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Introduction!

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ! 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M! year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by
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Cosmic star formation rate history!
!
 review of Madau & Dickinson (2014)!

Figure 8: (Left panel) SFR densities in the FUV (uncorrected for dust attenuation) and in the FIR.
The data points with symbols are given in Table 1. All UV and IR luminosities have been converted to
instantaneous SFR densities using the factors KFUV = 1.15 × 10−28 and KIR = 4.5 × 10−44 (cgs units)
valid for a Salpeter IMF. (Right panel) Mean dust attenuation in magnitudes as a function of redshift.
Most of the data points shown are based on ultraviolet spectral slopes or stellar population model fitting.
The symbol shapes and colors correspond to the data sets cited in Table 1, with the addition of Salim
et al. (2007) (cyan pentagon). Two versions of the attenuation factors are shown for UV-selected galaxies
at 2 < z < 7 (Reddy & Steidel 2009, Bouwens et al. 2012a) (offset slightly in the redshift axis for
clarity): one integrated over the observed population (open symbols), the other extrapolated down down
to LFUV = 0 (filled symbols). Data points from Burgarella et al. (2013) (olive green dots) are calculated
by comparing the integrated FIR and FUV luminosity densities in redshift bins, rather than from the UV
slopes or UV-optical SEDs.

Driver et al. (2008). We note that the estimates of UV attenuation in the local Universe

span a broad range, suggesting that more work needs to be done to firmly pin down this

quantity (and perhaps implying that we should be cautious about the estimates at higher
redshift). Several studies of UV-selected galaxies at z ≥ 2 (Reddy & Steidel 2009, Bouwens

et al. 2012a, Finkelstein et al. 2012b) have noted strong trends for less luminous galaxies as

having bluer UV spectral slopes and, hence, lower inferred dust attenuation. Because the
faint-end slope of the far-UV luminosity function (FUVLF) is so steep at high redshift, a

large fraction of the reddened FUV luminosity density is emitted by galaxies much fainter
than L∗; this extinction–luminosity trend also implies that the net extinction for the entire

population will be a function of the faint integration limit for the sample. In Figure 8,

the points from Reddy & Steidel (2009) (at z = 2.3 and 3.05) and from Bouwens et al.
(2012a) (at 2.5 ≤ z ≤ 7) are shown for two faint-end integration limits: These are roughly

down to the observed faint limit of the data, MFUV < −17.5 to −17.7 for the different

redshift subsamples and extrapolated to LFUV = 0. The net attenuation for the brighter
limit, which more closely represents the sample of galaxies actually observed in the study,

is significantly larger than for the extrapolation – nearly two times larger for the Reddy &
Steidel (2009) samples, and by a lesser factor for the more distant objects from Bouwens

et al. (2012a). In our analysis of the SFRDs, we have adopted the mean extinction factors

inferred by each survey to correct the corresponding FUV luminosity densities.
Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation
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Major unknowns: !
•  contribution of different galaxy populations!
•  dust-obscured star formation!
•  attenuation correction!



Introduction!

Measurement of dust attenuation!
!
Main methods:!
1.  Balmer decrement: Hα/Hβ ratios measured 

out to z~2 (ground-based + HST WFC3 
grism)�
!

2.  IR/UV ratio!

3.  UV slope β: only method so far at high 
redshift (LBGs, LAEs)!
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Figure 7. Balmer decrements vs. observed Hα luminosity (left panel), galaxy stellar mass (middle panel), and rest-frame Hα equivalent width (right panel). In all
the panels, the open red triangles show the stacked spectra from the whole redshift range without correcting for Hα and Hβ line absorption or [N ii] contamination.
The open red squares are the Balmer decrements that include the absorption-line corrections (the uncertainties of the open symbols are omitted for clarity). The filled
red stars show the stacked spectra from the whole redshift range 0.75 ! z ! 1.5, which are corrected for both Hα and Hβ absorption lines and the [N ii] doublet
contamination (see Section 2.6 for details). All the values represented in this figure are listed in Table 2. The dashed-magenta line in the left panel shows the results
by Hopkins et al. (2001). A dashed-blue line in the middle panel shows the relationship provided by Garn & Best (2010) for local galaxies. The results at z ∼ 1.5
presented by Sobral et al. (2012) are shown with green circles in the left and middle panels. The contours show star-forming and AGN SDSS galaxies for comparison.
The dotted-black line shows the intrinsic Balmer decrement assumed in our analysis of 2.86.
(A color version of this figure is available in the online journal.)
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Figure 8. Balmer decrement vs. Hα luminosity for individual spectra. The black
crosses represent galaxies with Hα/Hβ detected at more than 3σ (11 galaxies).
The gray arrows show 3σ lower limits. The other symbols are the same as in
the left panel of Figure 7.
(A color version of this figure is available in the online journal.)

the left panel of Figure 7. We also show star-forming galaxies
in the local universe from the SDSS with contours (as in the
previous section, galaxies with AGNs were not removed). The
dashed-blue line shows the relationship between the Balmer
decrement and galaxy stellar mass calculated from the analysis
of a different SDSS sample by Garn & Best (2010). The green
circles are the results found in Sobral et al. (2012) at z ∼ 1.5.
Table 2 lists the dust properties of the galaxy spectra stacked in
stellar masses.

4.3. Balmer Decrements from Hα Equivalent Width Stacks

The EW of the Hα emission line (EWHα) is a proxy for the
specific SFR of a galaxy. This quantity is defined as the width of
the integrated continuum underneath the line that matches the
flux of the line. The rest-frame Hα EW is used in this section,
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Figure 9. [O iii]/Hα ratio vs. Hα luminosity. The dust-corrected data have been
slightly shifted in the x-axis for clarity. The dashed line represents the constant
value of unity.
(A color version of this figure is available in the online journal.)

which is the observed Hα EW divided by (1 + z). We also
study the Balmer decrement as a function of EWHα . The stacked
spectra for the overall sample, binned in EWHα , are shown in the
bottom panel of Figure 2. The right panel of Figure 7 shows the
Balmer decrement calculated from the WISP stacked spectra as
a function of Hα EW. All colors and symbols are the same as
in the other panels of Figure 7. The main properties of the Hα
EW-based stacks are listed in Table 2.

5. DISCUSSION

5.1. Balmer Decrements at 0.75 ! z ! 1.5

We find from Figure 7 (left panel) that the Balmer decrement,
and therefore dust extinction, increases with observed LHα in
the luminosity range of our analysis. The increase of the Balmer
decrement with observed LHα had already been established
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Dominguez et al. (2013)!
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Figure 4. Dust attenuation as a function of stellar mass and UV luminosity at z ∼ 1.5 (left), z ∼ 3 (middle) and z ∼ 4 (right). The color
codes IRX = log(LIR/LUV) in each cell where the stacking measurement is meaningful. Filled cells indicate stacking measurements with
S/N > 3 in the 3 SPIRE bands, while black hatched cells show measurements with at most two SPIRE bands with S/N > 3. The number
of galaxies contributing to the stacking is indicated in each cell. The contours show the distribution of galaxies in the (LFUV,M∗) plane.
The empty circles show the mean stellar mass for a given UV luminosity bin, with the dispersion as error bar.

4.3 Dust attenuation as a function of stellar mass

and UV luminosity

The results presented in Sects. 4.1.2 and 4.2 show that dust
attenuation is on average well correlated with stellar mass,
and that this correlation is tighter than the correlation be-
tween dust attenuation and LFUV. However, dust atten-
uation is not completely independent of LFUV : while at
z ∼ 1.5, dust attenuation is mostly constant for 5 × 109 <
LFUV/L" < 5×1010 it increases for fainter UV luminosities.
On top of this, dust attenuation is higher at z ∼ 3 than at
z ∼ 1.5 at the same LFUV, but is found to be decreasing with
LFUV. It seems then that dust attenuation depends both on
LFUV and M∗, and that we need to investigate what is the
link between dust attenuation and these two quantities.

We performed stacking as a function of LFUV and
M∗ at z ∼ 1.5, 3, and 4, using binnings of
(∆ log(LFUV/L"),∆ log(M∗/M")) = (0.3, 0.3), (0.3, 0.4),
and (0.4, 0.4) respectively. We show in Fig. 4 the result of
the stacking as a function of UV luminosity and stellar
mass. Note that filled cells indicate bins where the stacking
measurements have S/N > 3 in all SPIRE bands, hatched
cells bins where there is at most two SPIRE band with
S/N > 3, and other cells are kept empty. These empty cells
indicate that there is no robust stacking detection in these
bins.

The measurements in Fig. 4 clearly show that dust at-
tenuation depends both on LFUV and M∗. Dust attenuation
increases with M∗ at a given LFUV, while it decreases with
LFUV at a given M∗. We already observed an increase of the
dust attenuation for faint UV galaxies (Heinis et al. 2013) at
z ∼ 1.5 (also observed previously by Buat et al. 2009, 2012;
Burgarella et al. 2006). Indeed, galaxies with large stellar
masses and strong dust attenuation exhibit faint UV lumi-

nosities, which is true for all redshifts we study here. The
results in Fig. 4 also show that the range of dust attenuation
values over the stellar mass range decreases with LFUV, as
suggested in a previous study (Heinis et al. 2013). We also
represent in Fig. 4 the location of the mean stellar mass for
each UV luminosity bin. The results at z ∼ 1.5 in particu-
lar show that lines of constant dust attenuation follow lines
roughly parallel to this relation. This explains the global
lack of dependence of dust attenuation with LFUVat z ∼ 1.5
(Heinis et al. 2013). At z ∼ 3 and z ∼ 4, there is only a
weak correlation between M∗ and LFUV. This implies that
bins in LFUV are mostly dominated by low mass galaxies in
these samples. As shown in Fig. 4, the dust attenuation at a
given mass decreases with LFUV, which is exactly what we
observe when stacking as a function of LFUV only.

The relation between dust attenuation and (LFUV,M∗)
also depends on redshift. Indeed, at a given mass and LFUV,
the attenuation is higher at z ∼ 3 than at z ∼ 1.5. For
instance, galaxies with 1010 ! LFUV/L" ! 1010.35 have a
dust attenuation roughly 0.2 dex larger at a given mass at
z ∼ 3 with respect to galaxies at z ∼ 1.5. This, combined
with slightly different LFUV -M∗ relations explains why the
dust attenuation for this range of UV luminosities is larger
at z ∼ 3 compared to z ∼ 1.5 (see Fig. 2).

We can use the results presented above in order to pro-
vide empirical recipes to estimate dust attenuation as a func-
tion of M∗ and LFUV. We detail those in Appendix A.

4.4 Star formation rate-stellar mass relations

from z ∼ 4 to z ∼ 1.5

The measurements presented above yield average estimates
of LIR as a function of stellar mass at z ∼ 1.5, 3, and 4. We
can combine these measurements with those of the observed,
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special 0.′′03-reductions generated for the XDF, HUDF09-1, and
HUDF09-2 data sets to ensure more optimal results.

Source selection and photometry for our z ∼ 4, z ∼ 5,
and z ∼ 6 samples is based on the square root of χ2 image
(Szalay et al. 1999) constructed from the V606Y105JH140H160-
band, J125JH140-band, and J125JH140-band images, respectively.
The Y105 or H160 band images were not used in constructing the
χ2 image for our z ∼ 5 and z ∼ 6 samples (or the J125-band
image for our z ∼ 4 samples), given our use of these images
to derive β. Sources are required to be detected at 5σ in the χ2

image to ensure that they are real.
Using the same simulations as provided in Appendix F,

we verified that the above selection criteria resulted in very
similar mean redshifts for our z ∼ 4, z ∼ 5, and z ∼ 6
selections from the deep XDF+HUDF09-Ps data sets as for
our shallower ERS+CANDELS selections since the respective
selection criteria differed only slightly. The mean redshifts we
found for z ∼ 5 and z ∼ 6 for both selections were identically
equal to 5.0 and 5.9, respectively, while for our z ∼ 4 selections,
the mean redshifts were equal to 3.8 (for our ERS+CANDELS
selections) and 4.0 (for our XDF+HUDF09-Ps selection).

The total number of sources that satisfied our z ∼ 4, z ∼ 5,
and z ∼ 6 criteria were 2925, 676, and 210, respectively.
β’s are derived for individual sources in our z ∼ 4, z ∼ 5,
and z ∼ 6 samples using the same power-law fits (fλ ∝ λβ)
used for our z ∼ 7 samples (see also Bouwens et al. 2012a).
For sources in the ERS, CANDELS-North, and CANDELS-
South fields, β’s are then derived for z ∼ 4, z ∼ 5, and
z ∼ 6 galaxies from power-law fits to the photometry in the
i775I814z850Y105J125, z850Y105J125H160, and Y105J125H160 bands,
respectively. Where available (e.g., over the ERS field), use of
the Y098-band photometry was made. All the photometry used
for the β determinations are PSF-matched to the H160 band. By
selecting sources using photometry in smaller (and different)
apertures than the photometry we use to derive β, we are able
to ensure that our β are much more immune to noise-driven
systematic biases, such as the photometric error coupling bias
discussed in Appendix B.1.2 of Bouwens et al. (2012a).

For sources in the deeper XDF, HUDF09-1, and HUDF09-2
data sets, the flux measurements are made in the i775I814z850J125
bands for our z ∼ 4 sample, in the z850Y105H160 bands for our
z ∼ 5 sample, and in the Y105H160 bands for our z ∼ 6 sample.
We restrict our fits to these bands to ensure that there is no
coupling between the selection of sources and the determination
of β, therefore ensuring that noise-driven biases are identically
zero. Similar to our procedure on our shallower data sets, all the
photometry used for the β determinations are performed from
images PSF-matched to the H160 band.

We bin galaxies as a function of their rest-frame UV lumi-
nosity, as we did for our z ∼ 7 samples. We take the UV
luminosity to be equal to the geometric mean of the magnitude
measurements used to derive β to minimize the effect of noise
in introducing an artificial correlation between β and UV lumi-
nosity, as we did in Bouwens et al. (2009) and Bouwens et al.
(2012a).

In mapping out the mean β versus MUV relationship, it is im-
portant to have a sufficient number of sources in each luminosity
bin to determine the mean given the considerable scatter in the
intrinsic β distribution (Bouwens et al. 2009, 2012a; Castel-
lano et al. 2012; Rogers et al. 2014). We therefore rely on our
CANDELS+ERS samples brightward of −19 mag and XDF/
HUDF09-Ps samples faintward of these limits. Similar to the
exercise shown in Figure 25 of Bouwens et al. (2012a), we care-

Figure 1. Biweight-mean observed β’s for our z ∼ 4 (upper panel), z ∼ 5
(middle panel), and z ∼ 6 (lower panel) galaxy samples as a function of the
rest-frame UV luminosity MUV (see also Table 2 for the binned measurements).
These samples take advantage of the deeper ACS+WFC3/IR observations over
the XDF and also the wider-area CANDELS-North observations, in addition
to the CANDELS-South, ERS, and HUDF-Ps observations that Bouwens et al.
(2012a) utilized. For context, the β vs. MUV relations derived by Bouwens
et al. (2012a), Wilkins et al. (2011), Dunlop et al. (2012), and Finkelstein et al.
(2012) are also shown. The median β’s we quote for Finkelstein et al. (2012)
for the lowest luminosity z ∼ 4 and z ∼ 5 galaxies rely exclusively on their β
measurements from the HUDF. While Finkelstein et al. (2012) do not explicitly
quote these median β’s in their paper, these median β’s can be extracted from the
information provided and were previously presented in Figure 11 of Bouwens
et al. (2012a). The solid lines give the best-fit linear relationship to the mean
β vs. MUV relationship. The present determination of this relationship is in
excellent agreement with those previously derived by Bouwens et al. (2012a),
albeit with a slight offset to the intercept consistent with the estimated systematic
errors (Section 3.3).
(A color version of this figure is available in the online journal.)

fully compared the β’s derived from the deeper data sets with
the shallower data sets to ensure that no large systematics are
present at the luminosity extrema probed by the two data sets.

3.2. β Results for z ∼ 4–6 Samples

Our biweight mean β results for our z ∼ 4, z ∼ 5, and
z ∼ 6 samples are presented in Figure 1 and Table 2. Very small
(∆β ∼ 0.01, ∆β ∼ 0.02, and ∆β ∼ 0.01) redward corrections
were made to our biweight mean, median, and inverse-variance-
weighted mean β results at z ∼ 4, z ∼ 5, and z ∼ 6, respectively,
to correct for the fact that our color criteria are less efficient at
selecting sources with intrinsically red β’s (see Appendix F). We
also made a small (∆β ∼ 0.02) blueward correction to z ∼ 5 β
results from our wide-area ERS+CANDELS samples to correct
for a slight coupling bias between our ERS+CANDELS z ∼ 5
selections and the β measurements we make in these data sets
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Results from IR / Herschel 

Mean attenuation as 
function of redshift!
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Results from IR / Herschel 

Stellar mass  -- dust atttenuation 
correlation!
•  «universal » for all galaxy types?!
•  also valid at high z?!

Heinis et al. (2014)!
Pannella et al. (2014)!
+ many others!
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Figure 3. Top: histogram of the number of galaxies included
in the stacking measurements at z ∼ 1.5 (red), z ∼ 3 (green),
and z ∼ 4 (blue). The arrows show the mass reliability limits for
each sample. Bottom: IR to UV luminosity ratio versus stellar
mass, at z ∼ 1.5 (red circles), z ∼ 3 (green squares), and z ∼ 4
(blue triangles). The right axis shows the equivalent attenuation
in the FUV band, in magnitudes, using eq. 2. The solid red line
shows our fit to the z ∼ 1.5 measurements. The various black lines
show previous measurements at various redshifts from Buat et al.
(2012, z = 1.5), Finkelstein et al. (2012, z = 4) (whose results
agree really well with Bouwens et al. (2012, z = 4), that we do
not show here), Pannella et al. (2009, z = 2), and Sawicki (2012,
z = 2).

attenuation on average decreases with LFUV. This decrease
is linked to the fact that LFUV is not well correlated with
LIR, as suggested by Fig. 1.

Our results also show that at given LFUV, dust attenu-
ation is larger at z ∼ 3, 4 than at z ∼ 1.5 for galaxies with
LFUV < 4 × 1010L!. We show later that this effect is ac-
tually linked to the stellar mass of the galaxies (see Sect.
4.3).

4.2 Dust attenuation as a function of stellar mass

We investigate here the relation between dust attenuation
and stellar mass. We show in Fig. 3 our measurements of the
ratio of IR to UV luminosity as a function of stellar mass,
at z ∼ 4, z ∼ 3, and z ∼ 1.5.

The link between dust attenuation and stellar mass is
strikingly different from the link between dust attenuation
and UV luminosity. At all the redshifts we consider here,
there is a clear correlation, on average, between dust at-
tenuation and stellar mass. The results in Fig. 3 show that
the LIR/LFUV ratio is much better correlated with stellar
mass than with UV luminosity. Within the same samples,
the LIR/LFUV ratio varies by a factor of two at most as a
function of LFUV, while it varies by one order of magnitude
as a function of M∗. Our results also suggest that there is
no significant evolution with redshift of the dust attenuation

at a given stellar mass, between z ∼ 4 and z ∼ 1.5. There
is a possible trend at the high mass range (M∗ > 1011M!)
that dust attenuation decreases between z ∼ 3 and z ∼ 1.5.
The statistics is however low for these mass bins, and the
fraction of UV-selected objects directly detected at SPIRE
wavelengths is the highest.

Assuming that the relation between the LIR to LFUV ra-
tio and M∗ can be parameterised as:

IRX = α log

(

M∗

1010.35

)

+ IRX0 (3)

we obtain as best fits parameters at z ∼ 1.5 α = 0.72±
0.08 and IRX0 = 1.32 ± 0.04. This relation is valid at z ∼
1.5, 3, and 4 for 1010 < M∗/M! < 1011.

We compare our results with previous estimates of the
relation between dust attenuation and stellar mass for UV-
selected samples. At z ∼ 1.5, our results are in reasonable
agreement with those from Buat et al. (2012), derived from
SED fitting, based on UV-selected objects with spectro-
scopic redshifts and photometry from the restframe UV to
the restframe FIR. Our results are also in good agreement
with those from Whitaker et al. (2012) at 1. < z < 1.5,
who studied a mass-selected sample of star-forming galaxies.
Our findings are also consistent with those from Wuyts et al.
(2011), who observed that the ratio of SFRs derived from
the IR and the UV increases with total SFR (=SFRIR+SFR
UV) and M∗. While we observe a higher amplitude at a given
mass, our measurements show a slope of the IRX−M∗ re-
lation similar to the one derived by Sawicki (2012), whose
results are derived from SED fitting applied to a sample of
BX galaxies at z ∼ 2.3, using photometric redshifts, and
UV/optical restframe data. We also compare our results at
z ∼ 4 with the measurements of Finkelstein et al. (2012),
who studied the link between the slope of the UV continuum,
β, and the stellar mass. We converted their measurements
of β to AFUV assuming the Meurer, Heckman, & Calzetti
(1999) relation, which has been claimed to be valid at z = 4
(Lee et al. 2012). The measurements of Finkelstein et al.
(2012) probe a lower mass range than ours, making a di-
rect comparison difficult. Our measurement in the low-
est mass bin we probe at z ∼ 4 is in formal agreement
with theirs, however it has a low signal to noise ratio, and
may suffer from significant incompleteness in mass as well.
Nevertheless, the extrapolation of the relation observed by
Finkelstein et al. (2012) at higher masses does not match
our measurements. We also compare our results with the
relation derived by Pannella et al. (2009) at z = 2, from ra-
dio stacking of a sample of BzK-selected galaxies. This rela-
tion would significantly overpredict the dust attenuation for
a UV-selected sample when compared to our results. These
different relations between dust attenuation and stellar mass
for UV and BzK-selected samples coud be due to the fact
that the BzK selection is less sensitive to dust attenuation,
and probes galaxies that are dusty enough to be missed by
UV selections (e.g. Riguccini et al. 2011). We note the more
recent results from Pannella, Elbaz, & Daddi (2013) are in
better agreement with our measurements.

c© 0000 RAS, MNRAS 000, 000–000

Tentative relation for LBGs @ z~6-8 !?!
Schaerer & de Barros (2010)!



Results from IR / Herschel 
IRX – beta relation!

z~2 LBGs: Reddy et al. (2012)!
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TABLE 5
Properties of the Stacks IV: Derived Quantities

LUV
a LIR

b SFR(UV)+SFR(IR) d

Sample (1011 L!) (1011 L!) 1+SFR(IR)/SFR(UV) cd (M! yr−1)

A. 0.32 ± 0.02 2.3± 0.3 5.3± 0.6 49± 6
B. 0.31 ± 0.02 2.2± 0.3 5.2± 0.6 47± 6
C. 0.33 ± 0.03 1.6± 0.3 3.9± 0.6 37± 6
D. 0.28 ± 0.02 3.0± 0.5 7.2± 1.1 60± 9
E. 0.35 ± 0.07 13.2± 0.8 20.9± 3.2 238 ± 15.5
F. 0.38 ± 0.05 3σ: < 2.0 3σ: < 2.4 3σ: < 58

a Mean and error in mean of UV luminosity in units of 1011 L!.
b Infrared luminosity, in units of 1011 L!, derived from color-matching and normalizing the
Dale & Helou (2002) models to the observed fluxes. For Sample F, we assume the upper limit
in LIR implied by the observed fluxes at 24 and 160µm and the upper limit at 100µm and
1.4GHz.
c Dust correction factor required to recover the total SFR from the UV-determined SFR.
d Median star formation rates in M! yr−1 assuming a Salpeter (1955) IMF from 0.1 to 100M!

and the Kennicutt (1998) relations between UV/IR luminosity and star formation rate. For the
“young” subsample (Sample F), we multiply the UV SFR determined from the Kennicutt (1998)
relation by a factor of 2. This is done to account for the fact that the mix of O and B stars
contributing to the UV continuum emission has not equilibrated for ages ! 100Myr (assuming
a constant star formation); thus, the Kennicutt (1998) conversion between UV luminosity and
SFR will underpredict the total SFR for such “young” galaxies.

In particular, we show the dust obscuration derived
for these samples as a function of UV slope, β, in Fig-
ure 8. Up to luminosities of LIR ≈ 1012 L!, we find
that galaxies with redder β are on average dustier. Fur-
thermore, the correlation between dustiness and UV
slope is essentially identical to that found for local star-
burst galaxies (Meurer et al. 1999; Calzetti et al. 2000).
This result has been found by several other inves-
tigations targeting moderately luminous galaxies and
using a variety of star formation tracers at z ∼ 2
(e.g., Reddy & Steidel 2004; Reddy et al. 2006b, 2010;
Daddi et al. 2007; Pannella et al. 2009) and z ∼ 3 (e.g.,
Seibert et al. 2002; Nandra et al. 2002; Magdis et al.
2010a,b).
Infrared selection, e.g., such as 24µm selection, gener-

ally results in samples where the bulk of galaxies do not
abide by the Meurer et al. (1999) or Calzetti et al. (2000)
attenuation curves (e.g., Murphy et al. 2011). As dis-
cussed in Reddy et al. (2006b) and Reddy et al. (2010),
the correlation between UV slope and dust attenua-
tion breaks down for more infrared luminous galaxies at
z ∼ 2, as well as younger galaxies with ages ! 100 Myr
at the same redshifts, where the latter tend to follow a
steeper attenuation curve (i.e., they are less reddened at a
given UV slope than predicted by the Meurer et al. 1999
relation). Systematic deviations from the local starburst
attenuation curve have also been observed at lower red-
shift (z ! 2) based on Herschel/PACS and SPIRE data
(e.g., Buat et al. 2010; Burgarella et al. 2011) and Akari
data (Buat et al. 2011).
Much of the aforementioned deviation from the local

starburst attenuation curve can be understood in the
context of the range of bolometric luminosity probed by
the different UV and IR selections. UV color selection is
sensitive to galaxies with moderate (L∗) luminosities and
lower dust extinction than those selected in the infrared.
Because dust attenuation is a strong function of bolo-
metric luminosity and the validity of the Meurer et al.
(1999) relation is luminosity dependent (Meurer et al.
1999; Goldader et al. 2002; Reddy et al. 2006b, 2010),
it is natural to expect departures from this relation for

Fig. 8.— Mean dust attenuation (LIR/LUV) versus UV slope
(β) for different subsamples of z ∼ 2 galaxies. Also shown are
attenuation curves for the SMC and for local UV starbursts from
Meurer et al. (1999), and the 3σ upper limit and stacked 24µm
implied value (cyan point) of the dust attenuation for the youngest
galaxies in our sample.

galaxies that may be selected via their infrared emission.
Deviations may also be observed in infrared luminous
galaxies that also have large stellar masses; in this case,
the UV continuum associated with the massive OB stars
may be extinguished relative the UV emission from less
massive stars, resulting in a redder UV continuum slope
for a given dust obscuration (e.g., Murphy et al. 2011;
Buat et al. 2010). These results stress that one must
take care in applying any starburst attenuation curve
to high redshift galaxies, with the realization that such
relations may apply in one regime but fail in another de-
pending on the properties of the galaxies in one’s sample.
Here, we have shown that galaxies that lie around L∗ of
the UV luminosity function have dust obscuration – as
measured from Spitzer, Herschel, and VLA data – that
correlate with their UV slopes, and that this correlation
is similar to that observed for local starburst galaxies.
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Figure 8. Specific star formation rate (SFR over stellar mass)
vs. redshift for galaxies with detected 100µm emission. The solid
line is the median specific SFR for star-forming galaxies, as a func-
tion of redshift (Elbaz et al. 2011). The dotted line is three times
the median value, which we use as a threshold for identifying star-
bursts. 20% of DOGs and 25% of control galaxies are starbursts.
DOGs deviate from the median specific SFR no more frequently
than do the control galaxies.

emitting regions. These regions in the typical DOG or
control galaxy would be more widely distributed, and it
would be less plausible that the UV-emitting regions oc-
cupy parts of the galaxy not occupied by IR-emitting
regions. That radio-emitting regions in high redshift
galaxies are widely distributed indirectly supports this
idea (Rujopakarn et al. 2011).
For starburst galaxies at low redshift, Meurer et al.

(1999, and more recently Overzier et al. 2011) find a re-
lation between the ratio of IR to UV luminosities (de-
noted IRX) and the power-law index of the SED in the
UV (denoted β). (Meurer et al. 1999 refer to low red-
shift galaxies with bright UV-emitting regions as “star-
bursts”; the term does not necessarily refer to galax-
ies that deviate from the main sequence.) This rela-
tion is generally interpreted to mean that the IR emis-
sion originates as UV emission from newly formed stars,
which is partially absorbed by dust. The dependence
between the emergent UV emission, the dust emission
in the IR, and β, in the local IRX-β relation is con-
sistent with the dependence of dust absorption on β
in the Calzetti et al. (1994, 2000) dust attenuation law.
In other words, we think that galaxies that lie on this
relation are thought to have spatially coincident UV-
and IR-emitting regions. Reddy et al. (2010, 2012) show
that most Lyman break galaxies (LBG) at z ∼ 2 lie on
the local IRX-β relation. However, both z ∼ 2 LBGs
and the low redshift starbursts in Meurer et al. (1999)
are much less dusty than DOGs. Some sub-classes of
dusty galaxies deviate from the local relation, perhaps
because their IR emission is unrelated to their emer-
gent UV emission (Goldader et al. 2002; Chapman et al.
2005; Papovich et al. 2006; Bauer et al. 2011).
Fig. 9 shows the local IRX-β relation from

Overzier et al. (2011) and the relevant quantities for the
z ∼ 2 dusty galaxies in our samples. Individual galaxies,
in both the DOG and control samples, are found on ei-
ther side of the relation. Because DOGs are so faint in
the UV, it is difficult to precisely determine the power-
law indices of their UV SEDs; the large uncertainties
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Figure 9. LIR over 0.16µm luminosity (IRX) vs. UV continuum
power-law index (β) for galaxies with detected 100µm emission.
We only show errors on the UV power-law indices. Filled hour-
glasses and circles show the median β values, in bins of IRX; the
vertical bars show the range of IRX over which the β values are
binned. The “average LBG” black asterisk is from Reddy et al.
(2012), and shows a mean and its dispersion. The solid line is the
local IRX-β relation from Overzier et al. (2011).

on β values preclude us from reaching firm conclusions
about individual galaxies. The median β values for the
DOG and control samples tend to lie to the left of the
local IRX-β relation; DOGs do not appear to deviate
more strongly from the relation than do control galaxies.
These z ∼ 2 dusty galaxies define their own IRX-β rela-
tion. As noted earlier, specific sub-populations of dusty
galaxies deviate from the local relation, but the trend
that we find between the averages for a broader z ∼ 2
population has not been discussed. Because the median
β value increases with increasing IRX, from the LBGs
to the DOGs, the IR emission is not completely indepen-
dent of the emergent UV emission in these galaxies. This
reinforces our initial conclusion that z ∼ 2 dusty galax-
ies populate a continuum of UV obscuration, and that
DOGs are simply the most heavily obscured galaxies.
DOGs in the luminosity range spanned by our sample

are more obscured than the control galaxies for a rea-
son unrelated to their far-IR luminosity, because the LIR
distributions of the two samples are statistically indistin-
guishable. In galaxies with dust heated by UV emission
from newly formed stars, the amount of obscuration af-
fecting that UV emission can vary due to either: 1) dif-
ferences in the degree of alignment between the spatial
distributions of dust and newly formed massive stars; or
2) differences in the total dust content.
Meurer et al. (1999) derive the local IRX-β relation by

assuming a uniform screen of dust in the line of sight be-
tween us and the newly formed stars (see figure 8 in
Calzetti et al. 1994 for an illustration). Gordon et al.
(1997) show that this assumption can be recovered when
the dust is instead distributed in clumps around star-
forming regions. Thus, DOGs might be more obscured
than the control galaxies because DOGs have more dust
clumps surrounding star-forming regions.
Variations in UV obscuration might also be caused by

differences in the physical properties responsible for the
shape of the sub-millimeter SED. For example, increases
in the mass of cold dust can result in greater UV obscu-
ration. Increases in the cold dust mass can also result

z~2 DOGs: Penner et al. (2012)!



•  Empirical correlation of IRX (=IR/UV) versus UV slope β in nearby 
star-forming galaxies: « Meurer law » (Meurer et al. 1992, Takeuchi et al. 2012)!

•  Correlation is reproduced by models with:!
•   SFR=const, age>100 Myr!
       & solar metallicity !

! Intrinsic slope β0=-2.23!
•  Calzetti attenuation law!

•  Assumptions probably invalid for high-z galaxies:!
•  Younger populations on average!
•  Non-uniform/burtsty SF histories!
•  Metallicity < solar!

 Revised « Meurer law »!
 Higher UV attenuation for given slope β 


de Barros et al. (2014), Castellano et al. (2014 + Poster)!
!

Adequacy of the UV slope method at high-z?!



Schaerer & de Barros (2014)!

InAdequacy of the UV slope method at high-z:!
 Higher UV attenuation at high-z?!

LBGs at z~3-7:!

•  Large LBG sample from z~3-6: SFR increased by ~2-3 (de Barros et al. 2014) !
•  zspec~2.8-3.8 sample (14 objects with known metallicity): �

!SFR higher by factor 2-4 (Castellano et al. 2014) !

•  SFR density increased by factor ~1.2 – 4 between �
z~7 and 3  (Schaerer & de Barros 2014)!

•  UV attenuation versus z in agreement with �
extrapolation of IR/UV measurement at z<3�
(Burgarella et al. 2014)!

 Next step: direct measurement of IR emission �
!

Burgarella et 
al. (2013)!

UV attenuation!

from UV slope!



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

Lensed galaxies:!
-  z=4.9 MS1248arc: �

!Livermore+ 2012!
-  z=6.56 HCM6A: Boone+2007!
-  z=7 A1703: Schaerer+2014!
!
Blank fields:!
-  z=6.56 LAE Himiko: �

!Ouchi+2013!
-  z=6.96 LAE IOK-1: Ota+2014!
-  z=8.2 GRB090423: Walter+2012�

!Berger+ 2014!
-  z=7.5 Finkelstein+2013 object!

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)!

!



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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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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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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(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
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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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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)!



 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*!

!

Q. Tan et al.: Dust and gas in luminous proto-cluster galaxies at z = 4.05

for example GN20 and GN20.2a have only six times higher
SFR than MS galaxies of similar masses. Matched samples in
terms of the distance to the MS would be required to investi-
gate the possible differential redshift evolution in the properties
of SB galaxies.

All in all, these results suggest that the ratio of CO luminos-
ity to dust mass remains approximately constant through cosmic
time, albeit with larger ratio for starburst galaxies at z = 0. A
decline in metallicity could affect both quantities strongly, but
in the same way at first approximation. Hence, similarly to the
scenarios briefly sketched in Tan et al. (2013) for the evolution
of the CO luminosity at high redshift (as for example measured
respect to the average CO luminosity at fixed SFR in z < 2 sam-
ples), in the case of rapidly declining metallicity in the distant
Universe the dust mass of galaxies would be also substantially
affected (and therefore their bolometric IR luminosities). In the
next section we explore this issue in more detail, again trying to
distinguish MS and SB galaxies.

5.2. The observed evolution of Mdust/M!

To guide the understanding of what could regulate the evolution
of dust masses to high redshift, and to clarify respect to which
physical properties of the galaxies the dust masses should be
compared to assess their behavior, it is useful to consider again
the definition of δGDR, rewriting it in a more convenient form
(e.g., Leroy et al. 2011; Magdis et al. 2012a):

Mdust ∼ 0.5 × Z × Mgas. (7)

This uses a rough estimate of 50% for the fraction of metals in
dust, as on average 1% of the gas is incorporated in dust in the lo-
cal universe, while solar metallicity of Z# = 0.02 means that 2%
of the gas is in metals. A similar value of the dust-to-metal
ratio (∼0.5) was found by studies of extinction and metal col-
umn densities for a sample of γ-ray burst afterglows and quasar
foreground absorbers at z = 0.1−6.3 (Zafar & Watson 2013).
Dividing by stellar mass we obtain:

Mdust/M! ∼ 0.5 × Z × (Mgas/M!) (8)

which shows that the dust to stellar mass ratio depends on the
metallicity and the gas fraction in the galaxy, and is expected
to be only weakly dependent on stellar mass at fixed redshift
for MS galaxies (scaling like M−0.35

! based on the dependencies
of Z and Mgas/M! discussed by Magdis et al. 2012a). Instead,
at fixed stellar mass, the expected redshift evolution of Mgas/M!
can be simply computed starting from the observed cosmic evo-
lution of the sSFR in MS galaxies (see e.g., Fig. 19 in Sargent
et al. 2014) and converting the SFR into gas masses using the
Schmidt-Kennicutt law (S-K; SFR ∝ M1.2

gas; see e.g., Daddi et al.
2010b; Genzel et al. 2010; Sargent et al. 2014). The remainder
of the redshift evolution of the Mdust/M! ratio is thus contained
in the evolution of metallicity (or, at fixed stellar mass, of the
mass-metallicity relation).

In Fig. 8 we show measurements of Mdust/M! for MS and
SB galaxies at different redshifts, normalized to a stellar mass
of 5 × 1010 M# using the scaling discussed above. We show av-
erage values for z ∼ 0 spiral galaxies (da Cunha et al. 2010a)
and stacked samples of z ∼ 1 and z ∼ 2 normal galaxies
(Magdis et al. 2012a). The use of average samples is partic-
ularly useful as it should be representative of the typical be-
havior of MS galaxies, independently on object-to-object fluc-
tuations. Recent studies of nearby galaxies of the Herschel
Reference Survey derive a Mdust/M! of 3.5 × 10−3 at z ∼ 0

Fig. 8. Evolution of Mdust/M! as a function of redshift. The gray circle
represents the averaged value of local normal galaxies from the sam-
ple of da Cunha et al. (2010a), while black solid circles represent the
stacking results at z ∼1 and z ∼2. The light blue and blue solid circles
represent “LBG-1” and “Himiko”, which are star-forming galaxies at
z = 5.300 and z = 6.595, respectively. The black solid line shows the
expected evolution of Mdust/M! with redshift based on the relation ob-
served in the local universe, Mdust ∼ 0.5 × Mgas × Z. Predictions for
the redshift-evolution of Mdust/M! of MS galaxies are shown for the
case of an universally valid FMR/broken FMR/evolving M! − Z rela-
tion at z ≥ 3 (red/orange/green lines; the z > 2.5 extrapolations shown
in colored dashed lines are observationally-unconstrained). The shaded
region shows the range of Mdust/M! ratio beyond z = 2.5 predicted
by our models. All measurements for normal galaxies and predictions
have been normalized to a common mass scale of M! = 5 × 1010 M#.
The star symbols indicate starbursts, same as in Fig. 7. The black dot-
dashed line is the best fit to the starbursts with a relation of Mdust/M! ∝
(1 + z)0.51±0.35.

(Cortese et al. 2012; Ciesla et al. 2014), in good agreement with
our estimate for SDSS galaxies (da Cunha et al. 2010a). For typ-
ical MS galaxies, the dust-to-stellar mass ratio rises by a factor
of few from z = 0 to 2 (consistent with the findings of Scoville
et al. 2014; Santini et al. 2014). Similar trends have also been re-
vealed for large samples of Herschel-ATLAS galaxies at z < 0.5
(Dunne et al. 2011). Given that the lensed star-forming galaxies
are intrinsically faint with low stellar mass (M! ! 1010 M#) and
probably not representative of massive galaxies at those epochs,
we did not compare the dust-to-stellar ratio of these galaxies
with MS galaxies, although some lensed galaxies at z ∼ 1.5–3
are shown to have similar Mdust/M! ratio to local star-forming
galaxies (Sklias et al. 2014). For the SB galaxies we plot the
same sample as in Fig. 7 (Coppin et al. 2010; Gilli et al. 2014;
Cox et al. 2011; Swinbank et al. 2010; Riechers et al. 2010a,
2011, 2013; Capak et al. 2011; Dwek et al. 2011; Walter et al.
2012). The dust to stellar mass ratio of SB galaxies is found
to be fairly flat with redshift, with the best fitting trend be-
ing Mdust/M! ∝ (1 + z)0.51±0.35 (see Fig. 8), indicative of still
substantial metal enrichment at higher redshifts in these systems
up to at least z ∼ 6. The dispersion of the residuals from the fit is
larger than what expected from the measurement uncertainties,
indicating intrinsic dispersion of at least a factor of two in the
properties of the SB population. Again, the GN20 proto-cluster
galaxies behave similarly to the rest of the SBs.
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Fitting Parameters

X Y α β

log Mstar log SFR 1.18 -10.00

log Mstar log fesc -0.34 2.15

log Mstar mint
UV -2.69 51.00

log Mstar mUV -1.88 46.13

log Mstar log S1.1 0.90 -9.89

log Mstar log LIR 1.12 0.42

Y = αX + β

Table 2. Fitting parameters for the relation between stellar mass
and observational properties. The fitting equation is Y = αX+β
with free parameters α and β. mint

UV and mUV give the UV flux
without and with dust extinction, respectively. S1.1 is the flux at
1.1 mm in the observer’s frame. The fitting parameters have been
derived using all samples over the range of redshifts.

tinue with the appearance of these galaxies in the UV and
IR bands. We present their UV luminosity functions, red-
shift evolution, and the effect of galactic morphology on the
spectral properties of high-z galaxies.

3.1 Physical properties of galaxies

The most massive galaxy in the CR run exhibits a resilient
morphology of a gas-rich disk galaxy with a stellar bar
and outer spiral arms, over a substantial period of time,
z ∼ 6− 10.5, as shown in Figure 2 for z = 6.3 and discussed
in Romano-Dı́az et al. (2011b). The bar is persistent, but is
difficult to observe after z ∼ 6.4 due to an ongoing merger.
This figure displays the projected gas, dust and stellar den-
sities at z = 6.3. Located in the highly overdense region, the
galaxy grows predominantly by a cold gas accretion. The
galaxy experiences a SFR of ∼ 745M! yr−1 accumulating
a Mstar ∼ 8.7 × 1010 M!. The dust has been produced via
type-II SNe. The amount of dust is ∼ 4.1 × 108 M!, and
the mean gas metallicity has reached Z ∼ 0.7Z!. This dust
is concentrated around the galactic center, while the stellar
distribution is more extended and exhibits also a spheroidal
component.

In comparison, the most massive galaxy in the UCR run
is more compact and spheroidal. Most of the baryons are en-
closed within the central kpc, and its SFR is ∼ 8.8M! yr−1,
which is a factor of ∼ 80 lower than that of the most massive
object in the CR run. More detailed analysis of the galactic
morphology will be shown elsewhere.

The evolution of SFR, gas metallicity and dust mass
as a function of the galaxy stellar mass are shown in Fig-
ure 3. For each redshift, the SFR increases nearly linearly
with the stellar mass and its slope α in the log-log plot
ranges within ∼ 1.00 − 1.27, which is consistent with the
previous works (e.g., Finlator et al. 2011). The slopes for all
the samples are summarized in Table 2. Such slopes imply
a weak dependence of the specific SFR (sSFR) on Mstar,
where sSFR≡ SFR/Mstar. This trend is also supported by
observations (e.g., Ono et al. 2010). As α >∼ 1, the sSFR
slightly increases with Mstar — contrary to what has been

Figure 3. Star formation rate (SFR), specific star formation
rate (sSFR), mean gas metallicity in units of the solar metallicity
(Z/Z!), and galactic dust mass (Mdust), as a function of the
galaxy stellar mass (Mstar). The different symbols represent the
different redshifts, z ! 6.3− 12.

found for lower redshifts (Stark et al. 2009, 2013). We find
also that the sSFR decreases somewhat with redshift, as
can be seen in the second panels (from the top) of Fig-
ure 3. This trend and values are consistent with recent sim-
ulations (Dayal et al. 2013; Biffi & Maio 2013) and obser-
vations (Stark et al. 2013; Oesch et al. 2014). Such a trend
seems to reflect dependence of the sSFR on the gas fraction
in galaxies which decreases with redshift for the low-mass
galaxies. Some of the lower-mass galaxies are affected more
by the stellar feedback, while the higher-mass galaxies retain
much of their gas, keeping their high SFRs. This causes a
substantially higher dispersion in the SFR for galaxies with
Mstar <∼ 109 M!.

We do not observe any clear difference in the SFR –
Mstar relationship between the CR and UCR runs, except
the presence of much higher galaxy masses in the former.
The SFR of most galaxies in the CR and UCR runs is fu-
eled by the cold gas accretion rather than by major merg-
ers, as shown by Romano-Dı́az et al. (2014). Obviously, the
upper cutoff of the SFR lies much lower for the UCR run
because of the absence of massive galaxies in the normal re-
gion at z ∼ 6. This cutoff is increasing with time, e.g., it is
∼ 124M! yr−1 at z ∼ 10 and 745M! yr−1 at z ∼ 6.3, for
the CR run.

One expects that galaxy evolution process is greatly

c© 2008 RAS, MNRAS 000, 1–15

Tan al. (2014)!

Yajima al. (2014)!
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Figure 7. [C ii] luminosity L[C ii] as a function of SFR compiled for different
types of objects (arrows indicate upper limits): local late-type galaxies with
their correlation (dotted line) between total SFR and L[C ii] (Boselli et al.
2002), local star-forming galaxies with their correlation (solid line with shaded
region) between total SFR and L[C ii] with 2σ scatter (De Looze et al. 2011),
z < 0.1 LIRGs (Maiolino et al. 2009), z = 4.1–7.1 quasar host galaxies (Pety
et al. 2004; Maiolino et al. 2005; 2009; Iono et al. 2006; Wagg et al. 2010;
Venemans et al. 2012; Wang et al. 2013; Willott et al. 2013), z = 2.3–6.34
submillimeter galaxies (Iono et al. 2006; Ivison et al. 2010; Cox et al. 2011; De
Breuck et al. 2011; Valtchanov et al. 2011; Walter et al. 2012a; Riechers et al.
2013; Rawle et al. 2014), and a z = 5.295 triple LBG system named LBG-1
associated with a z ∼ 5.3 protocluster (Capak et al. 2011; Riechers et al. 2014).
SFRs of LIRGs, quasar host galaxies, and submillimeter galaxies are those
converted from their total FIR or IR luminosities (depending on availability
in the references) by either us or authors of the references using the Kennicutt
(1998) relation. SFRs of quasar host galaxies are upper limits as their total F(IR)
luminosities might include AGN contribution. The dashed line is the SFR–L[C ii]

relation derived for LFIR > 1012 L" sources by Maiolino et al. (2005). We also
plot the possible range of total SFRs (see the text in Section 3.2.1) and L[C ii]
(limits) of z # 4.7–7 LAEs with the color coded lines and arrows: IOK-1
(this study with a velocity width of ∆v = 40 km s−1), Himiko (the data taken
by Ouchi et al. 2013, and re-reduced by us; we plot the L[C ii] limit at 2.′′5
resolution and ∆v = 36 km s−1, and SFRdust at 2.′′01 × 1.′′85 resolution; see
the text in Section 3.2.1), HCM 6A (Kanekar et al. 2013, ∆v = 100 km s−1),
SDF J132408.3+271543, SDF J132415.7+273058 (González-López et al. 2014,
∆v = 50 km s−1), and Lyα-1 (Carilli et al. 2013). The open circle shows the
Himiko L[C ii] limit we derived with its total SFR estimated by the SED-fitting
Ouchi et al. (2013) conducted. All the SFRs plotted here are based on a Salpeter
IMF. If the SFRs in the literature are those based on Chabrier (2003) or Kroupa
(2001) IMFs, we multiplied them by factors 1.6 and 1.5, respectively (e.g., Elbaz
et al. 2007; Salim et al. 2007), to convert them to SFRs with a Salpeter IMF.
(A color version of this figure is available in the online journal.)

i.e., SFRtotal ! SFRUV = 23.9 M" yr−1 (Jiang et al. 2013). In
Figure 7, we also plot the possible total SFR range of IOK-1
and the upper limit on [C ii] luminosity. We notice that IOK-1
neither seems to follow the SFR–L[C ii] correlations for local
star-forming galaxies (though the correlation has some scatters)
nor to be within the regions occupied by any other type of
objects except for high-redshift LAEs (i.e., Himiko and HCM
6A, which we will mention below). Its [C ii] luminosity is
significantly fainter than that expected for a local star-forming
galaxy having the same SFR as IOK-1. By using the local
star-forming galaxy correlation derived by De Looze et al.
(2011), the [C ii] luminosity limit of IOK-1 converts to an SFR
of ∼2.5 M" yr−1 (or log SFR ∼0.51), which is much lower
than the possible SFR range of IOK-1, 23.9–33.8 M" yr−1.
Hence, the local star-forming galaxy correlation does not seem
to apply to IOK-1. IOK-1 could be a system having either

lower enriched gas or different photodissociation region (PDR)
structure/physical state of ISM than local star-forming galaxies.

A similar result has been reported for a z = 6.595 LAE,
Himiko, by Ouchi et al. (2013) who did not detect its [C ii] line
by using ALMA at 0.′′82 × 0.′′58 resolution and 200 km s−1

channel−1. As Himiko is extended over "3′′ in Lyα, we
generated the spectrum at 2.′′5 resolution and 30 MHz channel−1

(36 km s−1) using the public Himiko ALMA Cycle 0 data to see
if we detect any extended source. As with the higher-resolution
analysis of Ouchi et al. (2013), no line is detected. The 3σ
flux density upper limit at 2.′′5 resolution is 2.0 mJy beam−1

channel−1 at 36 km s−1 channel−1 or L[C ii] < 7.9 × 107 L"
(assuming a velocity width of ∆v = 36 km s−1), and a factor
of 1.7 lower at 100 km s−1 channel−1. However, we have
found that the rms noise is about a factor of two higher than
this between 249.7 GHz to 250.2 GHz due to atmospheric
absorption, so if the line happened to fall in this frequency
range, the limits are a factor of two worse. In Section 3.1.3,
we also derived the conservative upper limit on SFRtotal of
Himiko at 2.′′01 × 1.′′85 resolution (comparable to the Lyα size
of Himiko). In Figure 7, we plot the L[C ii] upper limit and
the possible SFR range of Himiko (SFRUV ∼ 30 M" yr−1 #
SFRtotal < SFRUV + SFRdust ∼ 47.4 M" yr−1). Himiko is off
the local galaxy SFR–L[C ii] correlation and close to IOK-1. For
comparison, in Figure 7, we also plot the L[C ii] upper limit of
Himiko we derived with SFRtotal = 100 M" yr−1, which Ouchi
et al. (2013) estimated from SED-fitting at rest-frame UV to
optical wavelengths. In this case, Himiko is also off the local
galaxy SFR–L[C ii] correlation but apart from IOK-1 due to the
difference in SFRtotal.

Both IOK-1 and Himiko have several things in common
except that Himiko displays more extended Lyα emission and
is considered a LAB and that Himiko might be detected in
dust continuum. They both consist of two to three merging
components (Cai et al. 2011; Ouchi et al. 2013), have similar
total UV continuum luminosities (or SFRUV) of the whole
system, and have not been detected in [C ii] line to the similar
flux limits (if we assume that the sizes of these LAEs in [C ii]
are similar). Hence, if SFRUV+SFRdust more likely reflects the
actual total SFR of Himiko than the SFR estimated from the
SED-fitting, both IOK-1 and Himiko may be normally star-
forming galaxies at high redshifts with lower enriched gas/
metallicity content than local normal star-forming galaxies.

On the other hand, Kanekar et al. (2013) observed a gravita-
tionally lensed z = 6.56 faint LAE, HCM 6A, in [C ii] emis-
sion with the IRAM/PdBI to a deep flux limit but somewhat
shallower than ours and Ouchi et al.’s, taking advantage of the
lensing magnification. They could not detect the [C ii] line, ei-
ther. Given SFRUV ∼ 9 M" yr−1 (Hu et al. 2002a, 2002b),
SFRdust < 19.6 M" yr−1 (we derived this SFR in the same way
as we did for IOK-1 and Himiko for a fair comparison), and the
L[C ii] upper limit (Kanekar et al. 2013, they adopted 100 km s−1

width), we also plot HCM 6A in Figure 7. It is close to the local
SFR–L[C ii] relation, although it could be off the relation as the
[C ii] luminosity is an upper limit. This is possibly due to their
slightly shallower [C ii] flux limit. Since this LAE is a factor of
two to three lower than IOK-1 and Himiko in SFRUV, its [C ii]
luminosity could also potentially be lower than those of IOK-1
and Himiko.

In Figure 7, we also plot the z = 6.554 and z = 6.541
LAEs, SDF J132408.3+271543 and SDF J132415.7+273058
(Taniguchi et al. 2005). González-López et al. (2014) observed
them in [C ii] lines and 1.2 mm continuum with CARMA, but
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Schaerer et al. (2014)!

 [CII] emission from « normal » z>6 galaxies with IRAM and ALMA!

Ota et al. (2014)!

•  [CII] not detected (so far) in z>6 galaxies!
•  L([CII]) below local correlation with SFR (de Looze et al. 2012, 2014)!
•  Explanation for weak [CII] emission debated �

(Stacey+2010, Vallini+2013, Garcia-Lopez+ 2013, …)!



Current inferences from 
LBGs are not incompatible 
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!!
!



SF galaxies @ z~6.5-7.5: conclusions 
!
•  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)!
•  [CII] + dust continuum undetected !
       limits on dust mass, IR luminosity, UV attenuation, dust-obscured SF!
!
•  SED compatible with nearby spirals, irregulars or dwarfs; not M82-like!
•  IRX-beta relation:  objects compatible with local relation!
•  Limits on UV attenuation compatible with UV slope and SED fits!
•  UV attenuation versus redshift: !

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

•  Attenuation – stellar mass: probably flatter at z~7!
•  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, …!
!


