs and composites, is also a byproduct of the 24µm selection,
since at these redshifts prominent PAH features fall in the 24µm
bandpass.

shift galaxies is required. Our large spectroscopic sample
and wealth of multiwavelength data is ideally suited for
this purpose. However, our individual mid-IR spectra
are noisy, and many of our sources lack complete cover-
age of the peak of the SED emission in the far-IR, due to
confusion limits from Herschel. Therefore, we can better
study the dust emission at high redshift by considering
the average SED. We combine our sources to create three
libraries of publicly available7 empirical SED templates:

1. MIR-based Library. This is a user-friendly library
suited for sources with mid-IR spectroscopy.

2. Color-based Library. This is a user-friendly library
ideal for sources with only IR photometry.

3. Comprehensive Library. This library best repre-
sents the intrinsic properties (f(AGN)MIR ,LIR) of
our sources.

Within each template library, we divide our sources
into subsamples using criteria outlined in Sections 4.1-
4.3. Table 2 describes the basic properties of the sub-
samples comprising each template. We begin by shifting
all spectra and photometry to the rest frame. Within

7 http://www.astro.umass.edu/⇠pope/Kirkpatrick2015/ or
something

Kirkpatrick, Pope, AS et al. 2015
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photometry for 23 sources, the 350 μm photometry for 36
sources, and the 500 μm photometry for 46 sources due to
being too blended or too faint. In the GOODS-N and ECDFS
fields, we reject 26 sources at all SPIRE wavelengths for being
too blended. The sources rejected span the full redshift
distribution.

We combine Herschel and Spitzer photometry and spectro-
scopy with ground-based near-IR and submillimeter imaging to
obtain excellent coverage of the full IR spectrum from
z= 0.3–2.8. Specifically, for the GOODS-N and ECDFS
sources, we have J- and K-band photometry from VLT/
ISAAC (Retzlaff et al. 2010) and CFHT/WIRCAM (Wang
et al. 2010; Lin et al. 2012); Spitzer IRAC 3.6, 4.5, 5.8, 8.0 μm,
IRS 16 μm, and MIPS 24, 70 μm imaging; Herschel PACS
100, 160 μm and SPIRE 250, 350, 500 μm imaging; and
870 μm photometry from LABOCA on APEX (Weiß
et al. 2009) and the combined AzTEC+MAMBO 1.1 mm
map of GOODS-N (Penner et al. 2011). For the xFLS sources,
we have Spitzer IRAC 3.6, 4.5, 5.8, 8.0 μm, and MIPS 24, 70,
160 μm imaging; Herschel SPIRE 250, 350, 500 μm imaging;
and MAMBO 1.2 mm imaging (Lutz et al. 2005; Sajina
et al. 2008; Martínez-Sansigre et al. 2009). We illustrate the
wavelength coverage of our data in Figure 2.

3. MID-IR SPECTRAL DECOMPOSITION

3.1. AGN Strength

We perform spectral decomposition of the mid-IR spectrum
(∼5–18 μm rest frame) for each source in order to disentangle
the AGN and star-forming components. Pope et al. (2008)
explain the technique in detail, and we summarize here. We fit
the individual spectra with a model composed of four
components: (1) the star formation component is represented
by the mid-IR spectrum of the prototypical starburst M82 (we
verified the choice of template by comparing with the low-
redshift starburst template from Brandl et al. (2006), which
produced the same results); (2) the AGN component is
determined by fitting a pure power law with the slope and
normalization as free parameters; (3, 4) extinction curves from
the Draine (2003) dust models for Milky Way (MW) type dust
are applied to the AGN component and star-forming compo-
nent. The full model is then

S N e N S eM82 . 1AGN SFAGN SF( ) ( )l= +n
a t

n
t- -

We fit for NAGN, NSF, α, τAGN, τSF, and redshift
simultaneously.
The extinction curve is not monotonic in wavelength and

contains silicate absorption features, the most notable for our
wavelength range being at 9.7 μm. It is important to note that
the assumption of MW dust has a non-negligible effect on the
normalization of the AGN component, and dust of lower
metallicity could lower the overall contribution of an AGN to
LIR (Snyder et al. 2013). The M82 template already contains
some intrinsic extinction. We allow additional extinction to the
SF component beyond that inherent in the template and find
this to be necessary for 24% of the sources.
For each source, we quantify the strength of the AGN,

f AGN MIR( ) , as the fraction of the total mid-IR luminosity
coming from the extincted power-law continuum component.
We classify the sources as SFGs ( f AGN MIR( ) < 0.2), compo-
sites ( f AGN MIR( ) = 0.2–0.8), and AGNs ( f AGN MIR( ) > 0.8).
Figure 3 illustrates the f AGN MIR( ) distribution of the sample,
with colors corresponding to redshift. There are roughly equal
numbers of SFGs (30%), composites (34%), and AGNs (36%).

Figure 2. We show the available photometry and spectroscopy for each source
in our sample. We redshift the observed photometric wavelengths for
individual sources to the rest frame. We plot a filled circle if a source has a
photometric detection at a given wavelength, and we indicate the rest frame
coverage of the IRS spectra with a blue shaded region. We show an IR SED in
gray to better illustrate the coverage of our photometry and spectroscopy. Our
spectroscopic and photometric coverage is exceptional, and there are no
significant gaps in any particular bandpass due to increasing redshift.

Figure 3. Distribution of mid-IR AGN fraction, determined from the mid-IR
spectral decomposition. The colors correspond to redshift. A large portion
(30%) are SFGs with little AGN contribution, but there is also a sizable
population of AGNs (36%). We indicate our f AGN MIR( ) classifications below
the x-axis.

4
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Exceptional 
IR SED coverage 

Kirkpatrick, Pope, AS, et al. 2015
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verified the choice of template by comparing with the low-
redshift starburst template from Brandl et al. (2006), which
produced the same results); (2) the AGN component is
determined by fitting a pure power law with the slope and
normalization as free parameters; (3, 4) extinction curves from
the Draine (2003) dust models for Milky Way (MW) type dust
are applied to the AGN component and star-forming compo-
nent. The full model is then
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wavelength range being at 9.7 μm. It is important to note that
the assumption of MW dust has a non-negligible effect on the
normalization of the AGN component, and dust of lower
metallicity could lower the overall contribution of an AGN to
LIR (Snyder et al. 2013). The M82 template already contains
some intrinsic extinction. We allow additional extinction to the
SF component beyond that inherent in the template and find
this to be necessary for 24% of the sources.
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in our sample. We redshift the observed photometric wavelengths for
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(30%) are SFGs with little AGN contribution, but there is also a sizable
population of AGNs (36%). We indicate our f AGN MIR( ) classifications below
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power-law AGNs, and these silicate AGNs tend to have more
cold dust.

We characterize the shape of the far-IR using Tc, Tw, and
Lcold/LIR and plot these properties as functions of f AGN MIR( )
(median of each subsample) in Figure 7. Lcold is derived by
integrating under the cold dust MBB from Equation (2), and it
arises from the diffuse ISM, making Lcold and Tc secure tracers
of the host galaxy (Dunne & Eales 2001). Tc varies by less than
5 K for almost all templates (gray dashed line is median Tc),
illustrating that Tc, which quantifies the peak wavelength of the
dust emission, is not correlated with the presence of a mid-IR
luminous AGN. Since Tc arises from the diffuse ISM, this
indicates that, on average, the galaxies in our sample all display
extended dust emission. Tc for MIR0.6 (light green) is a notable
exception. Tc is nearly 10 K higher for this template, shifting
the peak of the SED from ∼110 to ∼90 μm. Tc is higher for
MIR0.6 due to a combination of the fact that there are fewer
sources in this bin and these are the most luminous sources on
average in the sample. It is possible this subsample is made up
of more compact galaxies, leading to higher overall dust
temperatures. We explore correlations between Tc and LIR in
Section 4.3.

Lcold/LIR, the fraction of LIR due to cold dust emission, is
nearly constant for the MIR0.0–MIR0.6 templates, after which
it starts to decrease (middle panel of Figure 7). We illustrate
this trend with the gray dashed line, where we join the median
Lcold/LIR for MIR0.0–MIR0.6 with a simple linear fit to the
MIR0.6–MIR1.0 points. Until f AGN MIR( ) = 0.6, emission
from the extended host galaxy is dominating the infrared
luminosity, despite a growing contribution from an AGN to the
mid-IR.
In contrast, Tw increases until f AGN MIR( ) = 0.6, and then it

is fairly constant for f AGN MIR( ) = 0.7–1.0 (bottom panel;
dashed line is a linear fit joined to a median). Tw has two
possible heating sources. The first is star-forming regions,
either in the extended disk or in a compact starburst, although
locally compact starbursts are measured to produce higher
temperatures (e.g., Díaz-Santos et al. 2011). In the MIR0.0–
MIR0.1 templates, Tw can be safely attributed to star formation.
As the AGN grows stronger, it will contribute to Tw, eventually
outshining any dust heated by star formation. The gas that fuels

Figure 6. MIR-based Template Library created by grouping sources according
to f AGN MIR( ) to explore how the shape of the IR SED changes as an AGN
grows more luminous. Template subsample properties are listed in Table 2. The
templates have been arbitrarily offset in Lν to allow for easier comparison.
Shaded regions show the uncertainties for each template. MIR0.3 has
particularly large uncertainties around 20 μm, but this is due to a lack of
data points in this regime. As the mid-IR AGN grows stronger, the far-IR
emission becomes flatter due to an increase in the warm dust emission. Figure 7. Cold dust temperature (top panel), Lcold/LIR (middle panel), and

warm dust temperature (bottom panel) as a function of f AGN MIR( ) for the
MIR-based templates. f AGN MIR( ) is the median value of the sources
comprising each template. Tw increases until f AGN MIR( ) = 0.6, while Lcold/
LIR decreases after this point. In contrast, Tc is roughly constant (dashed line is
median Tc).
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SED templates public: http://daisy.astro.umass.edu/~pope/Kirkpatrick2015/
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Fig. 13.— We illustrate our full IR decomposition technique for a star forming template (MIR0.1, left) and an AGN template (MIR1.0,
right). We find a best fit model (red dashed line) by simultaneously fitting the z ⇠ 1 Star Forming SED (green dot-dashed line) and
Featureless AGN SED (blue dotted line), with extinction if required, from Kirkpatrick et al. (2012). We then integrate under the AGN
component (blue dotted line) to calculate f(AGN)

total

which is the fraction of L
IR

(8-1000µm) due to AGN heating. We have illustrated the
integrated portion of the model and AGN component with the shaded regions. In the insets, we show the mid-IR decomposition (Equation
1), used to calculate f(AGN)

MIR

from 5-15µm.

The strong orrelation between L(FIR) and LSF
IR strength-

ens our conclusion that heating by star formation ac-
counts for the bulk of the cold, far-IR emission.

6. DISCUSSION

6.1. Consistency in Star Forming Galaxies over Cosmic
Time

We have carefully decomposed the mid-IR spectra
of our sources, allowing us to classify galaxies harbor-
ing a buried AGN that may not be visible at other
wavelengths. An additional benefit of this classification
scheme is that it enables us to to isolate the mid- and far-
IR properties of purely star forming galaxies over a large
range in redshift. Within the Comprehensive Library, we
have determined the average SEDs of pure SFGs with
median redshifts of z ⇠ 0.8 and z ⇠ 1.7, and these tem-
plates are indistinguishable (left column of Figure 11).
Ou SFG templates have no significant change in Tw, Tc
or Lcold/LIR with redshift or LIR, e↵ectively demonstrat-
ing that the average dust heating in SFGs remains con-
stant over a broad epoch. This result does not contradict
observations from Béthermin et al. (2015). For a sample
of main sequence galaxies spanning a redshift range of
z = 0.5� 4, the authors conclude that the average inter-
stellar radiation field, measured by the parameter hUi,
increases as hUi / (1 + z)1.15. hUi is proportional to
dust temperature, indicating that the dust temperature
should be increasing and the peak of the SED should be
shifting to shorter wavelengths. However, when we plot
the stacked detections in Béthermin et al. (2015) in the
same redshift range as our templates (0.25 < z < 1.25
and 1.25 < z < 2.00), we find that the stacked fluxes
are consistent with our SEDs within the uncertainties.
The evolution in SED peak observed in Béthermin et al.
(2015) is not strong enough to be evident over the red-
shift range we are probing, which is more limited than
that study.
Our observed lack of SED evolution is consistent with

observations of the larger sample of GOODS-Herschel
SFGs; the ratio of PAH to far-IR emission, as traced
by L8µm/LIR, is constant from z = 0 � 2.5 providing
evidence that the IR SEDs of normal, non-interacting,
dusty SFGs do not evolve strongly (Elbaz et al. 2011).
In contrast, local ULIRGs have a deficit of PAH emis-
sion compared with less luminous, normal SFGs (e.g.,
Veilleux et al. 2009). However, at higher redshift, this
deficit is seen to shift to higher LIR, so that high redshift
ULIRGs have LPAH/LIR ratios that mimic local LIRGs,
indicating that local LIRGs might be an ideal comparison
sample for our high redshift LIRGs and ULIRGs (Sajina
et al. 2012; Pope et al. 2013; Stierwalt et al. 2013).
We compare the IR colors of our high z SFG sources

with the observed frame IR colors of local LIRGs in Fig-
ure 15. We plot S160/S70 and S24/S8 for LIRGs from the
Great Observatories All-Sky LIRG Survey (GOALS; Ar-
mus et al. 2009). The individual galaxies in GOALS all
have mid-IR spectroscopy available allowing us to classify
their mid-IR AGN emission using the same technique as
for our high redshift galaxies. In Figure 15, we are only
comparing mid-IR identified SFGs (f(AGN)MIR <0.2) in
the GOALS and high z samples. For the high z sources,
we have estimated rest frame S160/S70 and S24/S8 col-
ors using a Monte Carlo technique to sample the MIR0.0,
MIR0.1, and MIR0.2 templates within the template un-
certainties at 8, 24, 70, and 160µm. We show the typical
uncertainty on this synthetic photometry in the upper
right corner. We also demonstrate the portion of the
SED traced by these colors in the lower left corner.
There is a strong overlap between our high z SFGs

and the GOALS SFGs. For comparison, we plot local
less luminous (LIR ⇠ 109 � 1010) BPT-identified SFGs
(O’Dowd et al. 2011; Battisti et al. 2015). Although a
few of these source lie in the same region as GOALS
and our SFGs, in general, these sources lie below and to
the right of the more luminous galaxies. S160/S70 traces
the peak of the SED, while S24/S8 traces the amount

Kirkpatrick et al. 2015

f(AGN)MIR<0.2=SFG 
0.2<f(AGN)MIR<0.8= Composite 
f(AGN)MIR>0.8=AGN
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the SFG SED does not evolve with redshift or luminosity for
these types of massive dusty galaxies. Any evolution between
LIR and dust temperature is driven not by an intrinsic change in
the ISM of high-redshift (U)LIRGs, but by a different process,
such as a growing AGN. We should note that our selection
criterion is biased toward sources with strong PAH emission
(which we will comment on further in Section 6), and we are
examining only one order of magnitude in LIR, which is
possibly too narrow a range to expect to see any strong trend
between Tc and LIR.

We quantify the far-IR dust properties of the Comprehensive
Library in Figure 12. In the left column, we plot Tc, Tw, and

Lcold/LIR as functions of the median redshift of the sources that
were used to create each template. In the right column, we plot
these properties as functions of template LIR. The three SFG
templates all have the same Tc, Tw, and Lcold/LIR regardless of
LIR or redshift, effectively demonstrating the lack of evolution
in these sources, on average.
In contrast, the Composites and AGNs show a clear increase

in Tc, also evident in Figure 11 where the peak of the SED
shifts with increasing LIR and z. For the Composites, the
increase in Tc is correlated with LIR, as can be seen clearly by
examining the green points in the top right panel of Figure 12.
The Composite2 and Composite4 templates (square and circle)

Figure 11. We present our library of Comprehensive Templates where we have separated sources by f AGN MIR( ) , redshift, and LIR. SFGs ( f AGN MIR( ) < 0.2) are
plotted in the left column, Composites ( f AGN MIR( ) = 0.2–0.8) in the middle column, and AGNs ( f AGN MIR( ) > 0.8) in the right column. The top row shows our
selection criteria as the shaded regions for the sources that comprise each template. We overplot the median LIR and z in each subsample (symbols here correspond to
symbols used in Figure 12). Shaded regions were selected to maximize completeness while optimizing the median redshift and LIR so that we can compare templates at
similar redshifts and LIR. The middle row shows the library of templates at the intrinsic luminosity density of each template, while in the bottom row the templates
have all been normalized at 300 μm to allow easier comparison of the mid- and far-IR features. The large uncertainties on the far-IR emission of the AGN templates
are due to the intrinsic scatter of SED shapes among these sources and a lack of data constraining the Rayleigh–Jeans tail due to the redshifts of the sources. The shape
of the SFGs is remarkably consistent. The peak of the SED increases steadily for the Composites, as can clearly be seen in the bottom middle panel. The AGN1 and
AGN2 templates, which are created from the lower redshift AGNs, have a distinctly different far-IR shape than the AGN3 and AGN4 templates, indicating a possible
evolution of temperature with redshift.
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Constant 
SFG SED 
z~1-2!
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Mid-IR spectra of local 
ULIRGs (thin grey lines) much redder/dust obscured 
than those of z~1-2 ULIRGs (thicker purple/orange curves) 
(AS et al. 2012)
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ture: 1) Great Observatories All Sky Survey (GOALS;
PI L.Armus Armus et al. 2009); 2) 5 mJy Unbiased
Spitzer Extragalactic Survey (5MUSES; PI G.Helou Wu
et al. 2010); 3) Spitzer IRS Supersample (Kirkpatrick et
al. 2015). These samples are ideal for comparison as they
are each comprised of massive (M⇤ & 109 M�), infrared
luminous (LIR = 1010 � 1013 L�) galaxies with far-IR
imaging from the Spitzer Space Telescope and the Her-
schel Space Observatory and mid-IR spectroscopy from
the Spitzer IRS instrument (Houck et al. 2004), useful for
identifying obscured AGN. We combine these samples to
quantify dust emission from z = 0 � 4 (Figure 1). We
briefly summarize the basic properties of each sample in
the following subsections.

2.1. GOALS

The GOALS sample is comprised of 180 LIRGs and
22 ULIRGs. Several of these systems are interacting,
resulting in 244 individual galactic nuclei with Spitzer
IRS spectroscopy. These galaxies are a complete subset
of the IRAS Bright Galaxy Survey (Sanders et al. 2003)
and were selected at 60µm to have S60 > 5.24 Jy. These
sources cover the distance range 15 Mpc < D < 400 Mpc,
which corresponds to z < 0.088.
The IRS spectra have been previously analyzed in

depth (Dı́az-Santos et al. 2010, 2011; U et al. 2012; Stier-
walt et al. 2014). Here, we make use of the IRS SL
staring observations, � = 5.5 � 14.5µm, to identify and
remove AGN from the sample (Section 3). We note that
because the GOALS sample is nearby, IRS observations
only cover the central region of the galaxy, in contrast
to the IRS observations of 5MUSES and the Supersam-
ple. This could introduce a slight bias as we may remove
sources that have a nucleus dominated by AGN emission,
whereas the galaxy integrated emission is dominated by
star formation. We only remove 13% of the sample, so
the e↵ects of this potential bias are small.
The GOALS galaxies have global flux densities from all

three Spitzer MIPS bandpasses (Rieke et al. 2004) and
all three Herschel SPIRE bandpasses [REFERENCE?].
LIR(8 � 1000µm) was calculated following the method
in Sanders & Mirabel (1996) using IRAS flux densities
(Dı́az-Santos et al. 2010). A complete subset of 64 galax-
ies were imaged at 850µm with SCUBA2 on the James
Clerk Maxwell Telescope, which we use to calculateMdust

(U et al. 2012). Finally, we also use M⇤ calculated by fit-
ting Bruzual & Charlot (2003) stellar population models
to GALEX and IRAC observations, assuming a Salpeter
initial mass function (IMF) (U et al. 2012).

2.2. 5MUSES

5MUSES is a Spitzer IRS mid-IR spectroscopic survey
of 330 galaxies selected from the SWIRE and Spitzer Ex-
tragalactic First Look Survey fields (details in Wu et al.
2010). It is a flux limited sample selected at 24µm us-
ing Spitzer/MIPS observations, with S24 > 5mJy. 280
sources have optical spectroscopic redshifts (Wu et al.
2010). Crucially, 5MUSES is a representative sample at
intermediate redshift (the median redshift of the sample
is 0.14) of galaxies with LIR ⇠ 1010 � 1012 L�, bridg-
ing the gap between local LIRGs and ULIRGs and high
redshift observations.
For the present study, we make use of the Spitzer IRS

SL spectroscopy to quantify AGN. Complete details of
the Spitzer data reduction are found in Wu et al. (2010).
IRS spectra combined with Spitzer MIPS imaging is used
to calculate LIR(5 � 1000µm) in Wu et al. (2010), with
a slightly di↵erent cosmology (⌦M = 0.27,⇤ = 0.73).
We correct the published LIRs by multiplying by 0.99
to account for the di↵erence in cosmology and 0.95 to
scale to LIR(8 � 1000µm), which we have determined
using a purely star forming template from Kirkpatrick
et al. (2015). The 0.95 correction underestimates what
is needed if the galaxy hosts a luminous AGN, but as
we focus primarily on the emission of SFGs, we do not
further correct the LIR of AGN. We also utilize Herschel
SPIRE observations of a subset of 188 sources in the Her-
schel Multi-Tiered Extragalactic Suvery (HerMES Oliver
et al. 2010, 2012; Magdis et al. 2013). Finally, Shi et
al. (2011) calculate stellar masses by fitting Bruzual &
Charlot (2003) stellar population models to UV-IR data
assuming a Chabrier IMF. U et al. (2012) fit the GOALS
galaxies with both a Salpeter and Chabrier IMF, and find
an o↵set of MSal

⇤ = 0.55MCha
⇤ , which we use to convert

the 5MUSES M⇤ to a Salpeter IMF.

2.3. Supersample

We have assembled a multi-wavelength data set for a
sample of 343 high redshift (z ⇠ 0.3 � 4.0) (U)LIRGs
in the Great Observatories Origins Deep Survey North
(GOODS-N), Extended Chandra Deep Field Survey
(ECDFS), and Spitzer Extragalactic First Look Survey
(xFLS) fields. All sources are selected to have mid-
IR spectroscopy from Spitzer IRS. Our sample contains
a range of sources from individual observing programs,
each with di↵ering selection criteria. However, the over-
arching selection criterion is that each galaxy must be
bright enough at 24µm (observed frame) to be detectable
in (< 10 hours). In addition to IRS spectra, these sources
all have Spitzer MIPS and Herschel PACS and SPIRE
imaging (Sajina et al. 2012; Kirkpatrick et al. 2015).
The xFLS sample is described in detail in Sajina et al.

(2012). The sources were selected to have S24 > 0.9mJy
and to have an R magnitude of mR,Vega � 20. The
xFLS IRS sample contains just under half of the xFLS
sources that meet the above photometric criteria; how-
ever, Sajina et al. (2012) find that the IRS sample is
representative of a 24µm-selected sample (> 0.9mJy) at
z&1. The GOODS-N and ECDFS samples include all
sources in these fields that were observed with Spitzer
IRS (complete details in Kirkpatrick et al. 2012). All of
these sources were selected at 24µm, and 93% of have
S24 > 100µJy.
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Fig. 8.— [NEED TO PUT ERRORS: lot of uncertainties here–
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850
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for ↵

850

? I do not have uncertainties for M⇤ for any sample.]Top
panel–Gas fraction (M

mol

/(M
mol

+M⇤)) as a function of distance
from the main sequence (grey shaded region). There is a clear
correlation, with starbursting galaxies having higher gas fractions,
but the normalization of this relationship changes with z. The
Supersample, many of which are on the main sequence, have 3⇥
more gas than their local MS counterparts. Bottom panel–Star
formation e�ciency as a function of distance from the MS. There
is a general correlation, similar to Genzel et al. (2015) (dashed
line). The Supersample illustrates a high degree of scatter, but no
systematic o↵set from the local galaxies.

gas fractions than local MS LIRGs. This redshift evolu-
tion is best interpreted by also considering star formation
e�ciency, SFE=SFR/Mmol, which is the inverse of the
gas depletion timescale, tdep. We plot SFE v. �sSFR in
the bottom panel of Figure 8. Again there is a clear cor-
relation between the two parameters, similar to the well
established dependence of tdep on sSFR (Saintonge et al.
2011; Magdis et al. 2012; Tacconi et al. 2013; Sargent et
al. 2014; Huang & Kau↵mann 2014). We overplot the re-
lation derived in Genzel et al. (2015), where the authors
use CO observations to calculateMmol for 500 SFGs from
z = 0 � 3. The scatter in the Supersample is large, but
there is no systematic o↵set from the lower redshift sam-
ples, in agreement with the very mild redshift evolution
between tdep and �sSFR found by Genzel et al. (2015).
The clear increase in gas fractions with redshift, without
corresponding increases in SFE, suggests that the higher
SFRs (corresponding to higher LIR of the Supersample)
and higher Mdust in (U)LIRGs at z ⇠ 1�2 are driven by
an increase in the gas supply, rather than an increase in
SFE and a changing mode of star formation with cosmic
time (Bouché et al. 2010; Tacconi et al. 2013; Dave et al.
2012; Genzel et al. 2015).

6. DISCUSSION

6.1. Selection E↵ects

We are comparing the far-IR/submm properties of
three di↵erent samples with di↵erent selection criteria,
so we must understand whether our results are biased
in due to the selection criteria. The GOALS sample is
selected at 60µm while 5MUSES and the Supersample
are selected at observed frame 24µm, which could re-
sult in di↵erent Tdust. First, we estimate what fraction
of the Supersample would be selected as a 5MUSES or
GOALS galaxy, if the Supersample existed at a di↵erent
redshift. This is largely an academic exercise, since the
Supersample contains the most luminous galaxies, and
Symeonidis et al. (2011) demonstrated that the IRAS
selection criteria are sensitive to ULIRGs (LIR > 12)
with T = 17 � 87K. Nevertheless, such a check will en-
sure that the shape of the SED for LIRGs still contains
enough warm dust to be luminous at rest frame 60µm
and 24µm. We calculate synthetic 60µm photometry
following the prescription in Section 2.3.1, for a redshift
of z = 0.015, which is the peak of the GOALS red-
shift distribution in Figure1. 97% of the Supersample
has S60 > 5.24 Jy, meeting the GOALS selection crite-
ria. The 5MUSES selection criteria is S24 > 5mJy. We
shift our synthetic rest frame photometry to z = 0.15 by
scaling down by 1.62, a ratio determined with the Kirk-
patrick et al. (2015) template library. Again, 97% would
be selected as a 5MUSES galaxy. From this, we conclude
that if cold, massive galaxies like the Supersample exist
at lower redshift, they are easily detectable in current
surveys.
We can easily check if 5MUSES sources meet the

GOALS selection criteria using MIPS 70µm, since at
z = 0.167 (approximately the mean redshift of the
5MUSES galaxies), this corresponds to 60µm. Only 59%
meet the selection threshold. But, these are lower lumi-
nosity sources. When we restrict ourselves to sources
with LIR > 1011, the percentage of selected sources in-
creases to 99%. We can estimate directly whether the
5MUSES galaxies would be part of the Supersample uti-
lizing their IRS spectra (24µm selection criteria covers
PAH features at z ⇠ 1 � 2). We redshift the spectra
to z = 1 and z = 2 and calculate the observed frame
24µm flux density, where S24 = 100µJy is the selection
threshold. Only 28% of the 5MUSES sample would be
selected at z = 1, and 11% at z = 2. However, this is
not surprising, since the 5MUSES galaxies are on average
less luminous. In fact, if we examine Figure 1, only 32%
of the 5MUSES galaxies overlap in the LIR spanned by
the Supersample. Of the overlapping galaxies, Most are
selected as Supersample galaxies at z = 1 due to similar
LPAH/LIR ratios as z ⇠ 1 � 2 (U)LIRGs (Pope et al.
2013; Kirkpatrick et al. 2014; Battisti et al. 2015).
Estimating whether the GOALS sources would be in-

cluded in our Supersample is more nuanced, since the
Supersample selection criteria is based on mid-IR emis-
sion, particularly the strength of PAH features, and we
lack global IRS spectra for the GOALS galaxies. Instead,
we use the Chary & Elbaz (2001) library of templates
which were derived from the IRAS BGS. In Figure 9, we
illustrate which templates would meet the S24 > 100µJy
selection criteria as a function of redshift (Elbaz et al.
2011). At z = 1, only templates with logLIR > 11.11L�
meet the selection threshold, and at z = 2, this increases
to logLIR > 12.21L�. We can put this in perspective
using an SFG template from Kirkpatrick et al. (2015)

Kirkpatrick, Pope, AS, et al. 2016, in prep.

Distance from MS 
as given in Elbaz+2011

here only 
include SFG 

from the Supersample
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2 SED characterization
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Future/ongoing work: 

~75% of the sample have HST images (inc. Zamojski et 
al. 2011 and as part of Jayhan Kartaltepe’s WFC3 
GOODS-S sample). Want to directly link mid-IR 
properties with morphologies — building upon Zamojski 
et al. 2011. 

CANDELS images
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3 Simulations comparison

13

GADGET+Sunrise 
merger simulation 

(movie by Patrik 
Jonsson, Greg Novak, 
and Joel Primack)

(recall Greg Snyder’s talk on Monday)
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3 Simulations results
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Sunrise (see Jonsson et al. 2006) is a Monte Carlo Radiative transfer code 
that  properly simulates the effects of dust absorption and re-emission for 
merger simulations produced by GADGET.  Simulated SEDs for each 
timesteep of the merger and for 7 different viewing angles are produced.

Snapshots of simulated galaxy during merger (ugr)
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3 Simulations results

15

Roebuck, AS, et al. 2016, in review.

A summary of the simulations library, key properties:

The evolution of each of the 8 models is simulated as an isolated disk,  
as well as a major merger (of 2 identical progenitors — mostly using the “e” 
orbit from Cox et al. ).  
M4, M6, M7, M8 also have boosted AGN merger runs.  
Total: 20 simulations

3

and featureless AGN contributions to the templates’ best
fits. We note that a major uncertainty in the calcula-
tion of the f(AGN)MIR-f(AGN)IR,8�1000µm relationship
is that templates with su�ciently warm dust are ignored
as the z ⇠ 1 star-forming template does not have su�-
cient warm dust presence.
Kirkpatrick (2015) find that f(AGN)MIR correlates

quadratically with f(AGN)IR,8�1000µm for the template
SEDs derived using a common observed sample in their
analysis. This is because the AGN contribution to the
IR SED typically drops o↵ at ⇠40 µm, which is then
dominated by dust heated by stars. Kirkpatrick (2015)
find this to be the case up to f(AGN)MIR>0.7. This sug-
gests that composites are a transitional stage where the
AGN dominates at shorter wavelengths and most far IR
emission is attributed to star formation.

3. SIMULATED DATA

The simulations used are generated by the gadget-
2 cosmological N -body/SPH package (Springel et al.
2001) additionally processed through the sunrise (Jon-
sson 2006) radiative transfer code. This combination
produces realistic spectral energy distributions of both
isolated galaxies and mergers through 7 isotropic van-
tage points and through time increments ranging from
10� 50 Myr. Its successes in reproducing SEDs charac-
teristic of typical star-forming galaxies (Lanz et al. 2014),
z ⇠ 2 starburst galaxies (Narayanan et al. 2010; Hay-
ward et al. 2012), and AGN (Snyder et al. 2013) make it
a natural choice for comparison with our observed sam-
ple. Further details on gadget and sunrise, as well as
the specific simulation library we use, are given in the
subsequent subsections.

3.1. GADGET

gadget (Springel et al. 2001) computes gravitational
e↵ects in galaxy interactions using TreeSPH (Hernquist
& Katz 1989), conserving both energy and entropy. Star
formation is tracked by the volume adjusted Kennicutt
relation ⇢SFR ⇠ ⇢1.5gas (Kennicutt 1998), with a density
cuto↵ at n ⇠ 0.1 cm�3. These models do not resolve
individual molecular clouds, nor do they track their for-
mation. Resolution is a key uncertainty.
The simulations include radiative heating and cooling

(Katz et al. 1996). Both a warm and cold sub-resolution
components (Springel & Hernquist 2003) are incorpo-
rated in the ISM, accounting also for supernovae feedback
in the form of heating and the evaporation of gas (Cox
et al. 2006b) (ignoring kinetic e↵ects of stellar winds).
Each galaxy is given a black hole sink particle that ac-

cretes at the Eddington-limited Bondi-Hoyle rate ṀBH

(citation(s) needed). 5% of the thermal energy is re-
turned to the ISM, and the black hole luminosity is cal-
culated as Lbol = 0.1ṀBHc2 (Shakura & Sunyaev 1973).
For additional and more detailed information concerning
gadget see Springel et al. (2001).
Metal enrichment is included assuming a closed box

model around each gas particle with yield y ⇠ 0.02. For
our simulation suite initial metalicity is set to Z ⇠ 0.01,
so that after coalescence our mergers have Z ⇠ 0.018.
Dust is assigned to be 40% of the metalicity (Dwek 1998).

3.1.1. Progenitor Models

TABLE 1
Model Progenitor Initial Properties

Progenitor M
STARS

f
gas

Reference
Name (h�1 M�) Nameg

M1 3.78⇥ 109 0.26 M1a,e

M2 1.18⇥ 1010 0.21 M2a,e

M3 4.23⇥ 1010 0.16 M3a,e

M4 3.39⇥ 1010 0.40 vc3d,f

M5 4.08⇥ 1010 0.60 c5b

M6 1.56⇥ 1010 0.60 c6d

M7 2.08⇥ 1010 0.80 b5c

M8 8.00⇥ 1010 0.80 b6c

a Jonsson et al. (2010).
b Hayward et al. (2011).
c Hayward et al. (2012).
d Snyder et al. (2013).
e Lanz et al. (2014).
f Hayward & Smith (2015).
g As it appears in the literature. [will reorder such that this is
noted first before the references.]

A summary of the model progenitor galaxies used in
this analysis can been seen in Table 1. These models were
constructed to represent z ⇠ 0 (Jonsson et al. 2010; Lanz
et al. 2014) and z ⇠ 3 (Robertson et al. 2006; Hayward
et al. 2011; Snyder et al. 2013) (U)LIRGs.

3.2. SUNRISE

The 3D Monte Carlo code sunrise (Jonsson 2006)
performs Monte Carlo radiative transfer (RT) by emit-
ting chromatic photon packets from the source particles
through the dust grid. The default dust model is the
Milky Way model of Draine (2003). Probability dis-
tributions are drawn to estimate the interactions along
the photons’ path, allowing absorption at wavelengths
>912Å. A fraction of the small dust grains are assumed
to emit thermally, while the rest are assumed to be PAHs
where mappingsiii (Groves et al. 2008) templates are
adopted. This fraction is fixed to 50% following Jonsson
et al. (2010) to match mid-IR flux ratios from SINGS
(Dale et al. 2007). sunrise produces a far-UV to mm
SED over 7 isotropic viewing angles over ⇠ 3 Gyr.
Star particles initialized in the gadget simulation are

treated as single age stellar populations with metalicity
defined above. Those aged > 10 Myr are assigned star-
burst99 (Leitherer et al. 1999) template SEDs, whereas
those < 10 Myr are assigned templates from Groves et al.
(2008), including mappingsiii Hii (Groves et al. 2008)
and photodissociation regions (PDRs) surrounding the
clusters.
Black hole particles, with luminosity defined in Sec-

tion 3.1, are assigned the AGN SED template from Hop-
kins et al. (2007). This template includes dust reprocess-
ing through a torus where the mid-IR matches the mean
quasar SED of Richards et al. (2006a).
The gadget gas-phase metal density is projected onto

a three dimensional adaptive grid with volume 200 kpc3.
An initial refinement is used to estimate optical depth
with cells, for which further refinement is determined.
The resulting minimum cell size (80 pc = 55 h�1 pc) is
on the order of the softening length (100 h�1 pc) used in
the hydrodynamic calculations. This level of refinement
establishes SEDs that converge within ⇠ 10% (Hayward
et al. 2011).
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Can estimate how much of the IR (8-1000um) luminosity is due to the AGN. 
Can compare how that relates to the true (bolometric) fraction of AGN to the total 
power (AGN+stars) in the galaxy. 

Young&Stars&&
+&PDRs&+&HII&Regions&

Old&Stars&&

AGN&+&Torus&

Obscuring&Host&Galaxy&

Before&Host&Dust&Processing& AAer&Host&Dust&Processing&
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coalescence
Ratio of bolometric 
to IR-only AGN fraction 
estimates 

Roebuck,AS, et al. 2016
coalescence
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1) Simulated AGN fractions in broad agreement  
with empirical classification.  
2) Very large systematic uncertainties — i.e. similarly good fits are achievable 
with a wide range of AGN fractions!
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as in Kirkpatrick et al. 2015

Broad agreement between  
empirical-based 
and simulations-based 
IR AGN fraction estimates 

Simulations-based fractions tend 
to be somewhat higher suggesting 
the role of AGN in heating the  
galaxy’s dust is underestimated.

1:1
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3 Simulation comparisons

• Higher resolution simulations; Galaxies too smooth 
now which for example doesn’t allow for Type 1 AGN 

• Better treatment of accretion onto the AGN and the 
change in AGN SED with accretion rate;  

• Cosmological context especially allowing for gas inflow.

21

Caveats/work in progress:

Stay tuned!
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4 SurveySim results
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SurveySim is a new MCMC-based galaxy survey LF evolution fitting tool.  
The code is public: http://cosmos2.phy.tufts.edu/~asajina/SurveySim.html

log(Lir)

f(AGN)

SED library 
Kirkpatrick+15 

plus Rieke+09 and Mullaney+11 for z=0

http://cosmos2.phy.tufts.edu/~asajina/SurveySim.html
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4 SurveySim results
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this example based on COSMOS-Hermes data.

Kurinsky, AS, Bonato et al. 2016
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4 SurveySim results
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The best-fit IR luminosity function evolution compared with 
measurements from the literature. The black curves are 
the results of different runs.

Kurinsky, AS, Bonato et al. 2016
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predicted 
redshift  

distributions

predicted 
breakdown 

by type 
(SFG, AGN  

or Composite)
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4 SurveySim results
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We find good agreement with the overall Cosmic 
Infrared Background as well as prior estimated of 
its redshift breakdown (Jauzac+2011). 

Kurinsky, AS, Bonato et al. 2016
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5 Summary

• New public IR SED templates that are appropriate for 
high-z dusty galaxies, composites and AGN. (Kirkpatrick 
et al. 2015, ApJ) 

• Differences in IR SEDs of SFG at z~0 and z~1-2 with local 
SFGs consistent with evolution of the main sequence. 
(Kirkpatrick et al. 2016, in prep.) 

• GADGET+Sunrise simulations are able to reproduce the range 
of SEDs seen in our sample. But we find significant systematic 
uncertainties in the AGN fraction inferred from the IR SED, 
the host galaxy processing of the AGN light is significant.  
(Roebuck et al. 2016, ApJ, in review) 

• SurveySim: a new, public MCMC-based code to model the 
evolution of the IR luminosity function. (Kurinsky et al. 2016, 
ApJ, in review)
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