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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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BUT we have only detected dust in 
a handful of  normal galaxies at z>3 

Watson+2015 

Capak+2015  

Redshift 



How can we reach the depths needed to detect 
dust in normal galaxies at z>3? 

NOW: 
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Low redshift clusters = Cosmic telescopes 
 

The HST Frontier Fields Program 
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LMT Frontier Fields (FF) Program 

http://www.astro.umass.edu/~pope/FF/  
 

PIs: Alexandra Pope (UMass), Alfredo Montaña (INAOE, Mexico)

Umass/FCAD: Daniela Calzetti, Mauro Giavalisco, James Lowenthal, Grant Wilson (AzTEC PI), 
Kate Whitaker, Min Yun, Adam Battista, Joe Burchett, Ryan Cybulski, Mihwa Han, Allison 
Kirkpatrick, Chris Thibodeau
INAOE: Itziar Aretxaga, Daniel Ferrusca, David Hughes, Jonathan León Tavares, Manolis 
Plionis, Daniel Rosa Gonzalez, Elena Terlevich, Roberto Terlevich, Olga Vega, Miguel 
Velázquez, Milagros Zeballos, Emmaly Aguilar, David Sánchez, Jorge Zavala
UNAM: Vladimir Ávila Reese, Víctor de la Luz, Octavio Valenzuela
U. Guanajuato: Héctor Bravo Alfaro
External: Erica Keller (NRAO), Danilo Marchesini (Tufts), Phil Mauskopf (ASU), Eric Murphy 
(IPAC), Brian Siana (UCR), Jennifer Lotz (STScI),Stacey Alberts (UAz), Christina Williams (UAz)

Team:  

Observations:  

2014-2015: AzTEC 1.1mm imaging of  the primary HST field (20 
sq arcmin) around two northern FF clusters: MACS J0717.5+3745 
(z=0.545) and MACS J1149.5+2223 (z=0.543) 
 
Cluster    Hours_observed   1σ depth (mJy) 
MACSJ0717    21.1      0.22 
MACSJ1149    25.4      0.25 
 
 



LMT FF Results: Millimeter detections 
MACSJ0717 

MACSJ1149 

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

MACSJ0717 



LMT FF Results:  

  

Detection of  dust from MACS1149-JD1 at z~9.6 - NO!  

Zavala et al. 2015 

z~9.6 source: S1.1< 0.51 mJy 
 
Mdust < 3 × 107− 2.4 × 108 Mʘ /µ 



LMT FF Results:  

  

Dust emission in a multiply-imaged normal galaxy at z~4 

Pope et al. in prep. 
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Multiply-imaged source at z=4 



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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Using data from Bouwens+2009 and Murphy+2011 

We have begun to directly detect dust-obscured 
activity in normal galaxies at z>3 ..  

how can we ramp this up? 

New LMT FF detection 

Redshift 
Adapted from Schaerer et al. 2015 



IR luminosity depth – survey area:  
CURRENT 

Casey, Narayanan & Cooray 2014 



IR luminosity depth – survey area:  
FUTURE 

LMT/TolTEC 100 hour surveys 
MSIP program 

http://www.astro.umass.edu/~wilson/TolTEC_website/index.html 

Plot adapted from Casey, Narayanan & Cooray 2014 



LMT/TolTEC Surveys in Context 

Imaging	and	polarimetry	at	2.1,	1.4,	and	1.1mm	
on	the	Large	Millimeter	Telescope	


