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Motivation / questions 

•  Properties of high-z galaxies ? SFR, mass, age, extinction, metallicity etc.!
•  « Old » galaxies in the high-z universe ? Formation redshift?!
•  Are high-z galaxies dusty? Dust evolution with redshift?!

•  Typical timescales of star formation and SF histories?!
•  What drives SF in distant galaxies ? Cold accretion, mergers…?�

Importance of feedback?!

•  Cosmic star formation history and mass assembly!



Physical properties of high redshift �
star-forming galaxies�

! !
•  Physical parameters from SED models including nebular 
emission: implications on ages, masses, …, specific SFR, star-
formation histories!

(Strong) emission lines are ubiquitous (at z~3-7)!
& affect the determination of the physical parameters�
  now widely accepted!
�
!
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Evidence for (strong) emission lines at high-z!

•  LBGs at z~7-8: excess at 3.6 micron due to [OIII]+Hβ �
!(Labbé et al. 2012, Smit et al. 2013)!

• LBGs at z~4: excess at 3.6 micron due to Hα �
!(Shim et al. 2011, de Barros et al. 2011, Stark et al. 2012)!

•  Broad-band excess in z~2 LBGs with strong Hα �
!(Erb et al. 2006, Reddy et al.)!

•  Lyman-alpha emitters (LAE) at z=3.1:  [OIII] lines dominate Ks band flux  
!(McLinden et al. 2011, )�

!
•  Strong Halpha emission in massive galaxies at z~1-1.5 (van Dokkum et al. 2011)!
•  WFC3 grism surveys: many strong emission line galaxies at z~1-2, whose 
photometry is/would be dominated by lines (e.g. Atek et al. 2011, Trump et al. 2011)�
!
•   Increasing fraction of LBGs with Lyman-α emission at high-z �

!(Ouchi et al. 2008, Stark et al. 2010, Schaerer et al. 2011, …)!
•  Strong [OIII] lines detected in z~3.2-3.6 LBGs (Schenker et al. 2013, Holden+2014, 
Steidel+2014)!
• … 



Modeling z~3-7 star-forming galaxies 
•  Extensive exploration of parameter space!

–  Redshift!
–  Attenuation !
–  SF histories (SFR=const, exp. declining, delayed,�

exp. rising SFH) !
–  Age!
–  Metallicity!

•  Uncertainties determined from MC simulations!
•  Systematic study taking effects of nebular emission into account!
•  Uniform and consistent analysis of z~3 to 7-8 galaxies with same 

code (modified Hyperz code)!
•  Large sample (~1800) of UV selected drop-out galaxies with 

multi-band photometric data (GOODS-MUSIC V2 Santini et al. 2009, 
McLure et al. 2011)!

!
 de Barros, Schaerer, Stark (2011, 2012, 2014)!
 Schaerer & de Barros (2014)!



Implications from (strong) emission lines at high-z�
 

1.  Younger galaxy ages!
2.  Lower stellar masses!
3.  Specific SFR (sSFR=SFR/M*) increases with redshift (@ z>2-3)!

4.  Higher dust attenuation (cf. inferences from UV slope)!
5.  Variable star formation histories – shorter SF timescales!
6.  Significant scatter in SFR-M*!
7.  …!



1. Age of high-z LBGs (dominant population)!

Impossible d'afficher l'image. Votre ordinateur manque peut-être de mémoire pour ouvrir l'image ou l'image est endommagée. 
Redémarrez l'ordinateur, puis ouvrez à nouveau le fichier. Si le x rouge est toujours affiché, vous devrez peut-être supprimer l'image avant 
de la réinsérer.

Stacked SED (14 objects @ z~7) : �
classical SED fits!
• Weighted age ~350 (+30-170) Myr �
--> onset of SF at z~30 (+30-19) !?!

Impossible d'afficher l'image. Votre ordinateur manque peut-être de mémoire pour ouvrir l'image ou l'image est endommagée. 
Redémarrez l'ordinateur, puis ouvrez à nouveau le fichier. Si le x rouge est toujours affiché, vous devrez peut-être supprimer l'image 
avant de la réinsérer.

Labbé et al. (2010)!

Models including 
nebular lines: !
•  Age~4 Myr!
•  AV~0.2!
•  M*~5. 107 M!

« Old » galaxies in the high-z universe ? high formation redshift?!
       (cf. Eyles et al. 2005, 2007, Yan et al. 2006, Labbé et al. 2010)!
•  Age estimated from Balmer break!
•  Emission lines can mimick large break !

!(Schaerer & de Barros 2009)!
!

Schaerer & de Barros (2010)!



2. Properties of high-z galaxies: stellar mass and implications!

stellar masses systematically lower (than 
SFR=const) with  nebular emission and 
for variable SF histories:!
�
typically ~2-3 times lower mass!
!
!
 Reduced stellar mass density at high-z!

Impossible d'afficher l'image. Votre ordinateur manque peut-être de mémoire pour ouvrir l'image ou l'image est endommagée. 
Redémarrez l'ordinateur, puis ouvrez à nouveau le fichier. Si le x rouge est toujours affiché, vous devrez peut-être supprimer 
l'image avant de la réinsérer.

de Barros et al. (2012)!

Impossible d'afficher l'image. Votre ordinateur manque peut-être de mémoire pour ouvrir l'image ou l'image est 
endommagée. Redémarrez l'ordinateur, puis ouvrez à nouveau le fichier. Si le x rouge est toujours affiché, vous 
devrez peut-être supprimer l'image avant de la réinsérer.

Stark et al. (2012)!
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3. Evolution of the specific SFR with redshift!

de Barros, Schaerer & Stark (2012, 2014)!

Impossible d'afficher l'image. Votre ordinateur manque peut-être de mémoire pour ouvrir 
l'image ou l'image est endommagée. Redémarrez l'ordinateur, puis ouvrez à nouveau le 
fichier. Si le x rouge est toujours affiché, vous devrez peut-être supprimer l'image avant de 
la réinsérer.

Tacchella et al. (2012)!

•  High sSFR=SFR/M* at high redshift �
!(cf. Schaerer & de Barros 2010)!

•  sSFR increases with z. Agreement with simple galaxy 
formation models!

•  Large scatter expected – short SF timescales!

: Noeske et al. 2007!
: Daddi et al. 2007!
: Stark et al. 2009!

: REF!
: REF+NEB!
: RIS+NEB!
: RIS+NEB (weak lines)!
: RIS+NEB (strong lines)!
: DEC+NEB!
: DEC+NEB (weak lines)!
: DEC+NEB (strong lines)!



Use of UV slope to determine  
reddening/extinction is uncertain:!
!
•  Assumptions SFR=const and 

age>100 Myr may break down!
•   Different  relation β – E(B-V)!
•  Higher extinction than 

commonly thought �
 Revised « Meurer law »�
(cf. also Castellano et al. 2014)!

!
 Next step: direct measurement 
of IR emission with ALMA�
(cf. predictions in Schaerer et al. 2013)!

de Barros, Schaerer, Stark (2014)!

4. Higher dust attenuation!



5. Variable star formation histories – ! ! !
! ! ! !shorter SF timescales!

•  Redshift non-evolution of M*-M_UV from z~5 to 3�
 SFR=const or fastly rising SFH excluded�
 episodic SF favoured!

!(cf. Stark et al. 2009)!
!
•  Slowly rising SF (e.g. Papovich et al. 2012) not 

applicable to individual galaxies �
 need to turn-off SF!

•  Variable SF also supported by:!
•  (3.6-4.5) color (EW(Ha)) distribution!
•   Clustering of z~4 LBGs (Lee et al. 2009)!
•   Galaxy models with feedback �

(Wyithe, Loeb+ 2011, 2014; Hopkins et al. 2014)!
•  Decreasing SF timescale from z~0 to 3 �

Saintonge et al. (2014), Dessauges-Zavadsky et al. (2014)!

!

de Barros, Schaerer, Stark (2012, 2014)!

Dessauges-Zavadsky et al. (2014)!



Difficulties:!
•   Concept of SF-main sequence misleading �

at high redshift ? �
!Scatter may be large! �
!Caution: selection effects!!

Caution: biases, selection criteria+ can severely affect the possible correlations!
(e.g. Dunne et al. 2009, Stringer et al. 2011)!

Rodighiero et al. (2011)!

SFR=const, age>50Myr! variable SF histories! variable SF histories + nebular!

AV free!

log(M*)! log(M*)!log(M*)!
!

log(SFR)!

6. SFR – mass relation!



Evolution of the LBG population with redshift!

•  Sample of z~3 to 7 LBGs (~1400 B,V,i,z-drop)!
•  Complete down to M_UV~ -19 .. -19.5!
•  Determine physical properties for set of SFHs and  metallicities and 

statistical distribution as function of UV magnitude!
 Fits as fct of M_UV!

•  Convolve with observed UV luminosity function (Bouwens et al.)!
  Integrated (« cosmic ») properties (SFR density, stellar mass 

density, etc.)!
!
  Main quantities: SFRD, SMD, LIRD …!

!
Total IR luminosity from energy �
 conservation!
(cf. da Cunha et al. 2008 etc.) !



Schaerer & de Barros (2015)!

Evolution of the LBG population with redshift!

Star formation rate density!

Stellar mass density!

UV attenuation!

Tacchella et al. (2013)!

Ilbert et 
al. (2013)!

Burgarella et al. 
(2013)!

from UV slope!

IR luminosity density!



Schaerer & de Barros (2015)!

Evolution of the LBG population with redshift!

Stellar masses as fct. of UV magnitude:!
!
-  M/L(UV) fairly constant!
-   M*(M_UV) relation flatter than 

Gonzalez et al. (2011)!
!
-   broad agreement between different 

studies: e.g. de Barros et al. (2012, 2014), 
Duncan et al. (2014), Salmon et al. (2014), 
Grazian et al. (2014), Schaerer & de Barros (2015)!

Grazian et al. (2014)!



Schaerer & de Barros (2015)!

Evolution of the LBG population with redshift!
Stellar mass density!

Ilbert et al. 
(2013)!

Grazian et al. (2014)!

SMD integrated down to M_UV=-18!
assuming different SFHs !



Schaerer & de Barros (2015)!

Evolution of the LBG population with redshift!
Star formation rate density!

•  Higher 
« instantaneous » 
SFRD than usual, 
due to variable 
SFHs!

•  Fully consistent 
with observed UV 
luminosity 
density!



Schaerer & de Barros (2015)!

Evolution of the LBG population with redshift!
Infrared luminosity density!

S & de Barros (2015), Schaerer et al. (2013)!

•  Rapid decline of 
the LIRD with 
redshift expected!

!
•  Simple Kennicutt 

relation is not 
appropriate to 
predict LIR!



Schaerer & de Barros (2015)!

Evolution of the LBG population with redshift!
Infrared luminosity density!

Coppin et al. (2015)!

Burgarella et al. (2014)!

•  Good agreement with 
LIRD from Herschel 
@ z~3.5 !

!
•  Rapid decline of the 

LIRD with redshift 
expected!

!
•  Simple Kennicutt 

relation is not 
appropriate to 
predict LIR!



Schaerer & de Barros (2015)!

Evolution of the LBG population with redshift!
Mean UV attenuation!

Burgarella et al. 
(2013)!

from UV slope!

Mean attenuation from IR/UV:!
Burgarella et al. (2013)!



Predicted LIR of ~1400 LBGs from 
z~3.4 – 7 (Schaerer+ 2013) !

Strongly lensed objects from 
Herschel Lensing Survey 
(Sklias et al. 2014)!

z=5.2 Herschel Lensing Survey 
(Combes et al. 2012)!

!

Evolution of the LBG population with redshift!
Observed and predicted !
IR luminosity!

Herschel 
blank fields 
(Elbaz+ 2011, 
Symeonidis+ 
2013)!



 First hints on dust in « normal » z>6 galaxies with IRAM 
and ALMA!

Predicted LIR of 
~1400 LBGs 
from z~3.4 – 7 
(Schaerer+ 2013) !

Strongly lensed 
objects from 
Herschel Lensing 
Survey (Sklias et al. 
2014)!

z=5.2 Herschel Lensing Survey 
(Combes et al. 2012)!

!

 Schaerer et al.  "
    (2015,A&A 574, A19;"
       arXiv:1407.5793)!



Our sample!

Lensed galaxies:!
-  z=6.56 HCM6A μ=4.5: Boone+2007!
-  z=7 LBG in Abell 1703 μ=9, from Bradley+ 2012!
Blank fields:!
-  z=7.5078 LBG from Finkelstein+2013!
 New IRAM observations!

-  z=6.56 LAE Himiko: Ouchi+2013!
-  z=6.96 LAE IOK-1: Ota+2014!
 Recent ALMA observations!
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studied in unprecedented detail, providing clear views of their
sizes and morphologies (e.g., Franx et al. 1997; Kneib et al.
2004; Bradley et al. 2008; Zheng et al. 2009; Swinbank et al.
2009). This was clearly demonstrated with a very high source-
plane resolution of 50 pc recently achieved by Zitrin et al. (2011)
for the z = 4.92 galaxy behind MS1358. Likewise, the increased
brightness can place z ! 7 galaxies within reach of ground-
based spectroscopic follow-up observations.

Luminous high-redshift galaxies are extremely valuable be-
cause their spectra can provide direct measurements of the early
star formation rate via Lyα and Hα emission (Iye et al. 2006) and
the evolution of metallicity via metal emission and absorption
lines (Dow-Hygelund et al. 2005). The spectra of z ! 7 ob-
jects also pinpoint the epoch of the intergalactic medium (IGM)
reionization through the effect of neutral hydrogen in inhibiting
the emission of Lyα from galaxies (Santos 2004; Malhotra &
Rhoads 2004; Stark et al. 2010). A truly neutral IGM will pro-
duce a damped Lyα absorption profile (Miralda-Escude & Rees
1998) that can be measured even at a low spectral resolution.

Here we present the discovery of seven bright strongly
lensed LBG candidates at z ∼ 7 behind the massive galaxy
cluster A1703. The brightest candidate, A1703-zD1, is observed
at 24.0 AB in the H160 band, making it 0.2 mag brighter
than the z850-dropout candidate recently reported behind the
Bullet Cluster (Hall et al. 2011) and 0.7 mag brighter than the
previously brightest known z ∼ 7.6 galaxy A1689-zD1, found
behind the massive cluster A1689 (Bradley et al. 2008). This
paper is organized as follows. We present the observations and
photometry in Section 2 and dropout selection in Section 3.
In Section 4 we discuss the source magnifications. We present
the photometric redshifts in Section 5 and stellar population
synthesis models in Section 6. The results and the properties of
the sources are discussed in Section 7. We summarize our results
in Section 8. Throughout this work, we assume a cosmology
with Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.
This provides an angular scale of 5.2 kpc (proper) arcsec−1 at
z = 7.0. All magnitudes are expressed in the AB photometric
system (Oke 1974).

2. OBSERVATIONS AND PHOTOMETRY

2.1. HST ACS and WFC3/IR Data

We observed A1703 (z = 0.284; Allen et al. 1992) with a
single field of the Advanced Camera for Surveys (ACS) WFC
in 2004 November as part of an ACS GTO program to study
five massive galaxy clusters (HST-GO10325). The observations
cover a 3.′4 × 3.′4 field of view and consist of 20 orbits divided
among six broadband filters: F435W (B435; 7050 s), F475W
(g475; 5564 s), F555W (V555; 5564), F625W (r625; 9834 s),
F775W (i775; 11128 s), and F850LP (z850; 17800 s). The
ACS/WFC data were reduced with our ACS GTO APSIS
pipeline (Blakeslee et al. 2003). The reductions reach 5σ
limiting magnitudes (0.′′19 diameter aperture) of 28.5, 28.6, 28.2,
28.6, 28.4, and 28.0 in the B435, g475, V555, r625, i775, and z850
bands, respectively.

We obtained WFC3/IR observations of A1703 in the F125W
(J125) and F160W (H160) bands, each with an exposure time
of 2812 s, in 2010 April with the primary goal to search for
z ∼ 7 galaxies (HST-GO11802). The WFC3/IR observations
cover the central 123′′ × 136′′ high-magnification region of the
cluster (see Figure 1). The depths of the WFC3/IR data reach
5σ limiting magnitudes of 27.3 and 26.9 in a 0.′′45 diameter
aperture for the J125 and H160 bands, respectively.

Figure 1. Color image (z850J125H160) of the galaxy cluster A1703 (z = 0.28).
The locations of the high-redshift z850-dropout candidate galaxies are marked
by red circles and ellipses. The image field of view is 123′′ × 136′′ and is shown
with a position angle = 152◦. The white contours represent the critical curves at
z ∼ 7. The dashed cyan and green ellipses denote the regions where the strong
lensing model of Zitrin et al. (2010) predicts counterimages for A1703-zD2 and
A1703-zD5a/5b, respectively.
(A color version of this figure is available in the online journal.)

For the reduction of both the ACS and WFC3/IR data, we
weight each individual exposure by its inverse variance created
from the sky background, modulated by the flat-field variations,
along with the read noise and dark current. The drizzle combi-
nation procedure uses these inverse-variance images as weights
and produces a final inverse-variance image for the combined,
drizzled image in each filter. These inverse-variance weight im-
ages are used by SExtractor (Bertin & Arnouts 1996) for both
source detection and photometry (see Section 2.3).

2.2. Spitzer/IRAC Data

We utilized archival Spitzer/Infrared Array Camera (IRAC)
imaging of A1703 (program 40311) obtained over three epochs
between 2007 December and 2008 June. We used the Spitzer
MOPEX calibration pipeline to combine the data in the 3.6 and
4.5 µm bands over the three epochs. The total exposure times
were 18.9 ks in the 3.6 and 4.5 µm bands, reaching 5σ limiting
magnitudes of 24.7 and 24.1, respectively.

2.3. Photometry

We used SExtractor in dual-image mode for object detection
and photometry. The detection image consisted of an inverse-
variance weighted combination of the WFC3/IR J125 and H160
images. We smoothed the ACS optical images to match the
WFC3/IR images and measured colors in small scalable Kron
apertures (Kron factor of 1.2; Kron 1980). We then correct the
fluxes measured in these smaller apertures to total magnitudes
by using the flux measured in a larger Kron aperture (factor

2

4

Figure 3. HST H160, Spitzer/IRAC [3.6], and [4.5] postage stamp
images (6.5” × 6.5”) of our sample of bright, magnified z ∼ 6.6−7.0
galaxies behind clusters. The IRAC postage stamps have already
been cleaned for contamination from neighboring sources (§2.3). It
is obvious that a large fraction of the sources in our selection are
much brighter at 3.6µm than at 4.5µm.

the redshift range zphot = 6.6− 7.0, where we know that
both [OIII] and Hβ fall in [3.6], while [4.5] falls exactly
between [OIII] and Hα where no significant emission lines
are present (see for example Figure 2).

2.3. IRAC Photometry

Photometry of sources in the available Spitzer/IRAC
data over our fields is challenging, due to blending with
nearby sources from the broad PSF. We therefore use the
automated cleaning procedure described in Labbé et al.
(2010a,b). In short, we use the high-spatial resolution
HST images as a template with which to model the po-
sitions and flux profiles of the foreground sources. The
flux profiles of individual sources are convolved to match
the IRAC PSF and then simultaneously fit to all sources
within a region of ∼13” around the source. Flux from all
the foreground galaxies is subtracted and photometry is
performed in 2.5”-diameter circular apertures. We apply
a factor of ∼ 2.0× correction to account for the flux out-

side of the aperture, based on the radial light profile of
the PSF. Figure 3 shows the cleaned IRAC images of our
sample. Our photometric procedure fails when contam-
inating sources are either too close or bright. Sources
with badly subtracted neighbors are excluded. In to-
tal, clean photometry is obtained for 78% of the sources,
resulting in 7 sources in our final selection (excluding
only one source behind RXJ1347 and one source behind
MACS1206 from our sample).

3. RESULTS

Our search for bright (H160 ! 26) LBGs in the red-
shift range z ∼ 6.6 − 7.0 behind strong lensing clusters
results in 9 candidates. One of the sources in our z ∼ 7
sample was previously reported by Bradley et al. (2012a)
based on a study of Abell 1703. For seven sources we ob-
tain reasonably clean IRAC photometry, as shown in the
postage stamps in Figure 3. The properties of the sources
are summarized in Table 1 and they range in H160 band
magnitude from 24.3 to 25.7. Typical magnification fac-
tors, µ, for our sources are ∼ 2 − 9, using the lensing
models of Zitrin et al. (2010, 2011) and Zitrin et al. (in
prep). Though the magnification of the sources improves
the S/N of our measurements, we stress that measure-
ments of emission line EWs and sSFRs only depend on
the colors of the SED and therefore are not impacted by
uncertainties in the model magnification factors.

3.1. [3.6]− [4.5] color distribution and nebular emission
lines

Our selection of sources in the redshift range z ∼ 6.6−
7.0 provides us with the valuable opportunity to establish
the typical EW of the nebular emission lines in z " 6
sources through a comparison of the flux in [3.6] and [4.5].
LBGs at high redshift are expected to exhibit flat optical
stellar continuum, based on stellar population synthesis
models. In these models young galaxies with typical ages
between 50-200Myr and low dust extinction, e.g. E(B-
V)∼ 0.1, will have a ([3.6]-4.5])continuum color of ∼ 0 ±
0.1 mag. However, extremely young (i.e. ∼ 3 × 106yr),
dust-free galaxies can exhibit ([3.6]-4.5])continuum colors
as blue as ∼ −0.4. To be conservative, we will adopt this
for the color of the underlying stellar continuum, and
assume that any bluer [3.6] − [4.5] color arises from the
impact of emission lines to establish robust lower limits.
In the bottom panel of Figure 1 the dotted line shows

a prediction of the observed optical color due to emis-
sion lines for a model of strongly increasing rest-frame
emission line EWs as a function of redshift (dotted line),
with EW0([OIII]+Hβ) ∝ (1 + z)1.8Å, based on the evo-
lution in EW0(Hα) found by Fumagalli et al. (2012) for
star forming galaxies over the redshift range 0 ! z ! 2.
The red points show the observed colors for our sam-
ple. Most of our sources show quite blue [3.6] − [4.5]
colors and essentially all of them are bluer than that
expected based on a conservative model of constant rest-
frame EW (solid black line: i.e. assuming no evolu-
tion from z ∼ 2 where EW0([OIII]+Hβ)∼140Å, de-
rived from the Hα EWs found by Erb et al. 2006). In-
terestingly enough, three of the sources from our sam-
ple have [3.6] − [4.5] colors even bluer than expected at
z ∼ 6.7− 6.8 for the model from Fumagalli et al. (2012)
with EW0(Hα) ∝ (1 + z)1.8Å. Four of the sources have
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F435W F475W F555W F625W F775W F850LP F125W F160W

A1703-zD1

A1703-zD2

A1703-zD3

A1703-zD4

A1703-zD5a

A1703-zD5b

A1703-zD6

A1703-zD7

Figure 2. Postage stamp cutout images of the high-redshift z850-dropout candidate galaxies from the HST ACS and WFC3/IR data. The cutout images are 6′′ × 6′′,
corresponding to 31.4 kpc on a side at z = 7, and are shown with a position angle = 130◦. As discussed in the text, A1703-zD5a and A1703-zD5b most likely
represent two star-forming knots within a single source.

redshift of z = 6.4 (see Section 5), making it our lowest redshift
candidate.

The best candidate, A1703-zD1, is an extremely bright z850-
dropout candidate, with a H160 magnitude of 24.0, that appears to
be resolved in three separate knots (see Figure 2 and Section 7.2).
In Figure 4 we present a histogram of both the observed and
intrinsic (unlensed) H160 magnitudes compared with the 73
z ∼ 7 candidates found in the HUDF09 and its two parallel
fields and the WFC3/IR Early Release Science observations
(Bouwens et al. 2011b).

4. SOURCE MAGNIFICATIONS AND COUNTERIMAGES

Several detailed studies to model the lensing of A1703 have
been performed in recent years (Limousin et al. 2008; Richard
et al. 2009; Zitrin et al. 2010). We adopt the Zitrin et al. (2010)
A1703 strong lensing model to estimate the magnifications of
the seven z ∼ 7 sources and to identify possible counterimages.
Zitrin et al. (2010) used 16 multiply imaged systems behind
A1703 and applied two independent strong lensing techniques
to the high-quality, multiband ACS data, yielding similar results.
Their strong lensing model places tight constraints on the inner
mass profile, and thus provides reliable magnification estimates
for background sources. The magnifications of the high-redshift
candidates range from µ ∼ 3 to large magnifications of
∼25–40, found for three of our sources that are located near
the critical curve, where the magnification formally diverges.
The magnification of each candidate is presented in Table 1.

We estimated the magnification uncertainties by taking mod-
els extracted from the 1σ confidence level, as determined by the
χ2 minimization of model, and marginalizing over the true 1σ
errors. To make the error estimates more conservative, we also
incorporate the range of magnifications obtained within ±0.′′5
of each candidate and apply a ∆z ± 1.0 to the redshift of each
source. Thus, the ±0.′′5 shift is a measure of the magnification
variance around the location of the source and the application
of ∆z ± 1.0 accounts for the possible local uncertainty in the
location of the critical curves. For objects that are close to the
critical lines, the magnification errors are diverging due to their
proximity to the critical curve, while objects far away will have
a well-determined magnification as the latter slowly varies in
regions away from the critical curve.

The brightest candidate, A1703-zD1, has a magnification of
∼9, giving it an intrinsic magnitude of ∼26.4 in the H160 band.
The A1703 strong lensing model predicts counterimages for the
three high-magnification candidates, A1703-zD2 and the pair of
A1703-zD5a and A1703-zD5b, which are located nearby or on
the high-redshift critical curve (see Figure 1). The lensing model
predicts three counterimages for A1703-zD2 (µ = 24.8; see
Figure 1). Taking into account the much smaller magnifications
(µ = 5.5–9.0) of the counterimages, they are predicted to have
H160 magnitudes between 26.0 and 26.5. This is sufficiently
bright that there was some possibility that we might locate them,
but also a good chance we might not because they could easily be
lost in the wings of a foreground galaxy. Despite an extensive
search, we did not find any viable z ∼ 7 candidates near the
predicted positions of the counterimages.
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Bradley+ 2012!
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Figure 1 | MOSFIRE Spectrum of z8 GND 5296. The observed near-IR spectrum of the galaxy z8 GND 5296. The top panel shows the reduced two-dimensional
spectrum, and an emission line is clearly seen as a positive signal in the center, with the negative signals above and below a result of our dithering pattern in the spatial
direction along the slit; this is a pattern only exhibited for real objects. The bottom panel shows our extracted one-dimensional spectrum (smoothed to the spectral
resolution in black; un-smoothed in gray). The sky spectrum is shown as the filled gray curve with the scale reduced greatly compared to that of the data. The line
is clearly detected in separate reductions of the first and second halves of the data with S/N of 6.4 and 5.2, respectively. The line has a full-width at half-maximum
(FWHM) of 7.7 Å and is clearly resolved compared to nearby sky emission lines, which have FWHM = 2.7 Å. The red line denotes the peak flux of the detected
emission line, which corresponds to a redshifted Lyα line at z = 7.51. All other strongly positive or negative features are subtraction residuals due to strong night
sky emission. Although the line appears symmetric, there is a sky line residual just to the red of our detected emission line, which makes a measurement of our line’s
asymmetry difficult.
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Figure 2 | Images of z8 GND 5296. a) A portion of the CANDELS/GOODS-N field, shown in the F160W filter (centered at 1.6µm), around z8 GND 5296.
CANDELS provides the largest survey volume in the distant universe deep enough to find z > 7 galaxies. The 15′′ × 0.7′′ slit is shown as the yellow rectangle. b)
Cutouts around z8 GND 5296; the GOODS and CANDELS HST images are 3′′ on a side, while the S-CANDELS Spitzer/IRAC 3.6 and 4.5 µm images are 15′′on a
side. We also show mean stacks of the five optical bands and the three near-IR bands, the latter of which shows that this galaxy appears to have a clumpy morphology.
This galaxy is not detected in any optical band, even when stacked together, which is strongly suggestive of a redshift greater than 7. The IRAC bands show a faint
detection at 3.6 µm and a strong detection at 4.5 µm. This signature is expected if strong [O III] emission is present in the 4.5 µm band, which would be the case
for a strongly star-forming galaxy at z ∼ 7.5 with sub-Solar (though still significant) metal content (0.2–0.4 Z"). c) The results of our photometric redshift analysis
placing z8 GND 5296 at 7.3 < z < 8.1 at 95% confidence, which encompasses our measured spectroscopic redshift (denoted by the vertical line). We show both
the probability distribution function as well as the values of χ2 at each redshift from the photometric redshift analysis; though a low-redshift solution is possible, it is
strongly disfavored, with the high-redshift solution being∼7×109 more probable.
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Figure 1 | MOSFIRE Spectrum of z8 GND 5296. The observed near-IR spectrum of the galaxy z8 GND 5296. The top panel shows the reduced two-dimensional
spectrum, and an emission line is clearly seen as a positive signal in the center, with the negative signals above and below a result of our dithering pattern in the spatial
direction along the slit; this is a pattern only exhibited for real objects. The bottom panel shows our extracted one-dimensional spectrum (smoothed to the spectral
resolution in black; un-smoothed in gray). The sky spectrum is shown as the filled gray curve with the scale reduced greatly compared to that of the data. The line
is clearly detected in separate reductions of the first and second halves of the data with S/N of 6.4 and 5.2, respectively. The line has a full-width at half-maximum
(FWHM) of 7.7 Å and is clearly resolved compared to nearby sky emission lines, which have FWHM = 2.7 Å. The red line denotes the peak flux of the detected
emission line, which corresponds to a redshifted Lyα line at z = 7.51. All other strongly positive or negative features are subtraction residuals due to strong night
sky emission. Although the line appears symmetric, there is a sky line residual just to the red of our detected emission line, which makes a measurement of our line’s
asymmetry difficult.
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Figure 2 | Images of z8 GND 5296. a) A portion of the CANDELS/GOODS-N field, shown in the F160W filter (centered at 1.6µm), around z8 GND 5296.
CANDELS provides the largest survey volume in the distant universe deep enough to find z > 7 galaxies. The 15′′ × 0.7′′ slit is shown as the yellow rectangle. b)
Cutouts around z8 GND 5296; the GOODS and CANDELS HST images are 3′′ on a side, while the S-CANDELS Spitzer/IRAC 3.6 and 4.5 µm images are 15′′on a
side. We also show mean stacks of the five optical bands and the three near-IR bands, the latter of which shows that this galaxy appears to have a clumpy morphology.
This galaxy is not detected in any optical band, even when stacked together, which is strongly suggestive of a redshift greater than 7. The IRAC bands show a faint
detection at 3.6 µm and a strong detection at 4.5 µm. This signature is expected if strong [O III] emission is present in the 4.5 µm band, which would be the case
for a strongly star-forming galaxy at z ∼ 7.5 with sub-Solar (though still significant) metal content (0.2–0.4 Z"). c) The results of our photometric redshift analysis
placing z8 GND 5296 at 7.3 < z < 8.1 at 95% confidence, which encompasses our measured spectroscopic redshift (denoted by the vertical line). We show both
the probability distribution function as well as the values of χ2 at each redshift from the photometric redshift analysis; though a low-redshift solution is possible, it is
strongly disfavored, with the high-redshift solution being∼7×109 more probable.
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Finkelstein+ 2013!



IRAM and ALMA observation!

•  MAMBO-2 @30m, 1.2mm:       σ=0.36 mJy, 4h on-source (Boone+2007)!
•  WIDEX@PdBI: !          σcont=0.09, 0.12, 0.16 mJy/beam (Walter+2012, Schaerer+2014)!
•  GISMO@30m, 2mm:                 σcont=0.15 mJy (Schaerer+2014)!

•  ALMA band 6, cycle 0 data:   σcont=0.017 – 0.021 mJy/beam (Ouchi+2013 Ota+2014)!
!
 No detection in continuum and [CII] 158micron!

 Limits on IR luminosity and dust mass: assuming T_d=35 K, β=2,


 
 
 
           including correction for CMB heating!

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

Table 1. Summary of millimeter observations and derived quantities. All luminosity upper limits are 3 σ and are not corrected for lensing. For
A1703-zD1 and HCM6A the true luminosity limits are therefore lower by the magnification factor µ. The dust temperature Td indicated here is
corrected for the CMB heating, i.e., it corresponds to the temperature dust would have if it were heated by stars alone.

Source z ν rmscont σline L[CII] LIR(Td = 25) LIR(Td = 35) LIR(Td = 45) µ
[GHz] [mJy beam−1] [mJy beam−1]e 108 [L#] 1011 [L#] 1011 [L#] 1011 [L#]

A1703-zD1 6.8a 241.500 0.165 1.517 < 2.55/µ < 3.96/µ < 7.32/µ < 14.38/µ 9.
z8-GND-5296 7.508 223.382 0.124 1.824 < 3.56 < 3.84 < 6.65 < 12.67

IOK-1b 6.96 238.76 0.021 0.215 < 0.38 < 0.53 < 0.96 < 1.87
HCM6Ac 6.56 251.40 0.16 0.849 < 1.36/µ < 3.47/µ < 6.49/µ < 12.81/µ 4.5
Himikod 6.595 250.00 0.017 0.167 < 0.28 < 0.36 < 0.67 < 1.30
a Approximate photometric redshift (cf. text). b Observations from Ota et al. (2014). c Observations from Kanekar et al. (2013).
d Observations from Ouchi et al. (2013). e In ∆v = 50 km s−1 channels.

2.2. Other data

From the literature we compiled the visible to near-IR (8 µm)
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 (m3.6 = 23.66
and m4.5 = 24.93, Smit 2014, private communication), which
translates into a higher 3.6 µm 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 Lyα emitter HCM6A, the
z = 6.96 Lyα emitter IOK-1, and the bright z = 6.595 Lyα
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 observa-
tions of IOK-1 and Himiko are described in detail in Ota et al.
(2014) and Ouchi et al. (2013). The corresponding 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 & Pelló 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, private communi-
cation). The total magnitudes for Himiko were taken fromOuchi
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 1.2mm with
CARMA to search for [C ii] emission, and remained also un-
detected in the continuum (González-López 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 HCM6A the constraint

on LIR/LUV, 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, IOK-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 M82, or even more normal spiral galaxies such
as NGC 6949 (see Boone et al. 2007; Walter et al. 2012; Ouchi
et al. 2013; González-López et al. 2014; Ota et al. 2014; Riechers
et al. 2014).

3. IR and dust properties
The 1.2mm observations listed in Table 1 were used to deter-
mine limits on the [C ii] 158 µm luminosity, L[CII], the total IR
luminosity, LIR, and the dust mass, Md . The results are given in
Tables 1 and 2 for three different values of the dust temperature
Td.

The upper limits on the [C ii] line luminosities were com-
puted by assuming a line width ∆v = 50 km s−1 to be consis-
tent with González-López et al. (2014) and by applying LCII =
1.04×10−3S CII∆v(1+z)−1D2L (Solomon et al. 1992), where S CII is
the line flux and DL 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 ii] lumi-
nosity are very similar for all galaxies, log(L[CII]) < 7.45 − 7.6
L#, except for z8-GND-5296, where the upper limit is approxi-
mately a factor 10 higher.

We computed the mass of dust by assuming a dust mass
absorption coefficient κν = 1.875(ν/ν0)βIR m2kg−1 with ν0 =
239.84GHz and βIR = 1.5 and by removing the contribution
of the CMB to the dust heating, as detailed by da Cunha et al.
(2013a), and in a similar way to Ota et al. (2014). We also com-
puted the IR luminosity of the dust heated by the stars (cosmic
microwave background, CMB, contribution removed) by inte-
grating the SED between 8 and 1000µm assuming a modified
blackbody SED with a power law in the Wien regime with a
spectral index α = 2.9.
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IR-mm SED of « normal » z>6 galaxies from IRAM and ALMA!

Ota et al. (2014):!
SED compatible with 
nearby irregulars or 
dwarf galaxies!
!

Boone et al. (2007):!
•  SEDs of Arp220, M82-like 

objects excluded!
•   SED compatible with 

nearby spirals or dwarf 
galaxies!



IRX-beta relation of « normal » z>6 galaxies from IRAM and ALMA!

IRX-beta relation compatible 
with nearby starbursts!



Mean attenuation as function of redshift!

Burgarella et al. (2014)!

from UV slope!

Schaerer et al. (2014)!

UV attenuation compatible with: !
-  (higher) attenuation from SED 

fits!
-  extrapolation of IR/UV results 

from z<3.5!

!

z=8.2 GRB!
(Berger+ 2014)!

Dust-obscured SF:!
SFR(IR)/SFR(UV)!

5!

3!
2!

0.8!

0.3!



Mass – dust attenuation relation !

•  ≥ 2 objects: less 
attenuation than 
expected from relation 
at lower redshift!

•  Compatible with 
flatter mean relation for 
z~7 LBGs �
(Schaerer & de Barros 2014)!



 Dust masses of « normal » z>6 galaxies with IRAM and ALMA!

Dust masses at z>6 :!
!
•  Current upper 

limits are 
compatible with 
normal dust/
stellar mass ratios!

•  No indication for 
redshift evolution 
of Md/M* from 
z~0 to 3 and at z~7!

•  Dust production 
per SN ~0.15-0.45 
M (Hirashita+ 2014)!

Schaerer al. (2014)!

z~0.2-0.3: GAMA!

H-ATLAS (z<0.5)!

Md/M*=10-2!

z~1-3 lensed galaxies 
(Sklias et al. 2014)!



Current inferences from 
LBGs are compatible with 
latest mm observations!
!
!
!
Schaerer & de Barros (2014)!

Implications!

Burgarella et al. 
(2013)!

Star formation rate density!

Stellar mass density!

UV attenuation!

Tacchella et al. (2013)!

Ilbert et 
al. (2013)!

from UV slope!



Implications!

S. de Barros et al.: Impact of nebular emission at high redshift

Fig. 29. Median specific star formation rate as a function of redshift for
four models with a 68% confidence limit based on the whole probability
distribution function with comparison of results from different studies
(Noeske et al. 2007; Daddi et al. 2007; Stark et al. 2009; Reddy et al.
2012b) and results from studies accounting for nebular emission effect
(Stark et al. 2013; Smit et al. 2013). At z ∼ 6, we show results with
+NEB+Lyα option for declining and rising SFHs. Typical errors are
∼0.3 dex. The dashed line shows the relation expected from Bouché
et al. (2010) for an exponentially increasing star formation at a fixed
M" = 109.5 M". The dotted line given by sSFR = 2 Gyr−1 is shown to
guide the eye.

LBGs to evolve into a state with no star formation activity) are
too large to conclude.

Several studies (Bouché et al. 2010; Wuyts et al. 2011) sug-
gest other SFHs, such as exponentially increasing or delayed star
formation. These scenarios have been studied in Schaerer et al.
(2013).

4.5. Specific star formation rate

Since our study gives some elements supporting episodic star
formation histories at high redshift, we compare the evolution of
sSFR with results from other studies in Fig. 29, using the compi-
lation from González et al. (2010), which is given at fixed stellar
mass M" = 5 × 109 M" (Noeske et al. 2007; Daddi et al. 2007;
Stark et al. 2009). Since our different models lead to significant
different median stellar masses (for e.g., 109.6 M" for REF model
at z ∼ 3 and 108.6 M" for DEC+NEB+Lyα model at z ∼ 6),
we compare the median sSFR for entire samples at each red-
shift. Typically, other studies found no significant change in me-
dian stellar mass with redshift and the median value of sSFR at
M" = 5× 109 M" is near the median value for the whole sample
(e.g. González et al. 2010). Due to incompleteness, our values
can be considered as a lower limit, since we find a trend of in-
creasing sSFR with decreasing stellar mass for all models, albeit
this trend is moderate with constant star formation (see Fig. 21).
However, we cannot exclude the presence at these redshift of
star forming galaxies enshrouded with dust, so our results have
to be considered with appropriate caution. The impact of nebular
emission on the sSFR evolution with redshift is also considered
in Stark et al. (2013) and Smit et al. (2013), and while these stud-
ies conclude that the sSFR is higher than in previous studies not
accounting for nebular emission, the exact evolutionary trend re-
mains very uncertain. However, these studies confirm our main
result: nebular emission can have a significant impact on stellar
mass and star formation rate estimation at high-redshift.

While our results for constant star formation seem to be con-
sistent with those of Stark et al. (2009) for z ∼ 4 and z ∼ 5, we
find a higher median sSFR at z ∼ 6. Looking at IRAC channels,
galaxies at z ∼ 6 with high sSFR (∼20 Gyr−1) have on average 2
to 3 channels with no detection (or no data), while galaxies with
lower sSFR (median ∼1.7 Gyr−1) have typically no more than
1 channel with no detection. No detection in the (rest-frame)
optical bands leads to lower stellar mass estimation (∼1 dex),
while the estimated SFR stays similar. This explains the higher
sSFR found for the REF models at z ∼ 6 compared to Stark
et al. (2009). It is difficult to conclude if it is an effect due only
to the lack of IRAC detection, or if it is physical. However, the
difference of IRAC detections among the objects should corre-
late with physical differences in stellar mass. The precise extent
of these differences is more difficult to constrain; additional data
are needed. The consideration of nebular emission with a con-
stant star formation (REF+NEB) leads to higher sSFRs, and an
evolution compatible with the trend from (Bouché et al. 2010).
This increase in sSFR is mainly due to a slight decrease in stel-
lar mass estimation with a redshift due to an increase in emission
lines strength with redshift (see Table 2).

Our results with declining and rising star formation, which
includes nebular emission, differ significantly from previous
studies, with a higher median sSFR and a trend of increasing
sSFR with redshift. Large confidence limits are due to a large
dispersion of individual objects. For DEC+NEB and RIS+NEB,
this dispersion is larger due to the two different LBG popula-
tions of “weak” and “strong” emitters. While studies neglect-
ing nebular emission lead to the conclusion that star forma-
tion seems to be driven by different principles below and above
z ∼ 2, the different assumptions used here and the results pro-
vided by DEC+NEB and RIS+NEB models highlight the possi-
bility to reconcile theoretical expectations with inferred physical
parameters.

5. Discussion
5.1. Do we obtain realistic ages?

Since we have not imposed a lower limit for age estimation
for both declining and rising SF, both models lead to a signif-
icant number of galaxies with an age below a typical dynamical
timescale, especially for active galaxies (i.e. “strong” emitters).
Indeed, the median ages for this latter population are almost al-
ways close to our dynamical time estimate (Sect. 4.3.5). Since
the age estimation depends on star formation timescale for de-
clining SF, we test some fixed values of τ to examine the effect
on age and other parameters estimation. With τ = 100 Myr, we
do not observe any significant change in median values of the
different parameters, except for age, which increases by a factor
∼2.5 for both active and quiescent galaxies (i.e. “weak” galax-
ies) at each redshift. However, if we look at the age distribution,
there is still a significant number of galaxies with age t < tdyn.
Imposing a lower limit of ∼40 Myr leads to an explanation of
the previous result: nebular emission of active galaxies seems to
be correctly fit only with very young ages. Using our sample at
z ε [3.8, 5] with 3.6 µm and 4.5 µm fluxes measured, both declin-
ing and rising models are then not any more able to produce a
significantly better fit of 3.6 µm–4.5 µm colour (in comparison
with the REF model), which is correlated with EW(Hα).

While this discrepancy between a significant fraction of our
estimated ages and dynamical timescale may be a concern for
our study, we are reminded of two elements. First, declining and
rising models lead to higher uncertainty on age, which are typi-
cally by a factor∼3 when nebular emission is considered and can
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de Barros et al. (2014)!

Analysis of large LBG sample 
with SED models allowing for:!
•  nebular emission!
•  variable SF histories !

  sSFR rising with redshift!
 Large scatter expected!



Smit et al. (2014)!

Implications!

z=6.595!

z~7!

•  Rising SF histories excluded for Himiko!
•  Poor constraint on sSFR!

•  Abell 1703-zD1: high sSFR ~20-90 Gyr-1!

!
 More statistics needed!!



Conclusions 
!
A)  Physical parameters of LBGs affected by emission lines and SF histories:�

* Masses , ages , sSFR increases with z�
* UV attenuation higher than usual (Meurer law)�
* Data favours variable SF histories !

B) Consistent derivation of cosmic density of SFR, M*, IR luminosity densities!
!
C) New deep IRAM PdBI 1.2mm observations of two z=7 and 7.5 LBGs �
+ 3 Lyman-alpha emitters at z=6.5-7 previously observed (IRAM + ALMA)!
        limits on dust mass, IR luminosity, UV attenuation, dust-obscured SF!
•  UV attenuation versus redshift: !

–  OK with extrapolation from z<3.5 (Burgarella et al. 2013)!
–  Can be higher by factor 2 than estimated  from  UV slope!

•  Dust/stellar mass ratio: universal. No evidence (yet) for difference with z~0-3!
•  High sSFR~20-90 Gyr-1 confirmed for 1 object!

  More deep IR-mm observations needed (ALMA …)!
  Emission line measurements at high-z (JWST…)!


