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ABSTRACT

Context. Determining the dust properties and UV attenuation of distant star-forming galaxies is of great interest for our understanding
of galaxy formation and cosmic star formation in the early Universe. However, few direct measurements exist so far.

Aims. To shed new light on these questions, we have targeted two recently discovered Lyman-break galaxies (LBGs) at z ~ 6.8 and
z = 7.508 to search for dust continuum and [C 1] 2158 yum line emission.

Methods. The strongly lensed z ~ 6.8 LBG A1703-zD1 behind the galaxy cluster Abell 1703 and the spectroscopically confirmed
7z ="7.508 LBG z8-GND-5296 in the GOODS-N field were observed with the Plateau de Bure Interferometer (PdBI) at 1.2 mm. These
observations were combined with those of three z > 6.5 Lya emitters (HCM6A, Himiko, and IOK-1), for which deep measurements
were recently obtained with the PdBI and ALMA.

Results. [C 11] is undetected in both galaxies, providing a deep upper limit of Licyy; < 2.8 X 107 L, for A1703-zD1, comparable to the
nondetections of Himiko and IOK-1 with ALMA. Dust continuum emission from A1703-zD1 and z8-GND-5296 is not detected with
anrms of 0.12 and 0.16 mJy/beam. From these nondetections and earlier multiwavelength observations we derive upper limits on their
IR luminosity and star formation rate, dust mass, and UV attenuation. Thanks to strong gravitational lensing, the achieved limit for
A1703-zD1 is similar to those achieved with ALMA, probing below the luminous infrared galaxy (LIRG) regime (Ljz < 8.1x10'" Ly)
and very low dust masses (My < 1.6 X 10" M,). We find that all five galaxies are compatible with the Calzetti IRX-4 relation, their
UV attenuation is compatible with several indirect estimates from other methods (the UV slope, extrapolation of the attenuation
measured from the IR/UV ratio at lower redshift, and spectral energy distribution fits), and the dust-to-stellar mass ratio is compatible
with that of galaxies from z = 0 to 3. From their stellar mass, the high-z galaxies studied here have an attenuation below the one
expected from the mean relation of low-redshift (z < 1.5) galaxies.

Conclusions. More and deeper (sub-)mm data are clearly needed to directly determine the UV attenuation and dust content of the
dominant population of high-z star-forming galaxies and to establish their dependence on stellar mass, redshift, and other properties
more firmly.

Key words. galaxies: high-redshift — galaxies: starburst — dust, extinction — galaxies: ISM — submillimeter: galaxies

1. Introduction

The strong interest for galaxy formation and evolution in the
early Universe and the high sensitivity of millimeter interfer-
ometers meet ideally at high redshifts. As a result of the well-
known so-called negative k-correction, the observed flux from
dust emission in galaxies increases with increasing distance at
(sub)millimeter wavelengths, which in principle allows observa-
tions out to very high redshifts, z > 6 (cf. Blain et al. 2002).
Since galaxy evolution in the early Universe remains poorly un-
derstood and since dust can strongly affect our view of star for-
mation, it is essential to directly observe dust emission from the
most distant galaxies.

* Based on observations carried out with the IRAM Plateau de Bure
Interferometer and the IRAM 30 m telescope. IRAM is supported by
CNRS/INSU (France), the MPG (Germany) and the IGN (Spain).

Article published by EDP Sciences

The Lyman-break selection has been successful in tracing a
large number of galaxies out to very high redshift, which has al-
lowed constructing their luminosity function and thus determin-
ing the cosmic UV luminosity density and the associated star
formation rate (SFR) density (Madau & Dickinson 2014, and
references therein). Despite this, little is known about the UV at-
tenuation of these galaxies and about the associated dust proper-
ties (mass, temperature, composition, etc.). Generally, the UV at-
tenuation of Lyman-break galaxies (LBGs) at z > 3 is estimated
from their UV slope S (e.g., Bouwens et al. 2014; Castellano
et al. 2012) using empirical relations established at low redshift
(e.g., the so-called Meurer relation, cf. Meurer et al. 1999), or
from spectral energy distribution (SED) fits to the (rest frame)
UV-optical part of the spectrum. Although the most direct mea-
sure of UV attenuation is determined by the ratio of IR/UV lu-
minosity (Buat et al. 2005; Iglesias-Paramo et al. 2007), current
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measurements are limited by sensitivity to z < 3—4 (Lee et al.
2012; Burgarella et al. 2013).

Thanks to strong gravitational lensing, the normal sensitiv-
ity limit has been overcome in a few cases in the past. Livermore
et al. (2012), for example, have achieved a tentative detection
of CO in a strongly lensed z = 4.9 star-forming galaxy with
an SFR =~ 40 M, yr‘1 and stellar mass M, ~ 7. x 108 Mo,
that is, properties similar to those of LBGs. The IR continuum
of this galaxy has, however, remained undetected, with a limit
corresponding to Lig < 3.5 x 10'! Ly, as reported by Livermore
etal. (2012). The z = 6.56 Ly emitting galaxy (LAE) HCM6A,
lensed by the galaxy cluster Abell 370, has been targeted by var-
ious studies aiming at detecting the dust continuum, CO, and
[C 11] emission (Boone et al. 2007; Wagg et al. 2009; Kanekar
et al. 2013). From the nondetection at 1.2 mm obtained with
MAMBO-2 at the IRAM 30 m antenna, Boone et al. (2007) de-
rived an upper limit of Lir/Lyy < 2 and an UV attenuation of
Ayv < 0.9, which we here update using a more recent measure-
ment from Kanekar et al. (2013). Until recently, this measure-
ment has represented the best (lowest) constraint on UV attenu-
ation in LBGs or LAE at high redshift (z > 5).

Two bright nonlensed LAEs, Himiko at z = 6.595 and IOK-1
at z = 6.96 (Ouchi et al. 2009; Iye et al. 2006), and the gamma-
ray burst 090423 at z ~ 8.2 were also targeted by Walter et al.
(2012) with the Plateau de Bure Interferometer (PdBI) in the
1.2 mm window, from which they concluded a low dust obscu-
ration in these objects. Two other LAEs at z ~ 6.5, recently ob-
served by Gonzidlez-Lopez et al. (2014) with the PdBI in the
1.2 mm window, were also not detected (both in [C II] and in
the continuum). However, since their continuum sensitivity is a
factor 2—5 lower than the one achieved for the lensed galaxy
HCMBO6A and this galaxy is magnified by a factor u =~ 4.5, the
effective limit on the Lig/Lyy ratio, and hence the UV attenua-
tion of these galaxies, is significantly less stringent than the limit
obtained for HCMO6A.

Himiko and IOK-1 have recently been observed with ALMA
(Ouchi et al. 2013; Ota et al. 2014); these observations reached
unprecedented depths in the 1.2 mm window (band 6), a fac-
tor 6-10 times more sensitive than the PdBI observations of
HCMG6A of Kanekar et al. (2013). Here, we combine these
deep measurements with new PdBI observations of two interest-
ing, bright high-z LBGs, the strongly lensed galaxy A1703-zD1
with a well-defined photometric redshift of z ~ 6.8 discovered
by Bradley et al. (2012), and z8-GND-5296, one of the most
distant spectroscopically confirmed galaxies with z = 7.508
(Finkelstein et al. 2013). With an apparent H-band magnitude
of 24, boosted by gravitational lensing by a factor ~9 (Bradley
et al. 2012), A1703-zD1 is one of the brightest z ~ 7 galax-
ies, outshining Himiko and IOK-1 by ~1-1.6 mag in the near-IR
(UV rest frame). The analysis of z8-GND-5296 yields indica-
tions for non-negligible UV attenuation and possibly an SFR in
excess of 300 My yr~! (Finkelstein et al. 2013), which clearly
makes these two galaxies interesting targets for deep (sub-)mm
observations.

Tuning the PdBI to the frequency of the [C 1] line, we
have obtained observations reaching a continuum sensitivity of
0.12—-0.16 mJy in the 1.2 mm window for these two high-z
objects. The resulting continuum nondetections are used to pro-
vide limits on their IR luminosity, dust mass, and UV attenua-
tion. Together with this data we consistently analyze the deep-
est available IR/mm data of Himiko, IOK-1, and HCM6A and in
particular compare the derived UV attenuation with expectations
for high-redshift LBGs; we also discuss the attenuation and dust
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mass as a function of stellar mass and how these quantities may
evolve with redshift.

Our paper is structured as follows: the observational data
are described in Sect. 2. In Sect. 3 we derive the IR luminos-
ity and dust masses from the observations. Simple inferences
on the UV attenuation and the stellar populations of the small
sample are derived in Sect. 4. We then discuss our results for
the IRX-g relation, UV attenuation as a function of redshift and
stellar mass, dust mass, the [C II] luminosity, and constraints on
the SED fits of these objects in Sect. 5. Section 6 summarizes our
main conclusions. We adopt a A-CDM cosmological model with
Hy = 70 kms™! Mpc‘l, Qmn =03 and Qp = 0.7, use AB mag-
nitudes, and assume a Salpeter IMF from 0.1 to 100 M.

2. Observations

2.1. IRAM observations of the lensed galaxy A1703-zD1
and the GOODS-N source z8-GND-5296

We have obtained 1.2 mm observations of two sources,
A1703-zD1 and z8-GND-5296, with the IRAM PdBI in the
compact configuration and with the WIDEX backend cover-
ing a bandwidth of 3.6 GHz. A1703-zD1 was observed in May
and August 2013 with five antennas, z8-GND-5296 was ob-
served in December 2013 with six antennas. The central fre-
quency of receiver 3 was tuned to the redshifted [C 1] line,
whose rest frequency is 1900.54 GHz, that is, 241.5 GHz for
A1703-zD1 and 223.88 GHz for z8-GND-5296. The quais-
stellar objects (QSO) 1150+497, J1259+516 and 1347+539
were used as phase and amplitude calibrators for the obser-
vations of A1703-zD1 and 1150+497, and 1044+719 for the
observations of z8-GND-5296. The bright sources 2200+420,
MWC(C349, 3C84 and LKHA101 were also observed to calibrate
the absolute flux and passband.

The Widex correlator covers the frequency range
240.2-243.8 GHz and 222.082-225.682 GHz, correspond-
ing to the redshift ranges 6.796-6.912 for A1703-zD1 and
7.422-7.577 for zZ8-GND-5296. The redshift of A1703-zD1 was
estimated from photometric observations. Bradley et al. (2012)
found zphot = 6.7f8€, Smit et al. (2014) zphot = 6.8+0.1, whereas
we obtain a 68% confidence range of 6.7-6.9, with a median
between 6.79 and 6.86, depending on which IRAC photometry
was used (cf. below). Although zpn, is fairly well defined,
the exact probability of covering the [C 1] line is difficult
to assess. For z8-GND, however, the redshift is based on the
detection of the Ly« line, and the band covered corresponds
to a velocity range [-3078,1752] km s~! with respect to the
systemic redshift determined from Lya. Our tuning therefore
probably fully covers the [C 1I] emission from this galaxy.

The data were reduced using the GILDAS software. The data
cubes were built using natural weighting to maximize the point
source sensitivity. The beam sizes obtained are 2.30”" X 1.75" for
A1703-zD1 and 1.78” x 1.61” for z8-GND-5296. The contin-
uum rms are 165 and 124 uJy and the line rms in 50 kms~! chan-
nels are 1.52 and 1.83 mly, respectively. None of the sources
was detected. In passing, we note that none of the three other
near-IR fainter z-drop galaxies (A1703-zD3, A1703-zD6, and
A1703-zD7) from Bradley et al. (2012), which are also included
in our field, were detected either.

In an earlier observing run with the IRAM 30 m telescope,
we also obtained a deep 2 mm map of the Abell 1703 clus-
ter with GISMO. No source was detected on the image, which
reached a depth of 0.15 mJy rms/beam. We also examined the
available Herschel PACS and SPIRE images of this cluster taken
within the Herschel Lensing Survey (Egami et al. 2010). As
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Table 1. Summary of millimeter observations and derived quantities.

Source z v IMScont Oline Licy Lir(Ta =25) Lir(Ta=35 Lgr(Tq=45 u
[GHz] [mJy beam™'] [ml]y beam™']¢ 108 [Lo,] 10" [Lo] 10" [Lo] 10" [Lo]

A1703-zD1 6.8¢ 241.500  0.165 1.517 <2.55/u  <3.96/u <7.32/u <14.38/u 9.

z8-GND-5296  7.508 223382 0.124 1.824 <3.56 <3.84 <6.65 <12.67

IOK-1° 6.96 238.76 0.021 0.215 <0.38 <0.53 <0.96 <1.87

HCMG6A® 6.56 251.40 0.16 0.849 <1.36/u <3.47/u <6.49/u <12.81/u 4.5

Himiko? 6.595 250.00 0.017 0.167 <0.28 <0.36 <0.67 <1.30

Notes. All luminosity upper limits are 30~ and are not corrected for lensing. For A1703-zD1 and HCMOA the true luminosity limits are therefore
lower by the magnification factor p. The dust temperature 74 indicated here is corrected for the CMB heating, i.e., it corresponds to the temper-
ature dust would have if it were heated by stars alone. ¥ Approximate photometric redshift (cf. text). ) Observations from Ota et al. (2014).
(© Observations from Kanekar et al. (2013).  Observations from Ouchi et al. (2013). ¢ In Av = 50 km s~! channels.

expected, the galaxy A1703-zD1 is not detected down to ~1 mJy
at 500 um, and 40 mJy at the shortest wavelengths (70 um).
Because the most constraining data come from the 1.2 mm
PdBI flux, the Herschel and GISMO limits were not used here
to determine limits on the IR luminosity and dust mass.

2.2. Other data

From the literature we compiled the visible to near-IR (8 um)
data for A1703-zD1 and z8-GND-5296. The HST and IRAC
photometry for A1703-zD1 was taken from Bradley et al.
(2012). Smit et al. (2014) have remeasured the photometry of
this object, finding differences in the IRAC filters (m3¢ = 23.66
and my 5 = 24.93, Smit 2014, priv. comm.), which translates into
a higher 3.6 um excess than the data of Bradley et al. (2012). We
therefore modeled both sets of photometry. The photometry of
z8-GND-5296 was taken from Finkelstein et al. (2013).

We also analyzed three other related z > 6 objects for com-
parison: the strongly lensed z = 6.56 Lya emitter HCMO6A,
the z = 6.96 Lya emitter IOK-1, and the bright z = 6.595
Lya blob called Himiko, which were previously observed at
(sub-)millimeter wavelengths with IRAM and with ALMA
(Boone et al. 2007; Walter et al. 2012; Kanekar et al. 2013;
Ouchi et al. 2013; Ota et al. 2014). For HCM6A we used
the recent IRAM data from Kanekar et al. (2013), which are
somewhat deeper than our earlier MAMBO-2 observations. The
ALMA observations of IOK-1 and Himiko are described in de-
tail in Ota et al. (2014) and Ouchi et al. (2013). The correspond-
ing millimeter observations (also nondetections) are summarized
in Table 1.

All three objects have photometry in the near-IR (HST plus
ground-based) and in the IRAC bands. Photometry for HCM6A
has been compiled in Boone et al. (2007); Cowie et al. (2011)
have obtained more recent measurements with WFC3/HST. The
IRAC photometry of this galaxy is difficult/inconsistent because
of contamination by neighboring sources. We therefore refrain
from presenting detailed updated SED fits for this object (cf.
Schaerer & Pell6 2005; Chary et al. 2005; Kanekar et al. 2013).
For IOK-1 we used the WFC3/HST photometry of Cai et al.
(2011) and the IRAC data from Egami (2014, priv. comm.).
The total magnitudes for Himiko were taken from Ouchi et al.
(2013).

Other z > 6 LBGs and LAEs have recently been observed
in the mm-domain but are not included in our comparison, since
the limits on their dust mass and UV attenuation are significantly
less stringent than the limits for the objects listed in Table 1. This
is the case for two other LAEs with confirmed spectroscopic red-
shifts at z ~ 6.5 that were recently observed at 1.2 mm with

CARMA to search for [C II] emission, and remained also un-
detected in the continuum (Gonzélez-Loépez et al. 2014). Their
observations are a factor 2-5 fainter than those of Kanekar et al.
(2013) for HCM6A, which furthermore is magnified by a fac-
tor ~4.5. Although their UV magnitudes are similar to the in-
trinsic, that is, lensing-corrected, one of HCMO6A the constraint
on Lir/Lyy, hence UV attenuation, is therefore clearly weaker
than for HCM6A. We also chose not to include the z ~ 9.6
lensed-galaxy candidate of Zheng et al. (2012) that was recently
discussed by Dwek et al. (2014), since its association with the
MACS1149-JD source is still inconclusive.

2.3. Observed SEDs

The “global” SEDs of A1703-zD1 and z8-GND-5296 from the
near-IR to the millimeter domain are found to be similar to those
of the other objects included here, which are HCM6A, I0OK-1,
and Himiko, and are therefore not shown here. Schematically,
they are characterized by a relatively low IR/mm emission with
respect to their rest-frame optical emission, similar to local
dwarf galaxies and excluding SEDs of local ultra-luminous in-
frared galaxies (ULIRGs) or dusty star-forming galaxies such
as Arp 220 or M 82, or even more normal spiral galaxies such
as NGC 6949 (see Boone et al. 2007; Walter et al. 2012; Ouchi
etal. 2013; Gonzdlez-Lopez et al. 2014; Ota et al. 2014; Riechers
et al. 2014).

3. IR and dust properties

The 1.2 mm observations listed in Table 1 were used to deter-
mine limits on the [C 1] 158 pum luminosity, Licyy, the total
IR luminosity, Lig, and the dust mass, M. The results are given
in Tables 1 and 2 for three different values of the dust tempera-
ture Ty.

The upper limits on the [C 11] line luminosities were com-
puted by assuming a line width Av = 50kms~! to be consistent
with Gonzalez-Lépez et al. (2014) and by applying Lcyp = 1.04%
1073S cnAu(1 + z)7' D? (Solomon et al. 1992), where S ¢y is the
line flux and Dy, the luminosity distance. Assuming a narrow line
width results in a conservative estimate of the upper limit. After
correcting for lensing, the upper limits on the [C 1] luminosity
are very similar for all galaxies, log (Ljcm)) < 7.45-7.6 Lo, ex-
cept for zZ8-GND-5296, where the upper limit is approximately
a factor 10 higher.

We computed the mass of dust by assuming a dust mass
absorption coefficient «, = 1.875(v/vp)’® m? kg=! with
vo = 239.84 GHz and Br = 1.5 and by removing the
contribution of the CMB to the dust heating, as detailed by
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Table 2. Derived dust mass limits assuming different dust tempera-
tures T4, a dust mass absorption coefficient k155 = 1.875 m? kg™!, and a
dust emissivity index Sir = 1.5.

Source My(Tq=25) My(Tq=35) My(Ty=45)
10" My 107 M, 107 M,
A1703-zD1 <51.46ju <1495/ T4/
28-GND-5296 <49.88  <13.59 <6.53
I0K-1 <6.87 <1.96 <0.96
HCMG6A <45.00/u  <13.26/u <6.60/p
Himiko <472 <136 <0.67

Notes. All limits are 30~ upper limits and are not corrected for lensing.
For A1703-zD1 and HCM6A the true dust mass limits are therefore
lower by a factor u = 9. and 4.5, respectively.

da Cunha et al. (2013a), and in a similar way to Ota et al. (2014).
We also computed the IR luminosity of the dust heated by the
stars (cosmic microwave background, CMB, contribution re-
moved) by integrating the SED between 8 and 1000 yum assum-
ing a modified blackbody SED with a power law in the Wien
regime with a spectral index @ = 2.9.

To examine how Lir and My depend on the unknown dust
temperature, we assumed three different values 7y = 25, 35,
and 45 K, where T4 is the dust temperature before correct-
ing for the CMB (i.e., Ty is the temperature the dust would
have without the CMB heating). Typically, the IR Iuminosity
changes by a factor £3.2—3.7 for the range of dust temperatures
(T4 = 25 to 45 K), translating into an uncertainty of ~+0.25 dex.
At z ~ 7 the CMB temperature is ~22 K. Ota et al. (2014)
found T4 = 27.6 K for the average dust temperature of local
dwarf and irregular galaxies, whose SED may be similar to that
of the high-z sources (cf. above). Slightly higher temperatures,
T4 ~ 30-35 K were found by Hirashita et al. (2014) for Himiko
from dust modeling. From empirical arguments a higher dust
temperature might be more appropriate for the high-z galaxies
(cf. Magnelli et al. 2014; Sklias et al. 2014). Dust masses change
by approximately a factor ~7 for T4 = 25 to 45 K. For simplic-
ity, we subsequently adopt Lir and M, values derived for the
intermediate value of T4 = 35 K.

4, Stellar populations and the UV attenuation
4.1. Observed and derived properties

The absolute UV magnitude M5y and UV luminosity, UV SFR
(neglecting dust attenuation and assuming the Kennicutt (1998)
calibration), UV slope 8 defined as F; « A? in a standard man-
ner, the UV attenuation Ayy, and the dust-obscured SFR(IR) of
the objects are listed in Table 3.

The UV slopes are derived from the UV photometry us-
ing two bands or from our SED fits for these galaxies follow-
ing well-known standard methods (e.g., Finkelstein et al. 2012;
Bouwens et al. 2014; Ouchi et al. 2013). The typical uncertainty
and differences between these methods is +(0.3-0.5) on 3, as
also found from comparing our values with those listed in the
literature. For A1703-zD1, for instance, Smit et al. (2014) found
B = —-1.4 + 0.3, whereas our SED fits yield 8 ~ —1.6. For
78-GND-5296, using two WFC3 photometric bands, one obtains
B =~ —1.4, compared with 8 ~ —1.7 from our SED fits. Ouchi
et al. (2013) found B8 = —2.00 + 0.57 for Himiko.

The UV attenuation is constrained by the observed limit
on Lir/Lyv. We used the expression of Schaerer et al. (2013)
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relating the UV attenuation factor at 1800 A, fuy, to x =
log (Lir/Luv):

log (fuv) = 0.24 + 0.44x + 0.16x. (1)

By definition, Ayy = 2.5log fyv. In Table 3 we list the upper
limits on the UV attenuation using the 30 limits on Lir (T4 = 35),
and T4 = 25 and 45 K to estimate the uncertainty. For a specific
attenuation law this can of course be translated into quantities
such as Ay. For the Calzetti law (Calzetti et al. 2000), for in-
stance, Ay = 2.5(Ry/ka) log fuy = 1.08log fuvy = 0.43Ayy, and
E(B-V)=0.26log fuv = 0.11Ayy.

4.2. Stellar masses and SFRs

To obtain simple estimates of the SFR and stellar mass we use
the “classical” SFR(UV) calibration of Kennicutt (1998) and the
mean relation between the UV magnitude and stellar mass,

log (M, /My) = —0.45 X (M;500 + 20) + 9.11, 2)

obtained by Schaerer & de Barros (in prep.) from detailed SED
fits including nebular emission to a sample of LBGs (z-drops at
z = 6.7). The corresponding values of SFR(UV) and M, (UV)
are listed in Table 3. The uncertainty of a factor ~2 in stellar
mass corresponds to the differences obtained for different SF his-
tories (exponentially rising histories yield the lowest masses,
exponentially declining ones intermediate masses, and constant
SFR the highest mass), as described in Schaerer & de Barros
(in prep.). In the last column of Table 3 we also list the upper
limit of SFR(IR) derived from our limit on Lig(Tq = 35), assum-
ing again the standard calibration of Kennicutt (1998). Note that
both SFR(UV) and SFR(IR) can underestimate the true SFR if
the population dominating the UV emission is relatively young
(<100 Myr), as SED fits for some galaxies of our sample in-
dicate (cf. Finkelstein et al. 2013). For this reason, and since
the UV SFR is not corrected for dust attenuation in Table 3,
SFR(UV) represents most likely a true lower limit on the cur-
rent SFR of these galaxies.

Overall, these simple estimates yield stellar masses be-
tween ~10° and 10'© M, for the five galaxies studied here.
Generally speaking, these values agree with earlier esti-
mates, and the differences do not affect our conclusions. For
A1703-zD1 Bradley et al. (2012) found masses in the range of
M, = (0.7-1.5) x 10° My, for a simple stellar population and
constant SFR; the higher value perfectly agrees with our mass
estimate. Their SFR = 7.3 + 0.3 M, yr! is only slightly lower
than our SFR(UV) value, probably due to the subsolar metal-
licity they adopted. For IOK-1 Ota et al. (2010) provided a
rough mass estimate (in agreement with ours) that spans more
than 1 dex depending on the age of the dominant population. In
deeper Spitzer observations, which are now available, this galaxy
is detected at 3.6 and 4.5 um, yielding a stellar mass on the or-
der of ~1. x 10'© My (Egami et al., in prep.), which is com-
patible with our estimate. Our mass estimate for HCMOA is a
factor ~2.4 higher than that of Kanekar et al. (2013). Schaerer
& Pell6 (2005) inferred a highest mass of <4 x 10° M, after
adjustment to the IMF assumed here. Himiko is the most mas-
sive galaxy according to our estimates. Ouchi et al. (2013) de-
termined M, ~ 1.5 x 10'° My, which is a factor ~2.3 higher
than our estimate. Their SFR = 100 + 2 M, yr~! from SED fits
is most likely overestimated, as it includes an attenuation corre-
sponding to Ay = 0.6, which is clearly ruled out by their limit
on the dust attenuation. Only for zZ8-GND-5296 our simple mass
and SFR estimates differ from those derived previously. For this
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Table 3. Derived quantities.

Source Mso0 log(Lyy) SFR(UV) log(M,(UV)) B Ayy SFR(IR)
[mag] [Lo] (Mo yr™']  [Mo] [mag] [Mo yr']
A1703-zD1 -20.3 1045 9.0 9.2+0.3 -14 <12+04 <138
z8-GND-5296 214  10.86 23.4 9.7+0.3 -14 <2.Of8:f1 <113
IOK-1 213 108 20.4 9.7+0.3 2.0 <0.8f8;§ <16.3
HCM6A -20.8  10.63 13.7 9.5+0.3 -1.7 <13+04 <245
Himiko -21.7 11.0 323 9.8+0.3 2.0 <0.4703 <11.4

Notes. For A1703-zD1 we have assumed a magnification factor of 4 = 9, for HCM6A u = 4.5. The upper limits on the UV attenuation and SFR(IR)
are derived from Lir(T4q = 35) and using Eq. (1). The SFR values (limit) listed here assume constant SF, ages 2100 Myr, and the Kennicutt (1998)
calibration. SFR(UV) is not corrected for reddening. Typical uncertainties for the UV slope 8 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 3001000 M, yr~'), 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 GALAXEYV 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 7, defined since the
onset of star-formation, attenuation Ay 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., <10'> Ly or
even <10'! L, for some objects), are well below the detection
limits of z * 2 galaxies with Herschel, but similar to the low-
est Ljg 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 Ligr 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

14

log(Lg) [Lo]

8 | il | |
0 2 4 6 8
redshift

Fig. 1. IR luminosity (derived for Ty = 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 Lz 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, (2) as predicted from the fit of Ayy 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 8 in Fig. 2. Both quanti-
ties are commonly used to determine the UV attenuation. Within
the relatively large uncertainties, the upper limits of Lig/Lyy
of all the z = 6.5-7.5 galaxies studied here are compatible
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Fig. 2. IR/UV luminosity ratio versus UV slope 8 for our objects. The
typical uncertainty on Ljg/Lyy due to the unknown dust temperature
is about +0.25 dex; uncertainties in S are typically +(0.3-0.5) (cf.
Sect. 4.1). The long-dashed, solid, and dashed lines show the relations
for different attenuation/extinction laws for comparison (cf. Calzetti
et al. 2000; Takeuchi et al. 2012).

with expectations for normal star-forming galaxies from the
observed UV slope, as can be seen from comparison with the
IRX-S relations of Meurer (labeled Calzetti here) and the re-
vision by Takeuchi, which describes the locus of star-forming
galaxies well. Clearly, our galaxies do not lie above the classi-
cal IRX-g relation in the region where often very dusty galax-
ies, such as ULIRGs, are found (e.g., Goldader et al. 2002). The
present upper limits are, however, not yet constraining enough
to assess whether high-z galaxies show lower Lir/Lyy ratios
than normal star-forming galaxies. Note also that the two lensed
galaxies observed with IRAM (A1703-zD1 and HCM6A) pro-
vide the best constraints on the IRX-S relation, comparable to
the ALMA data for Himiko and IOK-1.

5.3. UV attenuation as a function of redshift and galaxy mass

The limits on the UV attenuation of the z = 6.5-7.5 galax-
ies are shown as a function of redshift in Fig. 3 and compared
with other estimates for LBGs at these redshifts. Again, the up-
per limits derived from observations are compatible with ex-
pectations from simple relations between the UV slope and the
UV attenuation (shown by the blue dotted line) and from our
detailed SED models, which yield on average a higher UV at-
tenuation for the reasons already discussed by de Barros et al.
(2014) and Castellano et al. (2014). The UV attenuation from
these SED models are also broadly in agreement with the ex-
trapolation of the cosmic attenuation with redshift proposed
by Burgarella et al. (2013) from IR and UV measurements at
z < 3. In short, the present data appear compatible with a me-
dian UV attenuation of fiyv ~ 1.5-2 at z ~ 7 found by Schaerer
& de Barros (in prep.). In comparison, Bouwens et al. (2014)
found E(B — V) = 0.02—0.03 from the UV slope at z ~ 7, which
is a factor 1.5—2 lower than the above.
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Fig.3. UV attenuation Ayy (upper limits, with uncertainties of
~0.2—-0.5, cf. Table 3 derived from Lir/Lyy as a function of redshift.
The colored symbols indicate the UV attenuation at the characteristic
UV magnitude M, derived from the sample of z ~ 3-7 LBGs by
Schaerer & de Barros (in prep.) for different SFHs and including nebu-
lar emission (yellow: exponentially declining, red: exponentially rising,
green: delayed SFHs). The black circles stand for models with constant
SFR neglecting nebular emission. The long-dashed line shows the ex-
trapolation of the average UV attenuation measured from IR and UV lu-
minosity functions at z < 3 by Burgarella et al. (2013). The blue dotted
line corresponds to Ayy derived from the UV slope following Bouwens
et al. (2014).

From the nearby Universe out to z ~ 2 and possibly higher,
various measurements (Balmer decrement, IR/UV, and others)
yield a correlation between the dust attenuation and stellar mass
that apparently also shows little or no evolution with redshift
(Garn & Best 2010; Dominguez et al. 2013; Whitaker et al.
2012; Schaerer & de Barros 2010; Pannella et al. 2014). Even
LBG samples at z ~ 3—7 show this correlation (cf. Schaerer &
de Barros 2010, in prep.; de Barros et al. 2014), although these
may be biased by selection effects. It is therefore interesting to
examine the constraints placed by the new UV attenuation data
as a function of the galaxy mass. This is shown in Fig. 4, where
we also plot the mean relations derived at low redshift, the values
derived from SED fits for z ~ 4 LBGs, and the median relation
for z ~ 6.8 LBGs using the same SED fitting procedure.

The upper limits for two of our galaxies (IOK-1 and Himiko)
lie quite clearly below the local relation, indicating less dust at-
tenuation than would be expected on average for z ~ 0 galaxies
with the same stellar mass. On the other hand, the limits on dust
attenuation agree well or do not deviate strongly from the me-
dian relation found from our modeling of a sample of 70 LBGs
with a median zpp = 6.7 (Schaerer & de Barros, in prep.).
Although the upper limit for Himiko deviates most from this re-
lation, we do not consider this as discrepant with expectations.
Indeed, from SED modeling one also finds relatively massive
galaxies with low attenuation (cf. Yabe et al. 2009; de Barros
et al. 2014), as probably also corroborated by the empirical find-
ing of an increasing scatter of the UV slope towards brighter
magnitudes (cf. Rogers et al. 2014). In any case, the currently
available samples are too small to draw significant conclusions
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Fig. 4. Visual attenuation, Ay ~ Ayy/2.5, for the objects of this study
as a function of stellar mass. The typical uncertainty on stellar mass
is about +0.3 dex (Conroy 2013; de Barros et al. 2014; Sklias et al.
2014). Uncertainties on Ay are ~0.1-0.2 (cf. Table 3). The dash-dotted
and dotted lines show the mean relation for star-forming galaxies at
z ~ 0and z ~ 0.75-1.5 from Garn & Best (2010) and Dominguez
et al. (2013). Two median relations for LBGs at z ~ 7 from Schaerer
& de Barros (in prep.) are shown as long- and short-dashed lines. The
former is derived from fitting directly M, and Ay, the latter shows the
median M, and Ay values for LBGs with M 590 = —22 to —18; both
relations are for declining SFHs.

on the existence or absence of the mass-attenuation relation at
very high redshift, and thus on the possible redshift evolution of
such a relation.

5.4. Dust mass in high-z galaxies

In Fig. 5 we plot the limits on the dust mass as a function
of stellar mass and compare this with average values found in
the nearby Universe and at higher redshift. We find that the
present limits on dust mass are compatible with the standard
dust-to-stellar mass ratios observed at low redshifts. They also
agree with the recent observations of strongly lensed galaxies at
z ~ 1-3 detected with Herschel (Saintonge et al. 2013; Sklias
et al. 2014). At the high-mass end, the z = 6.34 starburst-
ing galaxy HFLS3 detected by the HerMES survey also shows
a standard dust-to-stellar mass ratio (cf. Riechers et al. 2013;
Cooray et al. 2014). In short, we conclude that the available data
for high-redshift star-forming galaxies may well be compatible
with no significant evolution from z ~ 0 to 3 and out to the
highest redshifts currently probed. The current data do not show
evidence for a downturn of My/M, at high redshift, in contrast
to the claim by Tan et al. (2014). As already mentioned, deeper
observations and larger samples are needed to determine the evo-
lution of dust with redshift, galaxy mass, and other parameters.

The ALMA observations of Himiko have been used by
Hirashita et al. (2014) to place a limit on the dust produc-
tion per supernova (SN) in the early Universe. This limit of
0.15-0.45 M, is found to be compatible with those of many
nearby SN remnants.
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Fig. 5. Dust mass as a function of stellar mass for our objects (upper lim-
its) and other related galaxies. The typical uncertainty on My due to the
unknown dust temperature is about +0.4 dex. Strongly lensed galaxies
at z ~ 1.5-3 from Saintonge et al. (2013) and Sklias et al. (2014), who
probed a similar mass range, are shown as black triangles and squares.
The blue triangle shows the z = 6.34 starbursting galaxy HFLS3 from
Cooray et al. (2014) with M, adjusted to the Salpeter IMF. Typical un-
certainties in stellar masses are a factor 2-3 (cf. Conroy 2013; Sklias
et al. 2014), but can be higher in very dusty objects, such as HFLS3
described in Cooray et al. (2014). Dotted, dashed lines: My/M, = 1072,
10™* (M, here assumes a Salpeter IMF). The green dashed line shows
the location of the sequence observed by the H-ATLAS/GAMA survey
at z ~ 0-0.35 (Bourne et al. 2012); the green solid line the median
value of My/M, = —2.63 obtained by Smith et al. (2012) from the
H-ATLAS survey after adjustment to the Salpeter IMF used here. The
dust-to-stellar mass ratio of the high-z galaxies studied here is compati-
ble with values observed at lower redshift, down to the nearby Universe.

5.5. [C ] luminosity

The [C 1] line of our IRAM targets is not detected, meaning
that none of the five z > 6.5 LBGs and LAEs studied here have
been detected in [C 1I]. Thus A1703-zD1, the three sources ob-
served earlier, and maybe z8-GND-5296 are found to lie below
the local L([C 11])-SFR relation, as already pointed out earlier by
Kanekar et al. (2013), Ouchi et al. (2013), and Ota et al. (2014)
for HCM6A, Himiko, and IOK-1, and as shown in the compi-
lation of Ota et al. (2014), for instance. The deviation from the
local relation is even stronger if other SFR indicators, such as
from SED fits, are used, as these tend to yield higher SFRs for
these galaxies, as already mentioned above. At somewhat lower
redshift, z = 5.295, Riechers et al. (2014) have recently detected
[C ] emission from an LBG and found it to agree with the local
L([C 11])-SFR relation. What distinguishes this object from our
z > 6.5 sources remains to be understood.

Possible explanations for lower [C II] emission in high-z
galaxies have already been discussed in the literature, invok-
ing compactness, lower metallicities, age effects, and others
(cf. Stacey et al. 2010; Vallini et al. 2013; Gonzalez-Loépez
et al. 2014; Ota et al. 2014), but are not fully understood.
Empirically, [C II] emission is also known to decrease in galax-
ies with increasing dust temperature (Gracia-Carpio et al. 2011;
Diaz-Santos et al. 2013), and T4 has been shown to increase
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toward higher redshift (e.g., Sklias et al. 2014). Again, the statis-
tics is currently too poor to draw more general conclusions on the
behavior of [C 1I] emission at z > 6 and at even lower redshifts.

5.6. Constraints on SED models from L

It is interesting to compare the limits on UV attenuation derived
from the IR/UV ratio (cf. above) with the UV attenuation ob-
tained from SED fits for the same galaxies. By using Ayy, it
should in principle be possible to distinguish different SFHs, and
direct attenuation measurements can resolve some of the degen-
eracies in SED fits, for example, between age and attenuation,
which would also provide more accurate estimates of the SFR
and stellar mass, and consequently also sSFR (cf. Reddy et al.
2012; Schaerer et al. 2013; Sklias et al. 2014).

5.6.1. Constraints on SF histories?

By comparing the results from our SED fits where extinc-
tion is kept as a free parameter with the Ayy values from
the IR/UV ratio, we found useful constraints for two objects,
A1703-zD1 and Himiko. SED fits assuming exponentially ris-
ing or declining SFHs yield quite young ages (~10—-40 Myr)
and a high extinction Ay ~ 0.5-0.95, that is, Ayy ~ 1.1-2.2,
(quoting here the range covered within 68% confidence for the
Calzetti law) for these objects and also for zZ8-GND-5296. Ouchi
et al. (2013) found values similar to ours for Himiko, trans-
lating into Ayy = 1.38 with an uncertainty smaller than 0.1.
With a 68% confidence, this high attenuation is excluded by
the ALMA observations of Himiko. With rising SFHs we al-
ways find tight uncertainties on the attenuation for this object,
the lowest value being Ayy = 1.0 with a 99% confidence. For
constant SFR or declining SFHs, however, we obtain lower val-
ues for the attenuation, compatible with the limit Ayy < 0.4f83
from ALMA within 90-95% confidence. Taken at face value,
this implies that exponentially rising star-formation histories are
a poor description for the stellar populations of Himiko, as this
would predict a too high UV attenuation. For A1703-zD1 the
trend is similar, although the weaker limits on Ayy imply that
the SED models still agree to within 268—-90% confidence.

We then ran SED fitting models where the UV attenuation
was limited to the value derived above, that is, for the Ayy from
Table 3. We now discuss how this may affect the physical pa-
rameters, in particular, the specific SFR.

5.6.2. High specific SFR at z ~ 6.5-7.5?

We first examined Himiko, with the tightest limit on UV attenu-
ation, by imposing Ayy < 0.4 (i.e., Ay < 0.17) on SED fits. The
resulting best-fit SED for models with declining SFHs is shown
in Fig. 6, where it is also compared with the unconstrained
SED fit, which yields Ay = 1. As can be clearly seen, the two
fits differ strongly in a qualitative way, the former representing
a relatively old population with a low attenuation, whereas the
latter case is much younger, has stronger emission lines and a
higher attenuation. Correspondingly, the older population yields
a lower SFR and higher stellar mass, hence a lower sSFR than
the unconstrained fits with M, changing from ~1.0 x 10'° to
4.2 x 1010 M, SFR from ~160 to 20 M, yr‘l, and the spe-
cific SFR by a factor <40. For exponentially rising SFHs with
the Ayy constraint, we obtain Ay = 0.15, M, ~ 2.0 x 10'° M,
SFR ~ 30 M, yr‘l, that is, an sSFR ~ 1.5 Gyr‘l. It is therefore
possible that Himiko has a relatively low sSFR (even close to
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Fig. 6. Best-fit SEDs for Himiko with unconstrained models (magenta)
or imposing the constraint on UV attenuation of Ayy < 0.4 (black). Red
crosses show the synthesized fluxes in the photometric bands, black cir-
cles the observations. The two solutions differ strongly in age, extinc-
tion, SFR, mass, and sSFR. The young one (magenta) overproduces the
IR luminosity (see text). The IRAC channel 1 (3.6 um) is contaminated
by [O 11] 214959, 5007 and HB emission lines; Ha contributes weakly
to channel 2 (4.5 um). The relatively weak emission line at ~4.5 um is
He 1 15876.

the often quoted conservative value of 1-2 Gyr~' cf. Gonzilez
et al. 2014). Part of the difficulty of distinguishing these solu-
tions stems from the fact that both IRAC filters can be contam-
inated by emission lines at the redshift of Himiko (z = 6.595),
and from the finding of the 4.5 um flux observed stronger than at
2.2 um. Measurements of the rest-frame optical emission lines
of [O 1] A24959,5007, HB (in the 3.6 um filter) and/or Ha at
4.5 um, or an accurate determination of the continuum flux at
these wavelengths are necessary to precisely determine the cur-
rent SFR of this galaxy and its stellar mass.

For A1703-zD1 the situation seems clearer because the ob-
served 4.5 um flux is weak, fainter than at near-IR (1-2 um), and
a significant excess at 3.6 um is found compared with 4.5 ym
(see Fig. 7). In this case, an old population (significant Balmer
break) is clearly excluded, meaning that the stellar mass must
be relatively low, and the (strong) 3.6 um excess implies a high
current SFR. Hence the specific SFR of this galaxy is much bet-
ter constrained than for Himiko and must be fairly high, as also
found by Smit et al. (2014). For A1703-zD1, models both with
or without imposed constraints on the UV attenuation, with de-
clining or rising SFHs, and for two different measurements of
the IRAC photometry, indeed yield a high sSFR ~ 20-90 Gyr~!.

In short, solutions with very young ages, hence high SFR,
lower mass, and the highest sSFR are disfavored for some of
our galaxies such as Himiko. The young population Finkelstein
et al. (2013) we find for z8-GND-5296 is not excluded by the

1

The interpretation of the SED of A1703-zD1 is also clearer since its
redshift is most likely z ~ 6.8 £0.1, in a range where Ha has moved out
of the 4.5 um filter, which provides a high contrast between the 3.6 and
4.5 um bands, as also highlighted by Smit et al. (2014).
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Fig. 7. Best-fit SEDs for A1703-zD1 with constrained models (Ayy <
1.2) to two different sets of IRAC measurements (cf. Sect. 2.2). Red
crosses show the synthesized fluxes in the photometric bands, black
circles the observations. In both cases the resulting fit parameters are
quite similar, which confirms the high specific SFR for this galaxy. The
same is also obtained without the constraint on UV attenuation.

current IRAM data, leaving, however, large uncertainties on the
physical parameters of this object. To conclude about the sSFR
of HCM6A and IOK-1, accurate IRAC flux measurements are
needed (cf. Sect. 2.2). Because both IRAC filters are affected by
nebular emission lines at the redshift of these galaxies, degenera-
cies will remain between the derived physical parameters. Direct
emission line measurements (e.g., with the JWST) are crucial to
firmly establish the properties of such high-redshift galaxies.

6. Conclusion

We have carried out deep 1.2 mm observations with the Plateau
de Bure Interferometer, targeting [C II] 1158 um and dust con-
tinuum emission of two z ~ 7 LBGs, A1703-zD1 and z8-GND-
5296, which were discovered earlier by Bradley et al. (2012) and
Finkelstein et al. (2013). A1703-zD1 is a bright LBG, magnified
by a factor 4 = 9 by the lensing cluster Abell 1703. z8-GND-
5296 is currently one of the most distant spectroscopically con-
firmed galaxies at z = 7.508.

We combined our observations with those of other z >
6.5 star-forming galaxies with spectroscopic redshifts (three
LAEs named HCM6A, Himiko, and IOK-1), for which deep
measurements were recently obtained with the PABI and ALMA
(Kanekar et al. 2013; Ouchi et al. 2013; Ota et al. 2014). For this
small sample of five high-z star-forming galaxies we determined
the IR and hence the dust properties of the stellar emission in
a homogeneous manner, from which we derived limits on the
IR luminosities and SFRs, dust masses, the [C 1I] luminosity,
UV attenuation, and stellar masses.

Our main results are the following:

— The dust continuum of A1703-zD1 and z8-GND-5296 is
not detected down to an rms of 0.12 and 0.16 mJy/beam

at 241 and 223 GHz. From this we obtained upper limits
on the IR Iuminosity of Lir(Tq = 35) < 8.1 X 10'0 L
and <6.7 x 101 Lo for A1703-zD1 and z8-GND-5296, as-
suming a dust temperature Ty = 35 K before correcting for
CMB heating. Thanks to strong gravitational lensing, our ob-
servations of A1703-zD1 reach a similar effective depth as
the recent ALMA observations of Himiko and IOK-1, which
also probe the sub-LIRG (Lig < 10'! Ly) regime.

— The upper limits of Lig/Lyy of the five galaxies and their
observed UV slope g follow quite closely the so-called
IRX-g relation expected for the Calzetti attenuation law.

— The UV attenuation, derived from the ratio of Lir/Lyv,
is found to be between Ayy < 0.4*03 for Himiko (the
lowest limit), and Ayy < 1.2—1.3 for the lensed galax-
ies A1703-zD1 and HCMG6A. Broadly, these limits are com-
patible with extrapolations of Ayy measurements from the
IR and UV at lower redshift (Burgarella et al. 2013) and with
classical estimates from the UV slope (e.g., Bouwens et al.
2014). The available limits are also compatible with results
from recent SED fits for large samples of LBGs, which in-
dicates that the UV attenuation may be higher than derived
using the standard relation between the UV slope and atten-
uation (de Barros et al. 2014; Castellano et al. 2014).

— For their stellar mass (on the order of M, ~ (2-10) X
10° M) the high-z galaxies studied here have an attenuation
lower than expected from the mean relation observed for lo-
cal galaxies and out to z ~ 1.5 (cf. Dominguez et al. 2013).
The current limits are, however, compatible with the median
relation between M, and attenuation derived by Schaerer &
de Barros (in prep.) for z ~ 7 LBGs.

— The limits on the dust masses for A1703-zD1 are My(Ty =
35) < 1.6 x 107 M, and <13.9 x 107 M, for z8-GND-5296.
The available data/limits for z > 6 galaxies show dust-to-
stellar mass ratios that are compatible with that of galaxies
from z = 0 to 3. Deeper observations are required to estab-
lish whether the dust-to-stellar mass ratio decreases at high
redshift, for instance, as a result of lower metallicity.

— If the redshift of A1703-zD1 is confirmed within our targeted
range (z € [6.796,6.912]), our nondetection for this galaxy
adds another limit on the [C II] 1158 um luminosity (Licm <
2.8%x 107 Ly), showing that the z > 6 galaxies observed so far
emit less [C 11] than expected from their SFR when compared
with low redshift galaxies (cf. Ouchi et al. 2013; Ota et al.
2014). [C 1] emission from z8-GND-5296 is not detected
with an upper limit of Ljcy < 3.6 X 108 L,

— The derived limits on the UV attenuation exclude some
SED fits, which indicates very young ages and may place
better limits on the specific SFR at high redshift. However,
the emission lines in several IRAC filters currently pre-
vent accurate determinations of the SFR and stellar mass
of z > 6 galaxies, except over a narrow redshift interval
(z ~ 6.8=7.0; cf. Smit et al. 2014). For A1703-zD1 we con-
firm the very high sSFR ~ 20-90 Gyr~! of A1703-zD1 de-
rived by Smit et al. (2014).

Although our new measurements provide some additional in-
sight, more and deeper (sub-)mm data, of both lensed and blank
field galaxies, are clearly needed to determine the UV attenu-
ation and dust content of the dominant population of the most
distant star-forming galaxies and their evolution with redshift,
and to understand the apparent lack of [C II] emission from these
galaxies and their ISM properties more in general.
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