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Observational signatures of an evolving 
interstellar medium in high redshift galaxies 

Large Millimeter Telescope 
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Using data from Bouwens+2009 and Murphy+2011 

Dust-obscured activity dominates the build-up of 
stars and black holes in galaxies 



Madau & Dickinson 2014 

Dust-obscured activity dominates the build-up of 
stars and black holes in galaxies 

Star formation : black 
BH accretion : blue, green, red 



Stars and black holes grow together in galaxies 

Credit: K. Cordes, S. Brown (STScI)  



Outstanding Questions: 

 
!  How is the star formation linked to the black hole growth?  

 Can we separate emission from each in our observations? 
 
!  Are the mechanisms of triggering and fueling star formation 

during the peak period of z=1-3 different from those in the 
local Universe? 
 How do the interstellar medium conditions differ during the 
peak period of z=1-3 from those in local galaxies? 

 
 
 

 
 

Dust-obscured activity dominates the build-up of 
stars and black holes in galaxies 



Hollenbach & Tielens 1997 

PAH 
H2 
CO 

Molecular cloud 

How do we probe the interstellar medium (gas 
and dust) in high redshift galaxies? 



Circa 2015: Well 
sampled spectral 
energy distribution 
(SED) for high redshift 
dusty galaxies 
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How do we probe the interstellar medium (gas 
and dust) in high redshift galaxies? 



Spitzer mid-IR spectroscopy is 
sensitive to: 

1)   radiation heating the dust : 
star formation (SF) or AGN 

2)   PAHs tell you about dust 
composition 
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How do we probe the interstellar medium (gas 
and dust) in high redshift galaxies? 



Herschel imaging samples the 
peak of the dust emission:  

1)   dust temperatures  

2)    total IR luminosity  
 (proxy for SFR) 
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How do we probe the interstellar medium (gas 
and dust) in high redshift galaxies? 



Millimeter spectroscopy probes 
the molecular gas reservoir 
(observations of CO) 
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How do we probe the interstellar medium (gas 
and dust) in high redshift galaxies? 



Millimeter continuum is 
sensitive to the dust mass 
(proxy for the total ISM mass) 
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How do we probe the interstellar medium (gas 
and dust) in high redshift galaxies? 



Large Millimeter 
Telescope (LMT) 

 

o  50m millimeter 
telescope in Mexico 

o  15,000 ft: Excellent 
mm site 

o  Owned by UMass 
and Mexico 

o  Currently operating 
in Early Science mode 
as a 32.5m telescope 

 
o  Early science 

instrumentation: 
   - AzTEC 1.1mm camera 

      (FWHM=8 arcsec ) 

   - Redshift Search 
Receiver (RSR) 3mm  

 

o  50 m LMT [~2016] 
= 1/3 the collecting 
area of ALMA   

 

Time lapse video from June 2013, courtesy of James Lowenthal +19 deg. latitude 



•  Spitzer mid-IR spectroscopy 
is sensitive to the radiation 
heating the dust : SF or AGN 

•  Herschel imaging samples 
the peak of the dust 
emission: dust temperatures 

•  Millimeter spectroscopy (e.g. 
ALMA, LMT) probes the 
molecular gas reservoir 
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How can we probe the interstellar medium (gas 
and dust) in high redshift galaxies? 

Goal: Understand how dusty star formation and black 
hole growth proceeds during the peak epoch 
 
Approach: Link multi-wavelength diagnostics of the ISM 
in high redshift dusty galaxies  
 



Decomposing Spitzer mid-IR spectra into 
two main components: 

1.  Star formation:  
Polycyclic aromatic hydrocarbons (PAH) 

emission lines + extinction 

2.  Active Galactic Nuclei: 
 Power-law + extinction 



343 galaxies from Spitzer FLS and 
GOODS  
 
Selected at 24 �m:   

S24 > 0.9 mJy (xFLS) 
S24 > 0.2 mJy (GOODS) 

High redshift mid-IR spectra supersample 
 

Redshift range: 0.2-4 
 

All sources have mid-IR spectroscopy 
 

Photometry from Herschel, Spitzer, and 
ground-based telescopes 

Kirkpatrick, Pope, et al. in prep 



Split 343 galaxies into 3 categories: 
Star Forming Galaxies – 30% 

Composites – 34% 

AGN – 36% 

 

Average SEDs:   

SFGs 
Composites 

AGN 

Kirkpatrick, Pope, et al. in prep; see also Kirkpatrick, Pope, et al. 2012 

Galaxies as a function of mid-IR AGN fraction 
(based on spectral decomposition) 



Want to look for evolution in 
SED properties with redshift, LIR 
and AGN fraction 
 
Create SED template libraries by 
stacking sources to control for 
these parameters 

SEDs as a function of mid-IR AGN fraction 
(based on spectral decomposition) 

Kirkpatrick, Pope, et al. in prep 

AGN fraction 

ah 
 
 
 
 



SED fitting with Spitzer/IRS + Herschel 

AGN dominated (mid-IR) SF dominated (mid-IR) 

Warm dust (~100K) 

Cool dust (~30K) 

Warm dust (~60K) 

Cool dust (~30K) 

Kirkpatrick, Pope, et al. 2012 



Evolution in cold dust component 
Warm Dust Cold Dust

Kirkpatrick, Pope, et al. in prep 



Star Forming Galaxies 
show no change in cold 
dust temperature from 
z~1-2 

Warm Dust Cold Dust

Evolution in cold dust component 

Kirkpatrick, Pope, et al. in prep 



Mild evolution in cold 
dust temperature for 
AGN 

Warm Dust Cold Dust

Evolution in cold dust component 

Kirkpatrick, Pope, et al. in prep 



Composite sources 
show mild increase in 
cold dust temperature 
with redshift and LIR 

Warm Dust Cold Dust

Evolution in cold dust component 

Kirkpatrick, Pope, et al. in prep 
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Evolution in cold dust component 

Kirkpatrick, Pope, et al. in prep 

Warm Dust Cold Dust

Fraction of LIR from the 
cold dust component is 
50% for SFGs and 
composite galaxies but 
only 25% for AGN 
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Kirkpatrick, Pope, et al. in prep 

Composites sources: same amount of cold dust 

as SFGs but same warm dust temperature as AGN 



Kirkpatrick, Pope, et al. in prep 

Composites sources are important 



LAGN/LMIR (5-15 �m) 

LAGN/LIR (8-1000 �m) 
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Kirkpatrick, Pope, et al. in prep 



Take away points 

1.  Composite sources really do show a mix of AGN and 
SF activity across the SED (MIR and FIR) 

2.  Composite sources can be significant contaminants to 
samples of “star forming galaxies” 

3.  The AGN component of the total IR SED can be 
significant – need to account for this when calculating 
SFR from LIR 



Take away points 

1.  Composite sources really do show a mix of AGN and 
SF activity across the SED (MIR and FIR) 

2.  Composite sources can be significant contaminants to 
samples of “star forming galaxies” 

3.  The AGN component of the total IR SED can be 
significant – need to account for this when 
calculating SFR from LIR 



Linking molecular gas and star formation at high redshift: 
Integrated Schmidt-Kennicutt relation 

Daddi et al. 2010; Genzel et al. 2010 



Observations: LMT/RSR CO(1-0) detections for AGN and SF galaxies  
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ABSTRACT

Star formation is measured to be an ine�cient process in star forming galaxies, although there is a
range of star formation e�ciency. Due to the di�culty of observing the molecular gas, H2, directly,
the ratio of LIR to L0

CO is an observational estimation of the star formation rate compared with the
amount of molecular gas available to form stars, which is related to the star formation e�ciency
and the inverse of the gas consumption timescale. We test what e↵ect an IR luminous AGN has
on the ratio LIR/L

0
CO in a sample of 24 intermediate redshift galaxies from the 5 mJy Unbiased

Spitzer Extragalactic Survey (5MUSES). We obtain new CO(1-0) observations with the Redshift
Search Receiver on the Large Millimeter Telescope. We diagnose the presence and strength of an
AGN using Spitzer IRS spectroscopy. We find that removing the AGN contribution to Ltot

IR results
in a mean LSF

IR/L0
CO consistent with the mean LIR/L

0
CO derived for a large sample of star forming

galaxies from z ⇠ 0�3. We also include in our comparison the relative amount of polycyclic aromatic
hydrocarbon emission for our sample and a literature sample of local and high redshift Ultra Luminous
Infrared Galaxies and find a consistent trend between L6.2/L

SF
IR and LSF

IR/L0
CO, such that small dust

grain emission decreases with increasing LSF
IR/L0

CO for both local and high redshift dusty galaxies.

1. INTRODUCTION

Star formation is one of the main internal driving forces
of galaxy evolution, resulting in the chemical enrich-
ment of a galaxy, the heating of the interstellar medium
(ISM), and indirectly, the production of dust through the
winds of dying stars. Star formation converts a galaxy’s
molecular gas into stars through multiple complicated
processes including gas accretion and the collapse and
cooling of molecular clouds. Although the star forma-
tion process itself is intricate, the overall conversion of
gas into stars can be expressed simply by the Schmidt-
Kennicutt (SK) law which directly relates the molecular
gas content to the star formation rate (SFR) through
a power-law equation, ⌃SFR / ⌃↵

gas, albeit with signifi-
cant scatter (Schmidt 1959; Kennicutt 1998; Kennicutt
& Evans 2012).
The bulk of the present day stellar mass was formed

at a peak epoch of star formation, from z ⇠ 1 � 3
(Madau & Dickinson 2014, and references therein). Dur-
ing this era, the buildup of stellar mass was dominated by
dusty galaxies referred to as Luminous Infrared Galax-
ies (LIRGs, LIR = 1011 � 1012L�) and Ultra Luminous
Infrared Galaxies (ULIRGs, LIR > 1012L�) (e.g., Mur-
phy et al. 2011a). In the past two decades, the spate of
far-IR/submillimeter space-based and ground-based tele-
scopes have enabled astronomers to simultaneously study
the star formation, through infrared (IR) emission, and
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2 Instituto Nacional de Astrof́ısica, Optica y Electrónica, Ap-
dos. Postales 51 y 216, C.P. 72000 Puebla, Pue., Mexico

3 Spitzer Science Center, California Institute of Technology,
MS 220-6, Pasadena, CA 91125, USA

4 Infrared Processing and Analysis Center, California Institute
of Technology, Pasadena, CA 91125, USA

5 School of Astronomy and Space Science, Nanjing University,
Nanjing, 210093, China

molecular gas, through CO emission, of dusty galaxies
out to redshifts of z ⇠ 4 (Carilli & Walter 2013, and
references therein). The IR luminosity, LIR, is an ideal
measure of the SFR for dusty galaxies as it is the in-
tegrated emission from the dust, presumably heated by
star formation. On galaxy-wide scales, CO traces the
molecular hydrogen which is di�cult to observe directly;
a conversion factor, ↵CO, is used to relate the CO lumi-
nosity directly to the H2 mass. (Bolatto et al. 2013, and
references therein).
In the past few years, a “galaxy main sequence” has

been empirically determined for local and high redshift
galaxies; a tight relationship holds between SFR and
stellar mass, and this relationship evolves with redshift
(e.g., Noeske et al. 2007; Elbaz et al. 2011). Galaxies
that lie above the main sequence, that is, galaxies that
have an enhanced SFR for a given stellar mass, are des-
ignated “starbursts” in this parameter space, as they are
thought to be undergoing a short-lived burst of star for-
mation, likely triggered by a major merger. The rate at
which a galaxy can form stars depends on the amount
of molecular gas present. Shi et al. (2011) proposed an
extended SK law which relates the specific star forma-
tion rate (⌃SFR/⌃gas) to the stellar mass surface den-
sity, suggesting that the existing stellar population may
play a role in regulating the amount of star formation.
The authors apply their extended SK law to an analyt-
ical model of gas accretion and find that it accurately
reproduces the galaxy main sequence.
A dichotomy between starbursts and normal star form-

ing galaxies may also be observed by comparing LIR with
L0
CO. First, there may be a “normal” rate of star forma-

tion measured in undisturbed disk galaxies for a given
amount of molecular gas. Then, there is an enhanced
starburst mode, where a galaxy has a higher LIR than
expected for a given L0

CO, possibly triggered by a ma-

    2014, ApJ, 796, 135 
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ment of a galaxy, the heating of the interstellar medium
(ISM), and indirectly, the production of dust through the
winds of dying stars. Star formation converts a galaxy’s
molecular gas into stars through multiple complicated
processes including gas accretion and the collapse and
cooling of molecular clouds. Although the star forma-
tion process itself is intricate, the overall conversion of
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Kennicutt (SK) law which directly relates the molecular
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molecular gas, through CO emission, of dusty galaxies
out to redshifts of z ⇠ 4 (Carilli & Walter 2013, and
references therein). The IR luminosity, LIR, is an ideal
measure of the SFR for dusty galaxies as it is the in-
tegrated emission from the dust, presumably heated by
star formation. On galaxy-wide scales, CO traces the
molecular hydrogen which is di�cult to observe directly;
a conversion factor, ↵CO, is used to relate the CO lumi-
nosity directly to the H2 mass. (Bolatto et al. 2013, and
references therein).
In the past few years, a “galaxy main sequence” has

been empirically determined for local and high redshift
galaxies; a tight relationship holds between SFR and
stellar mass, and this relationship evolves with redshift
(e.g., Noeske et al. 2007; Elbaz et al. 2011). Galaxies
that lie above the main sequence, that is, galaxies that
have an enhanced SFR for a given stellar mass, are des-
ignated “starbursts” in this parameter space, as they are
thought to be undergoing a short-lived burst of star for-
mation, likely triggered by a major merger. The rate at
which a galaxy can form stars depends on the amount
of molecular gas present. Shi et al. (2011) proposed an
extended SK law which relates the specific star forma-
tion rate (⌃SFR/⌃gas) to the stellar mass surface den-
sity, suggesting that the existing stellar population may
play a role in regulating the amount of star formation.
The authors apply their extended SK law to an analyt-
ical model of gas accretion and find that it accurately
reproduces the galaxy main sequence.
A dichotomy between starbursts and normal star form-

ing galaxies may also be observed by comparing LIR with
L0
CO. First, there may be a “normal” rate of star forma-

tion measured in undisturbed disk galaxies for a given
amount of molecular gas. Then, there is an enhanced
starburst mode, where a galaxy has a higher LIR than
expected for a given L0

CO, possibly triggered by a ma-
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NEW: AzTEC  
1.1mm imaging 

8” beam 



“AGN-corrected” integrated S-K relation 

Kirkpatrick, Pope, et al., 2014; Keller, Pope, et al., in prep. 

Need to account for AGN emission when using these diagnostics 



Outstanding Questions 

 
!  How is the star formation linked to the black hole growth?  

 Can we separate emission from each in our observations? 

!  Are the mechanisms of triggering and fueling star formation 
during the peak period of z=1-3 different from those in the 
local Universe? 
 How do the interstellar medium conditions differ during the 
peak period of z=1-3 from those in local galaxies? 

 

 
 
 
 



More cold dust and enhanced PAH 
emission at high redshift 

Pope et al. 2008, 2013 
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Herschel 0.2<z<2.0 Mean (Casey+12)

Herschel 0.2<z<1.2 Mean (Symeonidis+13)
Herschel 0.2<z<2.2 Mean (Lee+13)

Figure 25: The relationship between luminosity and dust temperature plotted in LIR-�peak space. �peak is inversely proportional to dust temperature,
the exact conversion being dependent on the assumed opacity model. At right, the relation is plotted for the local and unbiased Revised Bright
Galaxy Sample (Sanders et al., 2003; Chapman et al., 2003c). Higher-luminosity sources appear to be warmer, following a power-law type relation
with �peak / L�0.06

IR . At left, we illustrate the same relation measured for limited samples of high-z sources detected with Herschel-Spire(Casey
et al., 2012a; Symeonidis et al., 2013; Lee et al., 2013) who find a similar slope but o↵set relation. The o↵set implies that galaxies of equal
luminosity at higher redshift have colder dust. Colder dust could be caused by di↵erent dust composition or geometries.

5.2. Dust Characterization
Figure 25 contrasts the measured dust temperatures of DSFGs in the local and high-z Universe; the local samples

are collated from the Revised Bright Galaxy Sample (Chapman et al. 2003c, most recently with re-analyzed SEDs in
U et al., 2012) and high-z samples are all Herschel-Spire selected (Casey, 2012; Symeonidis et al., 2013; Lee et al.,
2013). Chapman et al. (2003c) fit the LIR dust temperature relation using the 100µm to 60µm color of the local sample
in lieu of temperature. Here we convert that value to �peak (a conversion which is by-and-large independent of SED
fitting method). Unfortunately, most measurements of dust temperature in the high-z Universe pre-Herschel were
limited to a handful of objects, mostly SMGs, which had more than one photometric constraint in the ⇠50–300µm
rest-frame wavelength range. Most SMGs (e.g. Chapman et al., 2005) lacked FIR SED measurements to constrain
dust temperature directly. In addition, because SMGs have been selected primarily on the Rayleigh-Jeans tail, they
carry a known bias against warmer dust temperature systems. Since Herschel-Spire’s selection straddles the FIR
emission peak out to z ⇠ 2 it’s an excellent tool for constraining high-z temperatures, as has been done by Casey et al.
(2012a) for spectroscopic samples, and Symeonidis et al. (2013) and Lee et al. (2013) for much larger photometric
samples. Notably, DSFGs at higher redshifts have cooler SEDs than those locally, even when correction for selection
bias is taken into account. This is thought to be due to more extended dust distributions (e.g. Swinbank et al., 2013) in
high-z DSFGs on scales >⇠ 2 kpc, versus the more compact ISM seen in local ULIRGs ⇡1 kpc (see more on DSFGs’
sizes in § 5.10).

Dust masses for DSFGs have not been straightforward to measure precisely given the lack of FIR photometry on
most galaxies, however, as noted in § 4.3, even if dust temperature is not well constrained, a flux density measurement
on the Rayleigh-Jeans tail (i.e. optically-thin portion) of the black body provides a decent dust mass estimator. For
example, the nominal 850µm-selected SMGs, with S 850 ⇡ 5 � 10 mJy (Smail et al., 2002), hzi ⇠ 2.2 (Chapman
et al., 2005), and dust temperatures Tdust ⇡ 20 � 40 K (Kovács et al., 2006) imply dust masses of ⇡5–20⇥108 M� . In
contrast, the dust masses of more recently observed Herschel-selected galaxies, with flux densities of S 250�500 ⇡20-
60 mJy, hzi ⇠ 1, and Tdust ⇡30–50 K (Casey et al., 2012a) are much lower at Mdust ⇡1–20⇥108 M� , due in part to
the fact that 850µm preferentially selected colder, more massive dusty galaxies than Herschel (from Equation 12) and
Herschel-selected galaxies sit at lower redshifts. At high-z, the 850µm-selected SMG sample described by Ivison
et al. (2011) summarize CO(1-0) observations, enabling a direct comparison of SMGs’ dust-to-gas ratios to those of
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Graciá-Carpio et al. 2011 

Enhanced PAH emission at high redshift ... 
similar to enhanced [CII] emission? 

Pope et al. 2013 
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Enhanced PAH emission at high redshift ... 
similar to enhanced [CII] emission? 
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Pope et al. 2013 

Link between enhanced PAH emission at 
high redshift and more molecular gas 
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Fig. 7.— We plot L6.2/LIR vs. LSF
IR in the left panel and vs. LSF

IR /L′
CO in the middle panel. We color the points according to the power

source of the mid-IR luminosity, and we use different symbols to designate starbursts and main sequence galaxies based on sSFR. We also
plot as the grey points the local and high redshift ULIRGs from Pope et al. (2013). The 5MUSES galaxies combined with the local ULIRGs
comprise a low redshift sample for comparison with the high redshift ULIRGs. The 5MUSES galaxies have similar L6.2/LSF

IR ratios as the
high redshift ULIRGs, while the local ULIRGs have a deficit, likely related to their more compact emission. When we normalize the dust
emission by the molecular gas emission (middle panel), all galaxies lie in a similar region of parameter space, illustrating the consistent
link between PAH emission and molecular gas over a range of LIR and redshifts. For clarity, we omit individual error bars and plot the
typical uncertainties for all galaxies in the lower left corner. The dashed line shows the best fit relation for all galaxies (listed in the upper
left corner), and the grey shaded region marks the standard deviation about this line. We show the distributions in the histogram on the
right. The grey histogram is the distribution of L6.2/LSF

IR for the local ULIRGs, with the median overplotted as the dashed line; the orange
histogram and line show the distribution and median for the high redshift ULIRGs, and the cyan histogram and line is the distribution
and median for the 5MUSES sample.

We plan to improve this study in the future by expand-
ing the sample size with more CO(1-0) observations from
the LMT, in order to further test how the gas and dust
depends on fAGN,IR. We also plan to measure the mor-
phologies of this sample to look for merging signatures
and evidence of extended dust/gas emission.
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SUMMARY 

!  How is the star formation linked to the black hole growth?  
 Can we separate emission from each in our observations? 

 
o Yes: decompose IR SED into SF and AGN components. Many 

galaxies show significant emission from both: “composite galaxies” 

o We observe differences in the cool and warm dust temperatures 
between the AGN, composite and SF galaxies => AGN heat the 
dust to higher temperatures and can account for up to 80% of LIR 

o AGN emission must be subtracted when calculating SFRs (e.g S-K) 
 

 
 
 
 
 
 
 



!  Are the mechanisms of triggering and fueling star formation 
during the peak period of z=1-3 different from those in the 
local Universe? 
 How do the interstellar medium conditions differ during the 
peak period of z=1-3 from those in local galaxies? 

 
o Enhanced PAH emission is linked to the increased molecular gas in 

high redshift galaxies -> star formation in scaled up PDRs? 

ALMA+large single dish (sub)mm telescopes (e.g. LMT) are 
allowing us to push studies of the ISM down to typical L* 
galaxies that are dominating the SFRD 
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