
The Significance of Dust in Galaxies  

in the Young Universe 

  

 
Alexandra Pope (UMass Amherst)            

Distant Galaxies from the Far South  
Bariloche, Argentina 

December 14, 2017 
 

Image credit: NASA/Hubble 
 



The Significance of Dust in Galaxies  

in the Young Universe 

  
Young Universe = z<5  

 - for z>5 please see Kirsten’s talk after coffee 

Image credit: NASA/Hubble 
 

Presence < Significance < Ubiquity 

Galaxies = normal (not extreme starbursts) 



Much of  galaxy formation and evolution 
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Madau & Dickinson 2014 

Dust-obscured activity dominates                           
the build-up of  stars in galaxies:  

but our census is incomplete .. especially at z>3 

Dust-obscured  
star formation 

Unobscured  
star formation 



Observations: UV indicators of  dust obscuration 
may break down at high redshift and/or high LIR 

Are Dusty Galaxies... Blue? 9
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Fig. 5.— The deviation from the nominal IRX–� relation, mea-
sured as a di↵erence in rest-frame UV slope, �� ⌘ �

i

��
exp

, where
�
exp

relates to IRX via Equation 2, against IR luminosity (top) and
total star formation rate (bottom). Here we use SFR

IR

+SFR
UV

as
a proxy for total star formation rate, which above >⇠ 10 M� yr�1

has 90% of its energy output in the IR (see top axis of bottom
plot). The local samples are shown as a shaded gray backdrop and
overplotted black median values, while the z > 0 COSMOS DSFGs
are contoured in tan with median values in dark red. The median
redshift of the sample at a given SFR is shown in the bottom inset
ranging from 0 < z < 3. Literature studies with published L

IR

val-
ues are overplotted with the same symbols as in Figure 2 (right).
In both diagrams, we see a strong break at L

IR

⇡ 1011.5 L� or
SFR⇡ 40 M� yr�1, above which galaxies of all epochs are bluer
than expectation.

from IRX–� towards bluer UV slopes. The strength of
the deviation increases with increasing luminosity. The
‘break’ luminosity for the local sample appears to sit at
⇡1011�11.5 L� while the break in the COSMOS DSFG
sample lies clearly at ⇡ 1011.5 L�.
Following Kong et al. (2004) and some discussion pre-

sented in Reddy et al. (2006), this deviation at high
LIR is anticipated. Galaxies with more intense, more
recent star formation will be intrinsically bluer for a
fixed dust attenuation, because the underlying emission
at UV wavelengths is dominated by a higher proportion
of young O stars contributing to the stellar continuum
emission at 1216–1600 Å. In the dusty star-forming en-
vironments of ULIRGs where attenuation is substantial,
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Fig. 6.— Same as Figure 5 but split into �z = 0.2 redshift bins
to probe a possible underlying redshift evolution distinct from the
overall luminosity-driven IRX–� deviation. The weighted mean
�� value for a given redshift bin and luminosity bin is shown with
a bootstrap-estimated uncertainty. The only significant redshift
evolution which is observed is seen between 0.6 < z < 1.4 and
2 � 8 ⇥ 1011 L� (central box), whereby galaxies at lower redshift
are redder by �� = 1. Galaxies at z < 0.6 and L

IR

< 2⇥ 1011 L�
are too few in number to measure evolution, while evolution is
simply not seen in the higher luminosity bins above z > 1.4. The
inset plot shows the change in �� with redshift within this interval
for the three luminosity bins at 2.4⇥1011 L� (dotted), 4.2⇥1011 L�
(solid), and 7.5⇥1011 L� (dashed).

LIR can be directly mapped to the total SFR. The break
in the LIR ��� plot correlates with increasing star for-
mation rate. The bottom panel of Figure 5 investigates
�� as a direct function of SFRtotal, or SFRIR+SFRUV.
To emphasize the relative contributions of IR and UV to
SFRtotal, the top axis of the bottom panel indicates the
fractional output of star formation in the infrared. Sim-
ilar to the break IR luminosity quoted above, the break
in SFR is seen at ⇡ 30 � 50M� yr�1 in both local and
z > 0 samples (assuming a Salpeter IMF; Salpeter 1955).
Although the deviation from IRX–� is clearly system-

atic above a given LIR, the huge scatter of ��� = 1 leads
us to ask whether or not there is also any underlying red-
shift evolution. Figure 6 breaks up the LIR��� plot into
redshift bins with �z = 0.2, where the tracks in redshift
are representative of the weighted mean and uncertain-
ties are bootstrapped. Slight di↵erences between median
�� exist with redshift and are seen most prominently in
the half decade of LIR ⇡ 1011.5�12 L�. The two luminos-
ity bins at 4 ⇥ 1011 and 7.5 ⇥ 1011 L� show substantial
evolution between z = 0.6 and z = 1.4. Over the corre-
sponding cosmic time, the median UV color in galaxies
of equal luminosity shifts by �� = 1, i.e. it is substan-
tially redder at lower redshifts. At higher luminosities
(and also higher redshifts), no significant di↵erences are
detected between epochs.
Two plausible explanations for this observed ‘redden-

ing’ of matched-LIR galaxies seen between 0.6 < z < 1.4
are (a) an increasing metallicity of galaxies towards lower
redshifts, or (b) di↵erent star formation histories present

Casey et al. 2014 Barisic et al. 2017, see also Bouwens et al. 2016 
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Figure 3. The IRX�� diagram and spectral properties of our z ⇠ 5.5 galaxies. Upper left: The blue symbols show updated �
and L1600 measurements, and the mean values of detected (undetected) sources are shown with yellow (magenta) symbol. The
previous measurement from C15 are shown by gray symbols. We also show relations from the literature, as indicated in the
legend. Upper right: Galaxies color-coded according to their Ly↵ strength. We do not see a relation between Ly↵ emission and
position on the IRX�� diagram. Bottom: Stacked Keck/DEIMOS spectra for galaxies falling on the local starburst relation
(HZ4, HZ9, and HZ10 ; red) and below the SMC relation (blue). The black line shows all 9 galaxies (excluding the low-luminosity
quasar HZ5). The 1� uncertainties are indicated in colored bands.

Most of the galaxies at z ⇠ 5.5 are either consis-
tent with local starbursts or dust properties simi-
lar to the SMC.

• The galaxies occupy a large range in IRX�� pa-
rameter space, indicative of a large diversity in
their properties already 1 billion years after Big
Bang.

• We find galaxies with low IRX values and large
ranges of �, which cannot be explained by SMC-
like dust nor models of well mixed stars and dust
in thermal equilibrium. Instead the fundamental
dust properties or the geometry of dust distribu-
tion has to change.

• Stacked rest-UV spectra of the galaxies across the

IRX�� diagram are indicative of a range of metal-
licities and evolutionary stages of the galaxies. In
particular, galaxies close or below the SMC rela-
tion show weak UV absorption features indicative
of a low dust and metal content.

We thank the anonymous referee for providing valu-
able feedback that helped to improve this work. D.R.
and R.P. acknowledge support from the National Sci-
ence Foundation under grant number AST-1614213 to
Cornell University. R.P. acknowledges support through
award SOSPA3-008 from the NRAO. V.S. acknowledges
support from the European Union’s Seventh Frame-
work program under grant agreement 337595 (ERC
Starting Grant, ’CoSMass’). Based on observations
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Figure 11. IRX-� Relations for metal poor systems at z& 5. The left panel shows all model galaxies in our sample between 5 < z < 7,
colour coded by their dust temperature. Observations of systems at these redshifts in particular are noted by the blue squares (Bouwens
et al. 2016), and red circles (Capak et al. 2015). The downward facing red triangles are upper limits on the Capak et al. (2015) observations.
While many observations find IRX values systematically below the reference relations for these galaxies, our models suggest that galaxies
of this epoch should lie on, or even above the reference relations. Our models suggest that the dust temperatures in these galaxies are
quite large (50 � 70 K), and observations that assume significantly lower dust temperatures (i.e. those representative of z ⇠ 2 galaxies,
as in the observations presented here) will underestimate LIR, and hence IRX. In the right panel, we show the distribution of Tdust for
all galaxies between z = 2 � 7, as well as just those between 5 < z < 7. Due to lower dust content and harder radiation fields from low
metallicity stars, the dust temperatures of the highest redshift bin are systematically larger than low redshift galaxies.

Figure 12. Evolution of dust temperature with redshift. We show
the evolution of Tdust for our model galaxies as a function of red-
shift, binned by their stellar mass at that redshift. Decreasing
metallicities at higher redshifts cause both lower dust contents,
as well as harder stellar radiation fields. The combination of these
drives up dust temperatures systematically with increasing red-
shift. As a result, assuming the Tdust ⇠ 35 � 50 K characteristic of
z ⇠ 2 galaxies (e.g. Magnelli et al. 2012) for higher-z sources will
cause a strong underestimate of the inferred LIR.

Figure 13. Schematic summarising how di↵erent physical pro-
cesses move galaxies in the IRX-� plane. The origin of these e↵ects
are described in detail in § 4.

the IRX-� relation (e.g. Johnson et al. 2007b; Burgarella
et al. 2005; Boquien et al. 2009). The dust attenuation law
in galaxies encapsulates both the loss of photons along the
line of sight, as well as scattering back into the line of sight,

MNRAS 000, 1–?? (2015)

Simulations: UV indicators of  dust obscuration 
are affected by many different things 

Narayanan et al. 2017, see also Safarzadeh et al. 2017, Popping et al. 2017 
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Figure 11. IRX-� Relations for metal poor systems at z& 5. The left panel shows all model galaxies in our sample between 5 < z < 7,
colour coded by their dust temperature. Observations of systems at these redshifts in particular are noted by the blue squares (Bouwens
et al. 2016), and red circles (Capak et al. 2015). The downward facing red triangles are upper limits on the Capak et al. (2015) observations.
While many observations find IRX values systematically below the reference relations for these galaxies, our models suggest that galaxies
of this epoch should lie on, or even above the reference relations. Our models suggest that the dust temperatures in these galaxies are
quite large (50 � 70 K), and observations that assume significantly lower dust temperatures (i.e. those representative of z ⇠ 2 galaxies,
as in the observations presented here) will underestimate LIR, and hence IRX. In the right panel, we show the distribution of Tdust for
all galaxies between z = 2 � 7, as well as just those between 5 < z < 7. Due to lower dust content and harder radiation fields from low
metallicity stars, the dust temperatures of the highest redshift bin are systematically larger than low redshift galaxies.

Figure 12. Evolution of dust temperature with redshift. We show
the evolution of Tdust for our model galaxies as a function of red-
shift, binned by their stellar mass at that redshift. Decreasing
metallicities at higher redshifts cause both lower dust contents,
as well as harder stellar radiation fields. The combination of these
drives up dust temperatures systematically with increasing red-
shift. As a result, assuming the Tdust ⇠ 35 � 50 K characteristic of
z ⇠ 2 galaxies (e.g. Magnelli et al. 2012) for higher-z sources will
cause a strong underestimate of the inferred LIR.

Figure 13. Schematic summarising how di↵erent physical pro-
cesses move galaxies in the IRX-� plane. The origin of these e↵ects
are described in detail in § 4.

the IRX-� relation (e.g. Johnson et al. 2007b; Burgarella
et al. 2005; Boquien et al. 2009). The dust attenuation law
in galaxies encapsulates both the loss of photons along the
line of sight, as well as scattering back into the line of sight,

MNRAS 000, 1–?? (2015)
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Fig. 5.— The deviation from the nominal IRX–� relation, mea-
sured as a di↵erence in rest-frame UV slope, �� ⌘ �

i

��
exp

, where
�
exp

relates to IRX via Equation 2, against IR luminosity (top) and
total star formation rate (bottom). Here we use SFR

IR

+SFR
UV

as
a proxy for total star formation rate, which above >⇠ 10 M� yr�1

has 90% of its energy output in the IR (see top axis of bottom
plot). The local samples are shown as a shaded gray backdrop and
overplotted black median values, while the z > 0 COSMOS DSFGs
are contoured in tan with median values in dark red. The median
redshift of the sample at a given SFR is shown in the bottom inset
ranging from 0 < z < 3. Literature studies with published L

IR

val-
ues are overplotted with the same symbols as in Figure 2 (right).
In both diagrams, we see a strong break at L

IR

⇡ 1011.5 L� or
SFR⇡ 40 M� yr�1, above which galaxies of all epochs are bluer
than expectation.

from IRX–� towards bluer UV slopes. The strength of
the deviation increases with increasing luminosity. The
‘break’ luminosity for the local sample appears to sit at
⇡1011�11.5 L� while the break in the COSMOS DSFG
sample lies clearly at ⇡ 1011.5 L�.
Following Kong et al. (2004) and some discussion pre-

sented in Reddy et al. (2006), this deviation at high
LIR is anticipated. Galaxies with more intense, more
recent star formation will be intrinsically bluer for a
fixed dust attenuation, because the underlying emission
at UV wavelengths is dominated by a higher proportion
of young O stars contributing to the stellar continuum
emission at 1216–1600 Å. In the dusty star-forming en-
vironments of ULIRGs where attenuation is substantial,
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Fig. 6.— Same as Figure 5 but split into �z = 0.2 redshift bins
to probe a possible underlying redshift evolution distinct from the
overall luminosity-driven IRX–� deviation. The weighted mean
�� value for a given redshift bin and luminosity bin is shown with
a bootstrap-estimated uncertainty. The only significant redshift
evolution which is observed is seen between 0.6 < z < 1.4 and
2 � 8 ⇥ 1011 L� (central box), whereby galaxies at lower redshift
are redder by �� = 1. Galaxies at z < 0.6 and L

IR

< 2⇥ 1011 L�
are too few in number to measure evolution, while evolution is
simply not seen in the higher luminosity bins above z > 1.4. The
inset plot shows the change in �� with redshift within this interval
for the three luminosity bins at 2.4⇥1011 L� (dotted), 4.2⇥1011 L�
(solid), and 7.5⇥1011 L� (dashed).

LIR can be directly mapped to the total SFR. The break
in the LIR ��� plot correlates with increasing star for-
mation rate. The bottom panel of Figure 5 investigates
�� as a direct function of SFRtotal, or SFRIR+SFRUV.
To emphasize the relative contributions of IR and UV to
SFRtotal, the top axis of the bottom panel indicates the
fractional output of star formation in the infrared. Sim-
ilar to the break IR luminosity quoted above, the break
in SFR is seen at ⇡ 30 � 50M� yr�1 in both local and
z > 0 samples (assuming a Salpeter IMF; Salpeter 1955).
Although the deviation from IRX–� is clearly system-

atic above a given LIR, the huge scatter of ��� = 1 leads
us to ask whether or not there is also any underlying red-
shift evolution. Figure 6 breaks up the LIR��� plot into
redshift bins with �z = 0.2, where the tracks in redshift
are representative of the weighted mean and uncertain-
ties are bootstrapped. Slight di↵erences between median
�� exist with redshift and are seen most prominently in
the half decade of LIR ⇡ 1011.5�12 L�. The two luminos-
ity bins at 4 ⇥ 1011 and 7.5 ⇥ 1011 L� show substantial
evolution between z = 0.6 and z = 1.4. Over the corre-
sponding cosmic time, the median UV color in galaxies
of equal luminosity shifts by �� = 1, i.e. it is substan-
tially redder at lower redshifts. At higher luminosities
(and also higher redshifts), no significant di↵erences are
detected between epochs.
Two plausible explanations for this observed ‘redden-

ing’ of matched-LIR galaxies seen between 0.6 < z < 1.4
are (a) an increasing metallicity of galaxies towards lower
redshifts, or (b) di↵erent star formation histories present
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Figure 3. The IRX�� diagram and spectral properties of our z ⇠ 5.5 galaxies. Upper left: The blue symbols show updated �
and L1600 measurements, and the mean values of detected (undetected) sources are shown with yellow (magenta) symbol. The
previous measurement from C15 are shown by gray symbols. We also show relations from the literature, as indicated in the
legend. Upper right: Galaxies color-coded according to their Ly↵ strength. We do not see a relation between Ly↵ emission and
position on the IRX�� diagram. Bottom: Stacked Keck/DEIMOS spectra for galaxies falling on the local starburst relation
(HZ4, HZ9, and HZ10 ; red) and below the SMC relation (blue). The black line shows all 9 galaxies (excluding the low-luminosity
quasar HZ5). The 1� uncertainties are indicated in colored bands.

Most of the galaxies at z ⇠ 5.5 are either consis-
tent with local starbursts or dust properties simi-
lar to the SMC.

• The galaxies occupy a large range in IRX�� pa-
rameter space, indicative of a large diversity in
their properties already 1 billion years after Big
Bang.

• We find galaxies with low IRX values and large
ranges of �, which cannot be explained by SMC-
like dust nor models of well mixed stars and dust
in thermal equilibrium. Instead the fundamental
dust properties or the geometry of dust distribu-
tion has to change.

• Stacked rest-UV spectra of the galaxies across the

IRX�� diagram are indicative of a range of metal-
licities and evolutionary stages of the galaxies. In
particular, galaxies close or below the SMC rela-
tion show weak UV absorption features indicative
of a low dust and metal content.

We thank the anonymous referee for providing valu-
able feedback that helped to improve this work. D.R.
and R.P. acknowledge support from the National Sci-
ence Foundation under grant number AST-1614213 to
Cornell University. R.P. acknowledges support through
award SOSPA3-008 from the NRAO. V.S. acknowledges
support from the European Union’s Seventh Frame-
work program under grant agreement 337595 (ERC
Starting Grant, ’CoSMass’). Based on observations
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Fig. 11.— Stacked 1.2mm-continuum images (9”×9”) for z = 2-3 and z = 4-10 galaxies falling in different bins of UV -continuum slope
β. All sources that are individually detected at ≥ 4σ are not included in the presented stack results. Only the most massive (> 109.75 M⊙)
sources are included in our z = 2-3 stacks, while our z = 4-10 stacks include sources over the full mass range (due to the small number of
sources with > 109.75 M⊙). In the stacks, sources are weighted according to the expected 1.2mm-continuum flux (assuming LIR ∝ LUV )
and according to the inverse square of the noise. The 3 individually-detected sources (at >4σ) are not included in the presented stack
results.

Fig. 12.— Stacked constrants on the infrared excess in z = 4-
10 galaxies versus β. Similar to Figure 10 but for galaxies in the
redshift range z = 4-10. We only present results for the lower-
mass subsample, as we find only 2 > 109.75 M⊙ galaxies over the
1 arcmin2 ASPECS region and those 2 sources are not detected.
Our stack results (indicated by the larger downward-pointing ar-
rows which express the 2σ upper limits) strongly suggest that the
infrared excess for the typical lower-mass < 109.75 M⊙ galaxy is
low, even below that expected for an SMC dust law. The very
large downward pointing arrow is as in Figure 10, but for z = 4-
10 galaxies. The light-green-shaded region gives our derived con-
straints (95% confidence intervals) on the IRX-β relationship for
z = 4-10 galaxies with all but the highest stellar masses (< 109.75

M⊙). The dotted green line indicates the upper bound on this
region, if the dust temperature is much higher at z = 4-10 than at
z ∼ 1.5 (i.e., 44-50 K as suggested by the results of Bethermin et
al. 2015).

M⊙, 108.75-109.25 M⊙, and <108.75 M⊙. For these
stacks, we weight sources according to the square of the
expected signal in the 1.2mm-continuum observations
(assuming LIR ∝ LUV ) and the inverse square of the
noise [in µJy], i.e., (LUV /σ(f1.2mm))2.27

27 This weighting factor is just equal to the inverse square of
the expected noise in a measurement of the infrared excess (noting
that LIR ∝ f1.2mm and that the fractional uncertainty in LUV
is negligible relative to that in LIR for all sources considered in
this study). We remark that photometric redshift errors should

The implied constraints on IRX as a function of stellar
mass are presented in Figure 8, Table 5, and Table 12
from Appendix D for both our z = 2-3 and z = 4-10
samples. Significantly enough, the only mass bin where
we find a detection is for >109.75 M⊙ galaxies at z = 2-3.
This is not surprising since 6 of the 11 sources that com-
pose this mass bin show tentative individual detections
(!2σ) in our ALMA observations. All the other masss
bins are consistent with the infrared excess showing an
approximate 2σ upper limit of IRX∼0.4 for <109.75 M⊙

galaxies.
Making use of the collective constraints across our z ∼

2-10 sample, we find an approximate 2σ upper limit on
the infrared excess of 0.4 for lower-mass (< 109.75 M⊙)
galaxies. This suggests that dust emission from faint
UV-selected sources is typically small.
In our stacking experiments, we also compute a con-

straint on the flux at 1.2mm relative to the flux in the
UV -continuum. For these results, sources are weighted
according to the square of their UV -continuum fluxes
and inversely according to the noise in the ALMA 1.2mm
observations. Making use of all sources in our z ∼ 2-3
and z ∼ 4-10, < 109.75 M⊙ samples, we find a 2σ upper
limit of 20 and 44, respectively, on the ratio of fluxes at
1.2mm and in the UV -continuum.
The impact of this result is illustrated in Figure 9,

by comparing current constraints against several possible
SED templates at z ∼ 2-3 and z ∼ 4-10. The result
provides information on the overall shape of the spectral
energy distribution that is independent of the assumed
SED template.

3.3.2. IRX versus β

Next we subdivide our z = 2-10 samples in terms of
their UV -continuum slopes. Given evidence that the in-
frared excess depends significantly on β at z ∼ 0 (M99)
and also at z ∼ 2 (Reddy et al. 2006, 2010; Daddi et
al. 2007; Pannella et al. 2009), we want to quantify this
dependence in our own sample. We split our results by
stellar mass (i.e., < 109.75 M⊙ and > 109.75 M⊙) moti-
vated by the results of the previous section.
We examine the IRX-β relation for z = 2-3 sources

with > 109.75 M⊙ in Figure 10, Table 5, and Table 13
from Appendix D using three different bins in β. The
only source from the present ASPECS sample that shows

also have an impact on the uncertainties in LIR/LUV and hence
impact the weighting, but such uncertainties are small, given our
stacks do not generally yield detections.
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Figure 8. 2-D histogram of the logarithm of IRX versus
e↵ective optical depth at 1500 Å, ⌧

1500Å
. The colorbar indi-

cates the number of simulation snapshots in each bin. For
⌧
1500Å

& 1, the correlation between the two quantities is rel-

atively tight. However, for fixed ⌧
1500Å

. 1, the regime in

which the UV continuum escape fraction is non-negligible,
IRX can vary by multiple orders of magnitude. This large
scatter implies that the UV continuum escape fraction can-
not be reliably inferred from the value of IRX.

(1011 < L
IR

/ L� < 1012), ULIRGs (1012 < L
IR

/ L� <
1013) and hyper-LIRGs (HyLIRGs; L

IR

> 1013 L�),
respectively. (There are no blue points in the bottom
panel because the simulated isolated disks never attain
L
IR

> 1013 L�.) In both panels, the red points corre-
spond to real z ⇠ 2.5 � 3.5 DSFGs selected from the
COSMOS survey (Scoville et al. 2007), the IRX and �
values of which were presented in Casey et al. (2014).

In both panels, the regions in the IRX � � plane
spanned by the real and simulated DSFGs are broadly
consistent, although for log IRX & 2.5, the specific simu-
lations used here do not span the full range of � spanned
by real DSFGs, which can be both slightly bluer and sig-
nificantly redder than the simulated galaxies (see also
Wuyts et al. 2009). For the mergers (top), the o↵set
from the M99 relation tends to increase with IR lumi-
nosity; all of the simulated HyLIRGs are well above the
M99 relation, which indicates that despite having e↵ec-
tively all of their luminosity absorbed and reradiated by
dust (L

IR

/L
UV

& 100), they have blue UV continuum
slopes. The reason for our simulated DSFGs having blue
UV colors is that in these IR-luminosity-selected sys-
tems, the UV and IR are essentially decoupled: the IR
luminosity is powered by stars that are invisible in the
UV, whereas the UV emission originates from a ‘frost-
ing’ of unobscured young stars. This holds for both the
simulated mergers and isolated disks.

Notably, the bottom panel shows that our simulated
gas-rich z ⇠ 2 � 3 isolated disk galaxies are similar
to DSFGs in terms of their location in the IRX � �
plane. These galaxies are not undergoing merger-driven
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Figure 9. The positions of our simulated z ⇠ 2�3 DSFGs in
the IRX�� plane. The mergers (isolated disks) are shown in
the top (bottom) panel. The points are color-coded according
to IR luminosity: orange, green, and blue points correspond
to simulated LIRGs (1011 < LIR/ L� < 1012), ULIRGs
(1012 < LIR/ L� < 1013) and hyper-LIRGs (HyLIRGs;
LIR > 1013 L�), respectively. In both panels, the red points
correspond to the observed z ⇠ 2.5� 3.5 DSFGs from Casey
et al. (2014). It is evident that both the simulated mergers
and isolated disk can become (U)LIRGs during their evolu-
tion. However, only the mergers can reach LIR > 1013 L�
and log IRX > 2.5. Because the simulated isolated disks
overlap with observed DSFGs in the IRX�� plane, the fact
that some real DSFGs lie well above the M99 relation is not
evidence that they are powered by short-lived starbursts.

starbursts by construction. Thus, our results demon-
strate that the position of DSFGs in the IRX � � plane
does not necessarily imply that they are short-lived star-
bursts, contrary to the claim of Casey et al. (2014);
instead, DSFGs well above the M99 relation can be
steadily star-forming, massive, gas-rich disks as long as
they are su�ciently dust-obscured, which is a natural
outcome for high-gas-fraction, metal-enriched galaxies.
Consequently, high-z DSFGs may represent a hetero-
geneous population of massive, gas-rich, steadily star-
forming galaxies, merger-induced starbursts, and ob-
scured AGN (e.g., Hopkins et al. 2010; Hayward et al.
2011, 2012, 2013b,a; da Cunha et al. 2015; Koprowski
et al. 2016). We do find that all of the simulated galax-
ies with L

IR

> 1013 L� (see also Hopkins et al. 2010)
and, of the lower-luminosity simulated galaxies, those

Salmon+2016, Barisic+2017, Bouwens+2016, Casey+2014, Popping+2017, Safarzadeh+2017, Narayanan+2017 
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How do dust properties evolve with redshift? 
 

Dust temperature as a function of  LIR decreases with redshift 

this offset to be 0.2 dex by fitting a line to the high-z and low-z
(GOALS + 5MUSES) samples separately. Supersample
sources in general have a higher L L250

SF
70
SF than GOALS or

5MUSES sources at fixed L L160
SF

70
SF (or Tdust), although both the

high-z and low-z samples span the same range in each
individual color. This suggests an evolution with redshift of
the longer wavelength dust emission, due either to increased
dust mass or possibly a colder dust component boosting the
submillimeter emission (e.g., Galametz et al. 2014).

4.1. Trends with L IR
SF

Our higher-z sample is also at a higher LIR, which can
confuse any redshift evolution. We compare L L160

SF
70
SF with

L IR
SF in Figure 4. Figure 4 shows a clear trend between

L L160
SF

70
SF and L IR

SF, otherwise known as the –L TIR dust relation
(Chapman et al. 2003; Casey et al. 2012; Magnelli et al. 2014;
Lee et al. 2016). We overplot the mean of each sample in

( )Llog IR
SF bins of 0.25 as the larger symbols.

The 5MUSES and GOALS galaxies follow the same general
trend, but there is a clear offset between the low-z samples and
Supersample, due to evolution of the –L TIR dust relationship
with redshift (Chapin et al. 2009; Casey et al. 2012; Magnelli
et al. 2014). At a given L IR

SF, the difference between low z and
high z is ∼0.2 dex, which corresponds to approximately a 5 K
temperature difference. The Supersample galaxies have a much
larger scatter than the GOALS sample, illustrating the
increasing diversity of DSFGs with redshift (Symeonidis
et al. 2011). Interestingly, the 5MUSES galaxies with

>Llog 11.4IR
SF overlap with the Supersample rather than the

GOALS sample. These are also the highest redshift 5MUSES
galaxies, with >z 0.15, and they also overlap with the
Supersample below in Figure 5. Overall, we see a similar
slope in the mean L L160

SF
70
SF versus L IR

SF points, with a
normalization that depends on redshift, in agreement with the
findings in Magnelli et al. (2014) and Casey et al. (2012).

5. Evolving Trends with Dust Mass

We now consider the physical parameter, Mdust. We have
calculated Mdust in a self-consistent manner for all galaxies,
while making as few assumptions as possible. Figure 5 shows a
clear, strong trend between Mdust and L IR

SF (Kendall’s
t = 0.68). The dashed line is fit to the 5MUSES and GOALS
galaxies, and almost all the Supersample sources lie above this
relation. The fit is sublinear, with

= ´ ( ) ( )M L2.26 . 5dust IR
SF 0.653

For clarity, the error bars on each point only reflect the error of
the submillimeter flux used to calculate Mdust. The effect of
changing Tcold by 5 K is illustrated by the solid bar in the
bottom-right corner of Figure 5 (M. Han et al. 2017, in
preparation). At first approximation, one might expect that

Figure 2. We illustrate where the broadband MIPS 24, 70, and 160 μm and
SPIRE 250 μm transmission filters sample the SED using a representative SFG
template (red line) at ~z 1 (Kirkpatrick et al. 2012) with = :L Llog 11.62IR .
To illustrate how the far-IR SED changes, we also plot a template (green
dashed line) from the local Chary & Elbaz (2001) library, with

= :L Llog 10.79IR . The templates have been arbitrarily normalized so that
the peaks coincide. The ~z 1 template has proportionally more cold dust,
notably at 250 μm, than the local template.

Figure 3. L L160
SF

70
SF, a proxy for Tdust, vs. L L250

SF
70
SF, which measures the width

of the SED. These colors are tightly correlated and increase with decreasing
strength of the incident radiation field, as parameterized by the Dale et al.
(2014) library (thick black/gray line). There is an offset between the low-z
galaxies (purple squares and green crosses) and the high-z galaxies (orange
triangles), with the high-z sample having higher L L250

SF
70
SF for a given

L L160
SF

70
SF, indicating enhanced submillimeter emission and possibly higher

dust masses.

Figure 4. L L160
SF

70
SF vs. L IR

SF for GOALS and the Supersample. We overplot
the means as the filled symbols. This correlation is stronger for the low-z
samples (which have a Kendall’s τ of −0.51), illustrating the increasing
diversity of DSFGs at high z (a Kendall’s τ test shows t = -0.33 for
the Supersample). There is a clear offset between the samples, with the
Supersample having redder colors (colder Tdust), due to the evolution of the

–L TIR relationship with redshift.
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e.g. Kirkpatrick, Pope et al. 2017 and references therein 
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How do dust properties evolve with redshift? 
 

Dust mass as a function of  M* increases with redshift 

Kirkpatrick, Pope et al. 2017 

system does not affect the global effective dust temperature
(Misselt et al. 2001; Safarzadeh et al. 2016). How size and
increased dust/gas mass are linked is also difficult to unravel.
Locally, compaction can lead to a more efficient transformation
of atomic gas into molecular gas (Larson et al. 2016), so a
decrease in size could actually be the trigger of increased
molecular gas masses in many of the GOALS galaxies (Díaz-
Santos et al. 2010a, 2010b). Alternately, a smaller size
translates to a higher SFR surface density, which would boost
L IR

SF without requiring a boost in Mgas, leading to higher SFE at
smaller size (Hayward et al. 2011, 2012). These effects are
observed locally and in simulations, but our small sample of
high-z galaxies do not appear to show any of the same trends
between small size and higher temperatures or L MIR

SF
dust.

These galaxies also have optical radii measurements from the
CANDELS collaboration, and we find no correlation between
the optical radius measured in the observed frame H-band and
L MIR

SF
dust. On the other hand, Scoville et al. (2016) argue that

high-z galaxies have more turbulent ISMs, leading to
compression in the ISM and enhancing the SFE per unit mass.
This efficient mode of star formation can occur throughout the
galaxy, so no obvious correlation between galaxy size and dust
temperature may be expected.

Local galaxies can be resolved, allowing their ISM geometry
to be measured in more detail than high-redshift galaxies (e.g.,
Barcos-Muñoz et al. 2015). Given the quality and abundance of
observations, it is more straightforward to link mergers with
compact starbursts with dust heating in the GOALS samples
(Díaz-Santos et al. 2010a). However, without resolved
observations of the ISM in high-redshift galaxies, we see no
obvious link between mergers, size, L MIR

SF
dust, and Tdust in our

sample. Therefore, we must conclude that a galaxy’s global far-
IR/submillimeter emission, parameterized through LIR, Tdust,
Mdust, or fgas may not tell observers anything about the ISM
geometry, extent, or merger stage of that galaxy.

6.3. The Effect of Increased Gas Fraction

There are two likely explanations for the observed increase
in Mdust with redshift. The first is that DSFGs at ~ –z 1 2 are
simply more massive overall, that is, they have a higher stellar
mass.M* is expected to broadly scale with Mdust, since a higher
M* in a DSFG implies a higher metallicity, supplying more
metals to form dust in the ISM.

In Figure 8, we compare Mdust with M*. The three samples
span the same range of * ~ :–M Mlog 10 11.5 . However, the
Supersample galaxies have roughly an order of magnitude
higher dust masses. The solid, dotted, and dashed lines indicate
how the relationship Mdust versus M* is predicted to evolve
with redshift using the semi-analytic models of Popping et al.
(2016). We find an increase in the Mdust with redshift larger
than predicted by those models. The Supersample is offset from
the GOALS galaxies by~0.7 dex, which is the same amount of
offset seen in the bottom panel of Figure 5. The Popping et al.
(2016) models shown in our comparison are based on a semi-
analytic model of galaxy formation in a cosmological context,
which includes a standard suite of physical processes (gas
accretion and cooling, star formation, stellar feedback,
chemical enrichment, etc.). In addition, the Popping et al.
(2016) model includes self-consistent tracking of the main
processes thought to produce and destroy dust in galaxies,
including dust condensation in stellar ejecta, dust growth
through accretion in the ISM, dust destruction by supernovae,

and ejection of dust by stellar-driven winds. The much milder
evolution of *M Mdust with redshift predicted by these models
relative to our findings is interesting, as it indicates that one or
more of the model ingredients need to be revised.
The main sequence, which is the relationship between SFR

and M*, evolves with redshift (e.g., Whitaker et al. 2012). That
is, for a given M*, galaxies had a higher SFR at ~ –z 1 2 than
today. A higher SFR can be tied to an increase in dust mass
indirectly, as the majority of grain growth is predicted to occur
in the ISM, and a more gas-rich ISM will lead to higher dust
masses and higher SFRs (e.g., Dwek 1998; Draine 2003;
Santini et al. 2014; McKinnon et al. 2016a). The increased dust
mass in the Supersample might then be a natural consequence
of the increase in gas fractions with lookback time. As
mentioned above, submillimeter data can also be converted to
MH2, and we use this parameterization to calculate gas fractions

*= +(f M M Mgas H H2 2). These gas fractions are consistent
with what we derive using CO observations for several
5MUSES and Supersample galaxies (Yan et al. 2010;
Kirkpatrick et al. 2014b).
We also calculate the distance of these galaxies from the

main sequence. The main sequence evolves with redshift, and it
flattens at higher M*. Therefore, we follow the method in
Scoville et al. (2017) to calculate the main sequence. We use
the relationship between M* and SFR parameterized in Lee
et al. (2015) at z=1.2:

*= - +
´

-

:

⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟
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2 10
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Figure 8. We explore how much of the increase in dust mass is related to the
evolution of the main sequence (MS) with redshift. The Supersample galaxies
(orange triangles) span the same range of stellar mass as the GOALS galaxies
(purple squares) and 5MUSES galaxies (green crosses). We overplot the
predicted relationship between Mdust and M* for three different redshifts from
the models of Popping et al. (2016). Although generally consistent with the
lower-redshift galaxies, the Supersample galaxies have significantly more dust
than predicted by the models. We also predict what Mdust a galaxy with

* = :M Mlog 10.7 would have at z=0 and z=1.2 based on the evolution of
fgas with z and assuming a constant dust to gas ratio. The dark triangle
(z=1.2) and square (z = 0) demonstrate that the predictions are consistent
with the measurements. The bar in the lower right indicates the estimated errors
on the 5MUSES and GOALS galaxies based on comparison with K-band
derived stellar masses. If the 5MUSES galaxies are overestimated, this would
explain the lack of consistency with the Popping et al. (2016) models at ~z 0.

12

The Astrophysical Journal, 843:71 (19pp), 2017 July 1 Kirkpatrick et al.



the scatter of the residuals is quite large (standard deviation of
0.28 dex). Combined with the large uncertainties on the dust
masses, this argues against any strong redshift evolution in
Equation (7).

With the data available to us, the source of scatter in this
figure is open to interpretation. One likely source is the
geometry of the ISM, which can explain how galaxies with the
same L MIR

SF
dust can have different L L160

SF
70
SF ratios. A galaxy

whose ISM approximates a shell geometry, where the stars are
enclosed by a spherical shell of dust, will always peak at
shorter wavelengths than an ISM geometry where the stars and
dust are well mixed, all other parameters being equal (Misselt
et al. 2001). This is because the shell geometry absorbs all of
the incident radiation from stars, heating the dust to higher
temperatures. Testing whether different geometries can account
for all of the scatter between L MIR

SF
dust and L L160

SF
70
SF will

require resolved observations of the ISMs with ALMA.
The relationship between L MIR

SF
dust and L L160

SF
70
SF can also

explain the offset between the low- and high-z samples in
Figure 4. It is possible that the normalization of the –L TIR dust
relation evolves with redshift because galaxies at = –z 1 2 have
higher dust masses at a given LIR (Magdis et al. 2012). If at
fixed LIR, the typical dust mass is higher in high-redshift
DSFGs than in their ~z 0 counterparts, then the dust
temperature will be lower, shifting the normalization of the

–L TIR dust relation (Safarzadeh et al. 2016). This explanation for
the shift does not require any change in the mode of star
formation or ISM density (compact starburst versus main
sequence) or possibly in the dust composition. To produce
colder temperatures for a given radiation field, an increase in
the amount of large dust grains, relative to small ones, is

required if the far-IR emission is optically thin. However, in the
ULIRG regime, the high dust masses can cause the dust to be
optically thick even at submillimeter wavelengths (e.g.,
González-Alfonso et al. 2004), in which case simply adding
more dust (and not changing the proportion of large to small
grains) will decrease the temperature.

6. Discussion

6.1. Potential Evolution in Dust Properties?

The DSFGs at ~ –z 1 2 have higher dust masses for a given
L IR

SF than local DSFGs. Here, we want to make an important
distinction. The observed quantity in our sample is the
luminosity density in the Rayleigh–Jeans tail, and it is the
luminosity density that is actually higher in high-redshift
galaxies (as we have used the same assumptions for all other
parameters when calculating Mdust). The luminosity density in
the Rayleigh–Jeans tail is directly proportional to k´ nMdust ,
meaning that in principle, Mdust and kn are degenerate. Thus
far, we have been assuming the same opacity relationship for
all galaxies, but in reality, the opacity might be evolving with
redshift rather than the Mdust. Dust opacity has a wavelength
dependence

k k
l
l

=n

b-⎛
⎝⎜

⎞
⎠⎟ ( ), 80

0

so that either the normalization, k0, or the slope, β, could be
evolving.
Although the Weingartner & Draine (2001) models all have

similar kn values in the submillimeter, grain compositions and
distributions that differ considerably from these models can
give different submillimeter opacities. The apparent increase in
dust mass could possibly be due to a change in the dust grain
properties with redshift (Dwek et al. 2014). For example, ice
mantles can affect β, causing opacity to increase, and ice
mantles should be prevalent in cold star-forming regions
(Tielens et al. 1984; Bergin et al. 2000; Spoon et al. 2002). The
presence of ice mantles can increase kn by a factor of four
(Preibisch et al. 1993; Pollack et al. 1994) A factor of four
increase in κ for the high-redshift galaxies would reconcile the
difference in Mdust for GOALS and the Supersample. The
strength of water ice, silicate absorption, and 3.4 μm PAH
emission features has been measured in a handful of Super-
sample sources and closely resembles what is measured in local
GOALS galaxies with similar obscuration, providing some
indication that the amount of ice in dusty galaxies does not
strongly evolve with redshift (Sajina et al. 2009).
If β in our galaxies differs significantly from β in the

Weingartner & Draine (2001) models, for example, varying
with redshift, then our assumed kn will be incorrect. The
emissivity measure from the Rayleigh–Jeans tail is observed to
be shallower in lower metallicity galaxies (Galametz et al.
2011; Kirkpatrick et al. 2013a), though there is little evidence
that metallicity evolves strongly in massive, dusty galaxies out
to ~z 2 with similar M*, SFR, and Mmol (Mannucci et al.
2010; Magdis et al. 2012; Bothwell et al. 2016). In fact, when
we measure β directly for individual galaxies by fitting a
modified blackbody with =T 25 K, we find b = 1.8 for the
Supersample and b = 2.02 for the GOALS sample. We are not
fully sampling the Rayleigh–Jeans tail in the Supersample, and
longer wavelength observations are required to more accurately
measure the effective β. However, with current observations,

Figure 6. Top—L MIR
SF

dust vs. L Llog 160
SF

70
SF. There is a strong correlation

between the two parameters, as exhibited by the dotted−dashed line, which is
the best fit to all the data (Equation (7)). The relationship between L MIR

SF
dust

and L L160
SF

70
SF does not evolve with redshift, and so L MIR

SF
dust alone can

account for the colder temperatures in high-z galaxies. Bottom—residuals
around the best-fit line shown in the top panel. On average, the Supersample
has a mean residual of −0.14 dex, indicating they lie slightly below the low-z
samples. However, the scatter is quite large, with a standard deviation of
0.28 dex, arguing against any clear redshift evolution.
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the scatter of the residuals is quite large (standard deviation of
0.28 dex). Combined with the large uncertainties on the dust
masses, this argues against any strong redshift evolution in
Equation (7).

With the data available to us, the source of scatter in this
figure is open to interpretation. One likely source is the
geometry of the ISM, which can explain how galaxies with the
same L MIR

SF
dust can have different L L160

SF
70
SF ratios. A galaxy

whose ISM approximates a shell geometry, where the stars are
enclosed by a spherical shell of dust, will always peak at
shorter wavelengths than an ISM geometry where the stars and
dust are well mixed, all other parameters being equal (Misselt
et al. 2001). This is because the shell geometry absorbs all of
the incident radiation from stars, heating the dust to higher
temperatures. Testing whether different geometries can account
for all of the scatter between L MIR

SF
dust and L L160

SF
70
SF will

require resolved observations of the ISMs with ALMA.
The relationship between L MIR

SF
dust and L L160

SF
70
SF can also

explain the offset between the low- and high-z samples in
Figure 4. It is possible that the normalization of the –L TIR dust
relation evolves with redshift because galaxies at = –z 1 2 have
higher dust masses at a given LIR (Magdis et al. 2012). If at
fixed LIR, the typical dust mass is higher in high-redshift
DSFGs than in their ~z 0 counterparts, then the dust
temperature will be lower, shifting the normalization of the

–L TIR dust relation (Safarzadeh et al. 2016). This explanation for
the shift does not require any change in the mode of star
formation or ISM density (compact starburst versus main
sequence) or possibly in the dust composition. To produce
colder temperatures for a given radiation field, an increase in
the amount of large dust grains, relative to small ones, is

required if the far-IR emission is optically thin. However, in the
ULIRG regime, the high dust masses can cause the dust to be
optically thick even at submillimeter wavelengths (e.g.,
González-Alfonso et al. 2004), in which case simply adding
more dust (and not changing the proportion of large to small
grains) will decrease the temperature.

6. Discussion

6.1. Potential Evolution in Dust Properties?

The DSFGs at ~ –z 1 2 have higher dust masses for a given
L IR

SF than local DSFGs. Here, we want to make an important
distinction. The observed quantity in our sample is the
luminosity density in the Rayleigh–Jeans tail, and it is the
luminosity density that is actually higher in high-redshift
galaxies (as we have used the same assumptions for all other
parameters when calculating Mdust). The luminosity density in
the Rayleigh–Jeans tail is directly proportional to k´ nMdust ,
meaning that in principle, Mdust and kn are degenerate. Thus
far, we have been assuming the same opacity relationship for
all galaxies, but in reality, the opacity might be evolving with
redshift rather than the Mdust. Dust opacity has a wavelength
dependence
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so that either the normalization, k0, or the slope, β, could be
evolving.
Although the Weingartner & Draine (2001) models all have

similar kn values in the submillimeter, grain compositions and
distributions that differ considerably from these models can
give different submillimeter opacities. The apparent increase in
dust mass could possibly be due to a change in the dust grain
properties with redshift (Dwek et al. 2014). For example, ice
mantles can affect β, causing opacity to increase, and ice
mantles should be prevalent in cold star-forming regions
(Tielens et al. 1984; Bergin et al. 2000; Spoon et al. 2002). The
presence of ice mantles can increase kn by a factor of four
(Preibisch et al. 1993; Pollack et al. 1994) A factor of four
increase in κ for the high-redshift galaxies would reconcile the
difference in Mdust for GOALS and the Supersample. The
strength of water ice, silicate absorption, and 3.4 μm PAH
emission features has been measured in a handful of Super-
sample sources and closely resembles what is measured in local
GOALS galaxies with similar obscuration, providing some
indication that the amount of ice in dusty galaxies does not
strongly evolve with redshift (Sajina et al. 2009).
If β in our galaxies differs significantly from β in the

Weingartner & Draine (2001) models, for example, varying
with redshift, then our assumed kn will be incorrect. The
emissivity measure from the Rayleigh–Jeans tail is observed to
be shallower in lower metallicity galaxies (Galametz et al.
2011; Kirkpatrick et al. 2013a), though there is little evidence
that metallicity evolves strongly in massive, dusty galaxies out
to ~z 2 with similar M*, SFR, and Mmol (Mannucci et al.
2010; Magdis et al. 2012; Bothwell et al. 2016). In fact, when
we measure β directly for individual galaxies by fitting a
modified blackbody with =T 25 K, we find b = 1.8 for the
Supersample and b = 2.02 for the GOALS sample. We are not
fully sampling the Rayleigh–Jeans tail in the Supersample, and
longer wavelength observations are required to more accurately
measure the effective β. However, with current observations,

Figure 6. Top—L MIR
SF

dust vs. L Llog 160
SF

70
SF. There is a strong correlation

between the two parameters, as exhibited by the dotted−dashed line, which is
the best fit to all the data (Equation (7)). The relationship between L MIR

SF
dust

and L L160
SF

70
SF does not evolve with redshift, and so L MIR

SF
dust alone can

account for the colder temperatures in high-z galaxies. Bottom—residuals
around the best-fit line shown in the top panel. On average, the Supersample
has a mean residual of −0.14 dex, indicating they lie slightly below the low-z
samples. However, the scatter is quite large, with a standard deviation of
0.28 dex, arguing against any clear redshift evolution.
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How do dust properties evolve with redshift? 
 

Dust temperature vs LIR/Mdust does not evolve from z~0-2 

z~1 
z~0.1 
z~0 



Madau & Dickinson 2014 

Dust-obscured activity dominates                           
the build-up of  stars in galaxies:  

but our census is incomplete .. especially at z>3 

Dust-obscured  
star formation 

Unobscured  
star formation 



Direct detection of  dust is still limited to handfuls of  
normal galaxies at z>3 

D. Schaerer et al.: Dust emission and UV attenuation of z ∼ 6.5−7.5 galaxies from millimeter observations

Table 3. Derived quantities.

Source M1500 log (LUV) SFR(UV) log (M⋆(UV)) β AUV SFR(IR)
[mag] [L⊙] [M⊙ yr−1] [M⊙] [mag] [M⊙ yr−1]

A1703-zD1 –20.3 10.45 9.0 9.2 ± 0.3 –1.4 <1.2 ± 0.4 <13.8
z8-GND-5296 –21.4 10.86 23.4 9.7 ± 0.3 –1.4 <2.0+0.5

−0.4 <113
IOK-1 –21.3 10.8 20.4 9.7 ± 0.3 –2.0 <0.8+0.5

−0.3 <16.3
HCM6A –20.8 10.63 13.7 9.5 ± 0.3 –1.7 <1.3 ± 0.4 <24.5
Himiko –21.7 11.0 32.3 9.8 ± 0.3 –2.0 <0.4+0.3

−0.2 <11.4

Notes. For A1703-zD1 we have assumed a magnification factor of µ = 9, for HCM6A µ = 4.5. The upper limits on the UV attenuation and SFR(IR)
are derived from LIR(Td = 35) and using Eq. (1). The SFR values (limit) listed here assume constant SF, ages >∼100 Myr, and the Kennicutt (1998)
calibration. SFR(UV) is not corrected for reddening. Typical uncertainties for the UV slope β are ±(0.3−0.5) (cf. Sect. 4.1).

galaxy the SEDs fits favor very young ages (1−3 Myr), which
leads to a lower mass (by a factor ∼5) and higher SFR (on the or-
der of 300−1000 M⊙ yr−1), according to Finkelstein et al. (2013).
In any case, our main conclusions regarding the mass depen-
dence of dust attenuation and the dust mass are not affected by
these uncertainties on the stellar mass, as is made clear below
(Sects. 5.3 and 5.4).

4.3. SED modeling

To examine the constraints provided by the limits on UV atten-
uation on derived physical parameters of our galaxies, we also
carried out SED fits of these objects. The code and ingredients
are the same as described in Schaerer & de Barros (2009, 2010)
and Schaerer et al. (2013). Basically, we used a large set of
spectral templates based on the GALAXEV synthesis models of
Bruzual & Charlot (2003) that covers different metallicities and
three different star formation histories (SFHs). Nebular emission
was added. A Salpeter IMF from 0.1 to 100 M⊙ was adopted.
The free parameters of our SED fits are age t⋆ defined since the
onset of star-formation, attenuation AV described by the Calzetti
law (Calzetti et al. 2000), and metallicity Z (of stars and gas).
For all but one object, the redshift was fixed to the value from
spectroscopy; for A1703-zD1 we treated z as a free parameter,
although it is very well constrained by the sharp Lyman break
(cf. Bradley et al. 2012).

5. Discussion

5.1. IR luminosity versus redshift – comparison
with other galaxy samples and LBGs

To place our upper limits on the IR luminosity in a more general
context and to compare them with IR detections of star-forming
galaxies at lower redshift, we plot LIR versus redshift in Fig. 1.
Clearly, the current limits for the z > 6.5 LBGs and LAE, all in
the range of LIRG or sub-LIRG luminosities (i.e., <1012 L⊙ or
even <1011 L⊙ for some objects), are well below the detection
limits of z >∼ 2 galaxies with Herschel, but similar to the low-
est LIR values of strongly lensed galaxies obtained currently at
z ∼ 2–3.

In Fig. 1 we also show the predicted IR luminosity of a sam-
ple of ∼2000 LBGs between z ∼ 3 and 7 analyzed by Schaerer &
de Barros (in prep.). Although these values are obviously model
dependent (as discussed in Schaerer & de Barros, in prep.), this
illustrates the typical range of LIR expected for LBGs, that is,
for galaxies selected with similar methods as the sources dis-
cussed here. Clearly, observations reaching similar depths as
those presented here, or higher depths, should soon be able to

Fig. 1. IR luminosity (derived for Td = 35 K) versus redshift for the
objects disussed here (arrows at z > 6.5) and for other samples. Colored
small circles show individual galaxies detected with Herschel in various
blank fields (red, Symeonidis et al. 2013; blue, Elbaz et al. 2011; green,
Magdis et al. 2010). The observed behavior of LIR with redshift for these
galaxies is due to sensitivity limits of Herschel, as shown, e.g., by Elbaz
et al. (2011). Large and small black circles show the lensed galaxies
studied by Sklias et al. (2014) and Saintonge et al. (2013). The small
dots show the predicted IR luminosity of LBGs from the sample studied
by de Barros et al. (2014) and Schaerer & de Barros (in prep.). The blue
line shows the IR luminosity of galaxies with a typical UV magnitude
M⋆UV(z) as predicted from the fit of AUV with redshift by Burgarella et al.
(2013).

detect “normal” LBGs over a wide redshift range. For more pre-
dictions on IR luminosities of LBGs see, for example, Schaerer
et al. (2013), da Cunha et al. (2013b), Schaerer & de Barros
(in prep.), or others. For predictions for high-redshift LAEs see,
for eample, Finkelstein et al. (2009), Dayal et al. (2010).

5.2. IRX – beta relation

The ratio of the IR/UV luminosity (sometimes called IRX) is
plotted as a function of the UV slope β in Fig. 2. Both quanti-
ties are commonly used to determine the UV attenuation. Within
the relatively large uncertainties, the upper limits of LIR/LUV
of all the z = 6.5−7.5 galaxies studied here are compatible
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Large Millimeter 
Telescope (LMT) 

 

o  World’s largest mm 
telescope: 50m 

o  Located in Mexico at 
15,000 ft: Excellent 
mm site 

o  Owned by UMass 
and Mexico 

o  Early science (32m) 
instrumentation: 

   - AzTEC 1.1mm camera 

   - 3mm Redshift Search 
Receiver (RSR) 

 

o  Active surface 

o  Partner in the Event 
Horizon Telescope 

 

o  50 m LMT has 1/3 
the collecting area of 
ALMA   

 

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



LMT32 @ 1.1mm => 8.5 arcsec beam 
 

LMT50 @ 1.1mm => 5.5 arcsec beam 
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How can we detect even fainter galaxies? 
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Observations:  

 
AzTEC 1.1mm imaging (8.5 arcsec FWHM) of  the primary HST 
field (20 sq arcmin) around two northern FF clusters 
 
Cluster    Hours_observed   1� depth (mJy) 
MACSJ0717    21.1      0.22 
MACSJ1149    25.4      0.25 
 
 

Lensing! 
 

LMT Frontier Fields Program 



LMT Frontier Fields: dusty galaxy detections 
MACSJ0717 

MACSJ1149 

1 mm detections (>3.5�) have magnifications from 1.1-10 

MACSJ0717 



LMT Frontier Fields result:  

Dust emission in a multiply-imaged normal galaxy  
when the Universe was ~1.5 Gyr old 



LMT Frontier Fields result:  

Dust emission in a multiply-imaged normal galaxy  
when the Universe was ~1.5 Gyr old 

Pope et al. 2017 

LMT/AzTEC 1.1mm contours 
Multiply-imaged source at z>4 



LMT Frontier Fields result:  

Dust emission in a multiply-imaged normal galaxy  
when the Universe was ~1.5 Gyr old 

Pope et al. 2017 
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consistent with SMC but still tons of dust 
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Figure 6. The IRX–M⇤ relation for star-forming galaxies at z ' 2.5. In addition to our new results, based on stacking the 1.3-mm ALMA data within the HUDF
(black data points), we also plot results derived by Reddy et al. (2017), Fudamoto et al. (2017), Bourne et al. (2017), Bouwens et al. (2016), Álvarez-Márquez
et al. (2016), Pannella et al. (2015) and Heinis et al. (2014). The solid black and dashed grey lines show predicted IRX�M⇤ relations based on combining our
fit to the �–M⇤ relation (see Fig. 4a) with the IRX�� relations based on either a Calzetti-like (black) or SMC-like (grey) dust law (assuming �int = �2.3). The
dark green dashed line is the equivalent IRX�M⇤ prediction based on the SMC-like IRX-� relation derived by Reddy et al. (2017), which assumes �int = �2.62.
The shaded blue region represents our linear log(IRX) � log(M⇤/M�) fit to the combined data set and its associated 1� scatter.

relationship between log(M⇤/M�) and log(IRX) for those data-
points at log(M⇤/M�) � 9.5. This has the following form:

log(IRX) = 0.85(±0.05) log
✓

M⇤
1010 M�

◆
� 0.99(±0.03), (18)

where the width of the shaded region illustrates the 1� scatter
associated with the best-fitting relation (' 0.17 dex). It can be seen
from Fig. 6 that this linear relation provides an excellent description
of the combined data set, such that a more complicated functional
form is not justified. We note that our best-fitting relation is very
similar to that previously derived by Álvarez-Márquez et al. (2016)
at z ' 3 and somewhat steeper than, but still consistent with, the
relation derived by Heinis et al. (2014) at z ' 1.5. Finally, we note
that our best-fitting relation also provides a good description of the
IRX�M⇤ data for 1.5 < z < 2.5 star-forming galaxies derived from
the 3D-HST photometric catalogues by Whitaker et al. (2014), using
LIR values based on Spitzer 24-µm data.

In general, it can be seen from Fig. 6 that the IRX�M⇤ relations
based on SMC-like extinction curves (grey and green dashed lines)
have fundamentally the wrong shape to provide a good description
of the literature data over a wide range in stellar mass. This is
equivalent to saying that the slope of the e�ective attenuation curve
needs to be closer to dA1600/d� ' 2 than dA1600/d� ' 1 in order
to reproduce the observed IRX�M⇤ data. Therefore, it appears that
the e�ective dust attenuation experienced by star-forming galaxies at

z ' 2.5 is much more similar to the Calzetti et al. (2000) attenuation
law than an SMC-like extinction curve, at least at log(M⇤/M�) �
9.75.

Given the sensitivity limits of currently available data, it is
clear from Figs. 5 and 6 that the form of the dust attenuation
law at log(M⇤/M�)  9.75 is still very poorly constrained. How-
ever, given the constraints that do exist, it appears likely that the
IRX�M⇤ relation will fall below the Calzetti-like prediction at
log(M⇤/M�) ' 9.0. If confirmed, this would indicate that there
is a shift towards a steeper attenuation law with decreasing stellar
mass, something which could plausibly be connected to a mass-
dependent change in the gas/dust geometry (e.g. Paardekooper et al.
2015). ALMA imaging at sub-mm wavelengths with an e�ective
dust continuum sensitivity a factor 3–5 deeper than the 1.3-mm
mosaic exploited here could potentially address this question.

6.1 Star-formation rate density

Armed with our best-fitting IRX�M⇤ relation (equation 18) it is
possible to estimate the total (UV+IR) star-formation rate density at
z ' 2.5 using our sample of 2 < z < 3 star-forming galaxies in the
HUDF. For each galaxy within the HUDF sample with stellar-mass
log(M⇤/M�) � 8.5, we calculate the SFRTOT (UV+IR) assuming

MNRAS 000, 1–17 (2017)
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Figure 6. The IRX–M⇤ relation for star-forming galaxies at z ' 2.5. In addition to our new results, based on stacking the 1.3-mm ALMA data within the HUDF
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et al. (2016), Pannella et al. (2015) and Heinis et al. (2014). The solid black and dashed grey lines show predicted IRX�M⇤ relations based on combining our
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where the width of the shaded region illustrates the 1� scatter
associated with the best-fitting relation (' 0.17 dex). It can be seen
from Fig. 6 that this linear relation provides an excellent description
of the combined data set, such that a more complicated functional
form is not justified. We note that our best-fitting relation is very
similar to that previously derived by Álvarez-Márquez et al. (2016)
at z ' 3 and somewhat steeper than, but still consistent with, the
relation derived by Heinis et al. (2014) at z ' 1.5. Finally, we note
that our best-fitting relation also provides a good description of the
IRX�M⇤ data for 1.5 < z < 2.5 star-forming galaxies derived from
the 3D-HST photometric catalogues by Whitaker et al. (2014), using
LIR values based on Spitzer 24-µm data.

In general, it can be seen from Fig. 6 that the IRX�M⇤ relations
based on SMC-like extinction curves (grey and green dashed lines)
have fundamentally the wrong shape to provide a good description
of the literature data over a wide range in stellar mass. This is
equivalent to saying that the slope of the e�ective attenuation curve
needs to be closer to dA1600/d� ' 2 than dA1600/d� ' 1 in order
to reproduce the observed IRX�M⇤ data. Therefore, it appears that
the e�ective dust attenuation experienced by star-forming galaxies at

z ' 2.5 is much more similar to the Calzetti et al. (2000) attenuation
law than an SMC-like extinction curve, at least at log(M⇤/M�) �
9.75.

Given the sensitivity limits of currently available data, it is
clear from Figs. 5 and 6 that the form of the dust attenuation
law at log(M⇤/M�)  9.75 is still very poorly constrained. How-
ever, given the constraints that do exist, it appears likely that the
IRX�M⇤ relation will fall below the Calzetti-like prediction at
log(M⇤/M�) ' 9.0. If confirmed, this would indicate that there
is a shift towards a steeper attenuation law with decreasing stellar
mass, something which could plausibly be connected to a mass-
dependent change in the gas/dust geometry (e.g. Paardekooper et al.
2015). ALMA imaging at sub-mm wavelengths with an e�ective
dust continuum sensitivity a factor 3–5 deeper than the 1.3-mm
mosaic exploited here could potentially address this question.

6.1 Star-formation rate density

Armed with our best-fitting IRX�M⇤ relation (equation 18) it is
possible to estimate the total (UV+IR) star-formation rate density at
z ' 2.5 using our sample of 2 < z < 3 star-forming galaxies in the
HUDF. For each galaxy within the HUDF sample with stellar-mass
log(M⇤/M�) � 8.5, we calculate the SFRTOT (UV+IR) assuming
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With the LMT and gravitational lensing, we 
detected dust-obscured activity in a normal galaxy 

in the early Universe 
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New LMT detection 



LMT FF Survey: ALMA Cycle 4/5 follow-up 



Optical light (K-band)  
w/ LMT/AzTEC contours 

Infrared light (ALMA B6) 
w/ LMT/AzTEC contours 

LMT FF Survey: ALMA follow-up 
  Preliminary results (Pope et al. in prep.) 



Optical light (K-band)  
w/ LMT/AzTEC contours 

Infrared light (ALMA B6) 
w/ LMT/AzTEC contours 

LMT FF Survey: ALMA follow-up 
  Preliminary results (Pope et al. in prep.) 

Great synergy! 
LMT: wide field imaging of  dust obscured 

star formation 
ALMA: detailed follow-up to localize 

emission 



FUTURE 



Large Extragalactic Surveys with LMT 

(sub)mm 18” beam 50m LMT 5” beam 



IR luminosity depth – survey area:  
FUTURE 

Plot adapted from Casey, Narayanan & Cooray 2014 

~10 Msun/yr 

~100 Msun/yr 



IR luminosity depth – survey area:  
FUTURE 

LMT/TolTEC 100 hour surveys 
toltec.astro.umass.edu 

Plot adapted from Casey, Narayanan & Cooray 2014 

~10 Msun/yr 

~100 Msun/yr 



The new TolTEC camera for the 50m LMT 

2.1mm 1.4mm 1.1mm Units 

Beam Size 9.5 6.3 5.0 arcseconds 

NEFD 0.3 0.3 0.4 mJy sqrt(s) 

# Detectors 900 1800 3600 

Mapping Speed 26 15 13 Deg2/mJy2/hr 

PI: Grant Wilson (UMass) 

Project scientists: Itziar Aretxaga (INAOE), 
Alexandra Pope (UMass) 

•  fills FOV of  LMT at 2.1, 1.4, 1.1mm  

•  simultaneous imaging/polarimetry 

•  mapping speed ~100x AzTEC 

•  NSF/MSIP funded (9/15/2016) 



TolTEC Public Legacy Surveys: 100 hours each 

 
•  The Ultra-deep Survey of Star-forming Galaxies 
•  The Large Scale Structure Survey 
•  The Clouds-to-Cores Legacy Survey (C2C) 
•  The Fields in Filaments Legacy Survey (FiF) 

   Survey definition and data will be public! 
•  Field selection and depths defined in community 

workshops 
 
Interested? Sign up at our website: toltec.astro.umass.edu 



Outstanding Questions 

1.  What fraction of  star formation is obscured by dust at z>3? 
And how does this depend on stellar mass? 

2.  Is there a reliable proxy for dust extinction in the optical/
UV that applies at z>3? 

3.  How do dust properties (mass, temperature, distribution, 
composition) evolve with redshift? 


