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Outline: 
Observations of Galaxies at High Redshift:

I.  Recent Highlights and Current State of the Art

II.  Important Questions to Address with Current + New 
Facilities

e.g. star formation efficiencies, massive galaxies, faint galaxies, 
reionization, build-up of dust, role of gas



Introduction: Current State of the Art

Spectroscopic Confirmations of z>8 Galaxies

6 Oesch et al.
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Fig. 5.— Grism Spectrum of GN-z11. The top panel shows the (negative) 2D spectrum from the stack of our cycle 22 data (12 orbits)
with the trace outlined by the dark red lines. For clarity the 2D spectrum was smoothed by a Gaussian indicated by the ellipse in the lower
right corner. The bottom panel is the un-smoothed 1D flux density using an optimal extraction rebinned to one resolution element of the
G141 grism (93 Å). The black dots show the same further binned to 560 Å, while the blue line shows the contamination level that was
subtracted from the original object spectrum. We identify a continuum break in the spectrum at � = 1.47± 0.01 µm. The continuum flux
at � > 1.47 µm is detected at ⇠ 1 � 1.5� per resolution element and at 3.8� per 560 Å bin. After excluding lower redshift solutions (see
text and Fig 4), the best-fit grism redshift is z

grism

= 11.09+0.08
�0.12. The red line reflects the Ly↵ break at this redshift, normalized to the

measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J
125

� H
160

> 2.4 (2�), without
a spectrum, we could not exclude contamination by a
source with very extreme emission lines with line ratios
reproducing a seemingly flat continuum longward of 1.4
µm (Oesch et al. 2014).
The previous AGHAST spectra already provided

some evidence against strong emission line contam-
ination (Oesch et al. 2014), and we also obtained
Keck/MOSFIRE spectroscopy to further strengthen this
conclusion (see appendix). However, the additional 12
orbits of G141 grism data now conclusively rule out that
GN-z11 is such a lower redshift source. Assuming that all
the H-band flux came from one emission line, we would
have detected this line at > 10�. Even when assuming
a more realistic case where the emission line flux is dis-
tributed over a combination of lines (e.g., H� + [O III]),
we can confidently invalidate such a solution. The lower
left panel in Figure 4 compares the measured grism spec-
trum with that expected for the best-fit lower redshift
solution we had previously identified (Oesch et al. 2014).
A strong line emitter SED is clearly inconsistent with
the data. Apart from the emission lines, which we do
not detect, this model also predicts weak continuum flux
across the whole wavelength range. At < 1.47 µm, this is

higher than the observed mean, while at > 1.47 µm the
expected flux is too low compared to the observations.
Overall the likelihood of a z ⇠ 2 extreme emission line
SED based on our grism data is less than 10�6 and can
be ruled out.
Note that in very similar grism observations for a

source triply imaged by a CLASH foreground clus-
ter, emission line contamination could also be excluded
(Pirzkal et al. 2015). We thus have no indication cur-
rently that any of the recent z ⇠ 9�11 galaxy candidates
identified with HST is a lower redshift strong emission
line contaminant (but see, e.g., Brammer et al. 2013, for
a possible z ⇠ 12 candidate).

3.3. Excluding a Lower-Redshift Dusty or Quiescent
Galaxy

Another potential source of contamination for very
high redshift galaxy samples are dusty z ⇠ 2� 3 sources
with strong 4000 Å or Balmer breaks (Oesch et al. 2012;
Hayes et al. 2012). However, the fact that the IRAC data
for GN-z11 show that it has a very blue continuum long-
ward of 1.6 µm, together with the very red color in the
WFC3/IR photometry, already rules out such a solution
(see SED plot in Figure 4). Nevertheless, we additionally

Zitrin+2015

Spectroscopic Redshift:  
z=11.1±0.1 (continuum break)

Break in HST WFC3/IR Grism Data 
(similar to that present in photometric data)

Requires full day of HST Observations

2 Zitrin et al.

11700 11750 11800 11850 11900
ï2

ï1

0

1

2

x 10ï18

h [Ang]

Fl
ux

 d
en

si
ty

  [
er

g 
/ (

s  
cm

2  A
)]

 

 

Flux
Smooth
Gauss
1m

10

20

30

40

50

ï101

Pi
xe

l

Signal

Fig. 1.— Spectroscopic detection of emission in EGSY8p7 with MOSFIRE. Upper panel shows the 2D spectrum below which we plot
the raw (black line) and smoothed (blue line) 1D spectrum and its error (red shading). The red line shows an example best-fit model of
the data (§3).Vertical lines mark OH skyline positions. The upperleft panel shows a normalized signal map extracted along the slit within
a 5-pixel (' 6.5 Å) wide box centered on the line. The pattern of two negative peaks bracketing the positive peak exactly matches that
expected from the dithering scheme used. Arrows show the predicted locations of other lines for a lower redshift interpretation of the line.
Green boxes on the 2D spectrum mark the skyline region typically masked out in our calculations. See §3 for more details.

portant development has been the identification of much
brighter z > 7 candidates from the wider area, some-
what shallower, Cosmic Assembly Near-infrared Deep
Extragalactic Legacy Survey (CANDELS, Grogin et al.
2011; Koekemoer et al. 2011). Surprisingly, some of these
brighter targets reveal Ly↵ despite lying inside the pu-
tative partially neutral era. Finkelstein et al. (2013,
hereafter F13) reported Ly↵ with a rest-frame equiv-
alent width (EW) of 8 Å at z=7.508 in a H

AB

=25.6
galaxy; Oesch et al. (2015, hereafter O15) find Ly↵ emis-
sion at z=7.73 with EW=21 Å in an even brighter source
at H

AB

=25.03; and Roberts-Borsani et al. (2015, here-
after RB15) identified a tentative Ly↵ emission (4.7�)
in a H

AB

=25.12 galaxy at a redshift z=7.477, which we
have now confirmed (Stark et al, in prep). In addition
to their extreme luminosities (M

UV

' �22), these three
sources have red [3.6]-[4.5] Spitzer/IRAC colors, indica-
tive of contamination from strong [O III] and Balmer H�
emission.
Using the Multi-Object Spectrometer For Infra-Red

Exploration (MOSFIRE, McLean et al. 2012) on the
Keck 1 telescope, we report the detection of a promi-
nent emission line in a further bright candidate drawn
from the CANDELS program. EGSY-2008532660 (here-
after EGSY8p7; RA=14:20:08.50, DEC=+52:53:26.60)
is a H

AB

=25.26 galaxy with a photometric redshift of
8.57+0.22

�0.43 and a red IRAC [3.6]-[4.5] color, recently dis-
covered by RB15. We discuss the likelihood that the line

is Ly↵ at a redshift z
spec

= 8.68 making this the most dis-
tant spectroscopically-confirmed galaxy. Detectable Ly↵
emission at a redshift well beyond z ' 8 raises several
questions regarding both the validity of earlier claims for
non-detections of Ly↵ in fainter sources, and the physical
nature of the luminous sources now being verified spec-
troscopically. Even if these bright systems are not rep-
resentative of the fainter population that dominate the
ionization budget, they o↵er new opportunities to make
spectroscopic progress in understanding early galaxy for-
mation.
The paper is organized as follows: In §2 we review

the object selection, spectroscopic observations, and data
reduction. The significance of the line detection and its
interpretation as Ly↵ is discussed in §3. We discuss the
implications of the detectability of Ly↵ in the context of
the earlier work in §4. Throughout we use a standard
⇤CDM cosmology with ⌦m0 = 0.3, ⌦⇤0 = 0.7, H0 = 100
h km s�1Mpc�1, h = 0.7, and magnitudes are given
using the AB convention. Errors are 1� unless otherwise
stated.

2. DATA

The galaxy EGSY8p7 was detected in the Extended
Groth Strip (EGS; Davis et al. 2007) from deep (& 27.0)
multi-band images in the CANDELS survey and first re-
ported as one of four unusually bright (H160 < 25.5)
candidate z > 7 galaxies by RB15. One of these, EGS-
zs8-1, with z

phot

= 7.92±0.36 was spectroscopically con-

Spectroscopic Redshift:  
z=8.683±0.003 (Lyman α)

Oesch+2016

Detection of Ly-α with
Keck MOSFIRE



Introduction: Current State of the Art

Line Detections in z>~7 Galaxies with ALMA

[CII] in z=6.854 Galaxy

Smit+2018 (Nature, in press)

Fig 1:  Probable [CII] detections in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] 
= 6.8540 and z[CII] = 6.8075, respectively, obtained in our ALMA pilot program (Smit et al., in prep).  
The left panels show the narrow bands over the detected lines.  These represent the highest 
luminosity [CII] galaxies thus far discovered at z>6.1 and are therefore valuable pathfinders, 
constituting the first galaxies to be spectroscopically confirmed at z>6 via a line other than Lyα.
Fig. 1. Detections of [Cii] in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] = 6.8540 and

z[CII] = 6.8075, respectively, with ALMA (Smit et al., in prep). The left panels show the narrowbands over the

detected lines. These are the first galaxies, selected by a Lyman-break technique, to be spectroscopically confirmed in

the Epoch of Reionization via any other line than Ly� and more generally some of the most distant successful ALMA

observations to date. Given their SFRUV of 19-22M� yr�1, these sources are representative of the general galaxy

population (LUV ⇠ 2 ⇥ L� at z ⇠ 7). Our proposed observations will detect or put constraints the [Oiii]�88µm line

flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called
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population (LUV ⇠ 2 ⇥ L� at z ⇠ 7). Our proposed observations will detect or put constraints the [Oiii]�88µm line

flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called

Fig 2:  [CII] luminosities of galaxies vs. redshift.  
Upper limits are 3σ.  Significant effort has been 
devoted to [CII] searches at z>6 (Ouchi+2013; Ota
+2014; Maiolino+2015; Schaerer+2015; Knudsen
+2016; Bradac+2016; Pentericci+2016), but have 
yielded only lower luminosity [CII] lines or upper 
limits(!), particularly vs. the z~5.5 Capak+2015 (grey) 
results.  Strikingly, however, by spending ~1 hour of 
ALMA time targeting bright z~6.8 galaxies with precise 
photometric redshifts, we identified the 2 most 
luminous [CII] lines (red circles) discovered to date in 
z>6.1 galaxies.  These results strongly suggest that 
by focusing on the follow-up of only those galaxies 
with spectroscopic redshifts, we may miss bright 
[CII] lines that would be easily identified from 
spectral scans of the brightest z~7 galaxies.

Capak+15

New Results
(1 hour pilot)

Lyα
emitters

50+ 
hours

Fig 3:  The relationship between [CII]158μm line 
luminosity and star-formation rate described by 
the local de Looze et al. (2014) relation and 
including the two galaxies that we detected in 
the pilot program (red points).  Interestingly, 
these two galaxies lie on the local SFR-L[CII] 
relation, unlike many previous [CII] detections (or 
non-detections) of z > 6 galaxies that came 
purely from Lyα-confirmed sources, which are 
found to have > 2x fainter L[CII] at a given SFR.  
Here we propose to target similar sources, as in 
the pilot program.  If the sources have similar 
[CII] luminosities, we will detect all of them.

problem of the ‘[Cii] deficit’ (e.g. Knudsen et al., 2017). In recent years, e�orts to measure [Cii]
in bright Ly↵ emitters such as ‘Himiko’ (Ouchi et al., 2013) have been unsuccessful, suggesting a
potential negative correlation between Ly↵ equivalent with and [Cii] luminosity. The detection of [Cii]
in COS-3018555981 and COS-2987030247 consistent with local relations (de Looze et al. 2011,2014),
where no previous Ly↵ detections were known seems consistent with this hypothesis.

The physical interpretation of this negative correlation could be driven by a hard ionization field
in the interstellar medium (ISM) of Ly↵ emitting galaxies (e.g. the fraction of ionised gas is high
due an abundance of young massive stars) or else could be an indication of a low column density of
(neutral) gas in the galaxy (e.g. the gas is expelled due to supernova feedback). The high [Oiii]+H�
equivalent widths of 1100-1500 Å in combination with the bright [Cii] detections in COS-3018555981
and COS-2987030247 suggests the latter case might be the likely scenario. Our proposed observations
will provide further insight into the physical properties of these distant galaxies by measuring the
[Oiii]/[Cii] ratio as an indicator of the hardness of the radiation field present in the ISM and will
therefore address the origin of the [Cii]-deficit problem in the wider high-redshift galaxy population.

• Dust properties: We will measure the dust continuum of these galaxies at observed ⇠420 GHz
(equivalent to ⇠90µm in the rest-frame, which samples the peak of the dust SED). While a non-
detection at rest-frame ⇠160µm already puts constraints on the far-infrared luminosity (LFIR) and
ratio of obscured to unobscured star-formation, LFIR/LUV, the proposed observations will provide
excellent constraints on dust components with hot (⇠50K) dust temperatures. We will use the ratio
of UV luminosity to far-infrared luminosity to test if standard calibrations of dust attenuation for UV
bright galaxies (e.g. Meurer+1999, Calzetti+2000) are appropriate for these distant sources, or as
suggested by Capak et al. 2015, a SMC type dust law is needed to explain the low LFIR/LUV ratios.

Fig. 2. Left panel : The relationship between [Cii]�158µm line luminosity and star-formation rate described by the

local de Looze et al. (2014) relation and including the detections of the two galaxies that we propose to target (red

points). Interestingly, these two galaxies lie on the local SFR-L[CII] relation, unlike many previous [Cii] detections (or

non-detections) of z > 6 galaxies that came purely from Ly�-confirmed sources, which are found to have > 2⇥ fainter

L[CII] at a given SFR. The properties of the rest-frame UV lines, for example the Ly� equivalent width, will give insight

into the di�erence between [Cii]-bright and [Cii]-deficient galaxies. Right panel : The L[OIII]/L[CII] ratio as a function

of oxygen abundance for a Ly� emitter at z = 7.2 (blue star) from Inoue et al. (2016), as well as for z = 0 dwarf

and spiral galaxies (green circles and red inverted triangle). Our proposed observations will detect any line ratio above

L[OIII]/L[CII] > 2 and will therefore give insight into the variation of the high-redshift galaxy population.

Exposure time: We aim to measure the flux of the faint [Oiii]�88µm line in two galaxies with TBD!

In total, we therefore request 3.0 hrs.

References •Adelberger et al. 2004 ApJ 607 226 •Bacon et al. 2015 A&A 575 75 •Benson et al.

Could we be missing the most luminous 
[CII] galaxies at z>6 by focusing on only 

those galaxies with spec-z’s?

These are
first instances

where [CII] 
is used for the 
spectroscopic 
confirmation 

of z>6 
galaxies

rather than 
Lyα.

which show Ly↵ in emission. Given that Ly↵-emitting systems are generally lower in mass, their
[CII] luminosities are less (and maybe [CII] is anti-correlated with Ly↵). Perhaps Ly↵-emitting
galaxies are not the best sources to target to find bright [CII] emission?

Target Sources with High Intrinsic Luminosities and Precise Photometric Redshifts:
Given the high output from our pilot program – it is clear that there are other variables which are
important for the identification of luminous [CII] line emission from z > 6 galaxies. Of the variables
to consider, clearly the most important of these variables is the intrinsic luminosity in [CII] (⇠2-10⇥
higher than most Ly↵-emitters targeted!) and having tight constraints on the photometric redshift.

Fig 1:  Probable [CII] detections in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] 
= 6.8540 and z[CII] = 6.8075, respectively, we obtained with ALMA from our pilot program (Smit et 
al., in prep).  The left panels show the narrow bands over the detected lines.  These represent the 
highest luminosity [CII] galaxies thus far discovered at z>6.1 and represent the first galaxies to be 
spectroscopically confirmed in the Epoch of Reionization via any other line than Lyα.

Fig. 1. Detections of [Cii] in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] = 6.8540 and

z[CII] = 6.8075, respectively, with ALMA (Smit et al., in prep). The left panels show the narrowbands over the

detected lines. These are the first galaxies, selected by a Lyman-break technique, to be spectroscopically confirmed in

the Epoch of Reionization via any other line than Ly� and more generally some of the most distant successful ALMA

observations to date. Given their SFRUV of 19-22M� yr�1, these sources are representative of the general galaxy

population (LUV ⇠ 2 ⇥ L� at z ⇠ 7). Our proposed observations will detect or put constraints the [Oiii]�88µm line

flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called
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Fig 2:  [CII] luminosities of galaxies vs. redshift.  
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devoted to [CII] searches at z>6 (Ouchi+2013; Ota
+2014; Maiolino+2015; Schaerer+2015; Knudsen
+2016; Bradac+2016; Pentericci+2016), but have 
yielded only lower luminosity [CII] lines or upper 
limits(!), particularly vs. the z~5.5 Capak+2015 (grey) 
results.  Strikingly, however, by spending ~1 hour of 
ALMA time targeting bright z~6.8 galaxies with precise 
photometric redshifts, we identified the 2 most 
luminous [CII] lines (red circles) discovered to date in 
z>6.1 galaxies.  These results strongly suggest that 
by focusing on the follow-up of only those galaxies 
with spectroscopic redshifts, we may miss bright 
[CII] lines that would be easily identified from 
spectral scans of the brightest z~7 galaxies.
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Fig 3:  The relationship between [CII]158μm line 
luminosity and star-formation rate described by 
the local de Looze et al. (2014) relation and 
including the two galaxies that we detected in 
the pilot program (red points).  Interestingly, 
these two galaxies lie on the local SFR-L[CII] 
relation, unlike many previous [CII] detections (or 
non-detections) of z > 6 galaxies that came 
purely from Lyα-confirmed sources, which are 
found to have > 2x fainter L[CII] at a given SFR.  
Here we propose to target similar sources, as in 
the pilot program.  If the sources have similar 
[CII] luminosities, we will detect all of them.

problem of the ‘[Cii] deficit’ (e.g. Knudsen et al., 2017). In recent years, e�orts to measure [Cii]
in bright Ly↵ emitters such as ‘Himiko’ (Ouchi et al., 2013) have been unsuccessful, suggesting a
potential negative correlation between Ly↵ equivalent with and [Cii] luminosity. The detection of [Cii]
in COS-3018555981 and COS-2987030247 consistent with local relations (de Looze et al. 2011,2014),
where no previous Ly↵ detections were known seems consistent with this hypothesis.

The physical interpretation of this negative correlation could be driven by a hard ionization field
in the interstellar medium (ISM) of Ly↵ emitting galaxies (e.g. the fraction of ionised gas is high
due an abundance of young massive stars) or else could be an indication of a low column density of
(neutral) gas in the galaxy (e.g. the gas is expelled due to supernova feedback). The high [Oiii]+H�
equivalent widths of 1100-1500 Å in combination with the bright [Cii] detections in COS-3018555981
and COS-2987030247 suggests the latter case might be the likely scenario. Our proposed observations
will provide further insight into the physical properties of these distant galaxies by measuring the
[Oiii]/[Cii] ratio as an indicator of the hardness of the radiation field present in the ISM and will
therefore address the origin of the [Cii]-deficit problem in the wider high-redshift galaxy population.

• Dust properties: We will measure the dust continuum of these galaxies at observed ⇠420 GHz
(equivalent to ⇠90µm in the rest-frame, which samples the peak of the dust SED). While a non-
detection at rest-frame ⇠160µm already puts constraints on the far-infrared luminosity (LFIR) and
ratio of obscured to unobscured star-formation, LFIR/LUV, the proposed observations will provide
excellent constraints on dust components with hot (⇠50K) dust temperatures. We will use the ratio
of UV luminosity to far-infrared luminosity to test if standard calibrations of dust attenuation for UV
bright galaxies (e.g. Meurer+1999, Calzetti+2000) are appropriate for these distant sources, or as
suggested by Capak et al. 2015, a SMC type dust law is needed to explain the low LFIR/LUV ratios.

Fig. 2. Left panel : The relationship between [Cii]�158µm line luminosity and star-formation rate described by the

local de Looze et al. (2014) relation and including the detections of the two galaxies that we propose to target (red

points). Interestingly, these two galaxies lie on the local SFR-L[CII] relation, unlike many previous [Cii] detections (or

non-detections) of z > 6 galaxies that came purely from Ly�-confirmed sources, which are found to have > 2⇥ fainter

L[CII] at a given SFR. The properties of the rest-frame UV lines, for example the Ly� equivalent width, will give insight

into the di�erence between [Cii]-bright and [Cii]-deficient galaxies. Right panel : The L[OIII]/L[CII] ratio as a function

of oxygen abundance for a Ly� emitter at z = 7.2 (blue star) from Inoue et al. (2016), as well as for z = 0 dwarf

and spiral galaxies (green circles and red inverted triangle). Our proposed observations will detect any line ratio above

L[OIII]/L[CII] > 2 and will therefore give insight into the variation of the high-redshift galaxy population.

Exposure time: We aim to measure the flux of the faint [Oiii]�88µm line in two galaxies with TBD!

In total, we therefore request 3.0 hrs.

References •Adelberger et al. 2004 ApJ 607 226 •Bacon et al. 2015 A&A 575 75 •Benson et al.

Could we be missing the most luminous 
[CII] galaxies at z>6 by focusing on only 

those galaxies with spec-z’s?

Wide-Area Selection of High-Luminosity z = 7 Galaxies with Precise Redshift Deter-
minations: Encouraged by the success of our pilot program, we have made use of the extremely
wide-area optical, near-IR, and Spitzer/IRAC observations over the 1.5 degree2 UltraVISTA field to
enlarge our sample of ultra-bright z ⇠ 7 galaxies with precise photometric redshift measurements.
This resulted in a sample of 4 galaxies whose luminosities are similar or greater than those in our
pilot program and where the constraints on their photometric redshifts are equally strong.
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Fig 1:  Probable [CII] detections in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] 
= 6.8540 and z[CII] = 6.8075, respectively, obtained in our ALMA pilot program (Smit et al., in prep).  
The left panels show the narrow bands over the detected lines.  These represent the highest 
luminosity [CII] galaxies thus far discovered at z>6.1 and are therefore valuable pathfinders, 
constituting the first galaxies to be spectroscopically confirmed at z>6 via a line other than Lyα.
Fig. 1. Detections of [Cii] in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] = 6.8540 and

z[CII] = 6.8075, respectively, with ALMA (Smit et al., in prep). The left panels show the narrowbands over the

detected lines. These are the first galaxies, selected by a Lyman-break technique, to be spectroscopically confirmed in

the Epoch of Reionization via any other line than Ly� and more generally some of the most distant successful ALMA

observations to date. Given their SFRUV of 19-22M� yr�1, these sources are representative of the general galaxy

population (LUV ⇠ 2 ⇥ L� at z ⇠ 7). Our proposed observations will detect or put constraints the [Oiii]�88µm line

flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called
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observations to date. Given their SFRUV of 19-22M� yr�1, these sources are representative of the general galaxy

population (LUV ⇠ 2 ⇥ L� at z ⇠ 7). Our proposed observations will detect or put constraints the [Oiii]�88µm line

flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called

Fig 2:  [CII] luminosities of galaxies vs. redshift.  
Upper limits are 3σ.  Significant effort has been 
devoted to [CII] searches at z>6 (Ouchi+2013; Ota
+2014; Maiolino+2015; Schaerer+2015; Knudsen
+2016; Bradac+2016; Pentericci+2016), but have 
yielded only lower luminosity [CII] lines or upper 
limits(!), particularly vs. the z~5.5 Capak+2015 (grey) 
results.  Strikingly, however, by spending ~1 hour of 
ALMA time targeting bright z~6.8 galaxies with precise 
photometric redshifts, we identified the 2 most 
luminous [CII] lines (red circles) discovered to date in 
z>6.1 galaxies.  These results strongly suggest that 
by focusing on the follow-up of only those galaxies 
with spectroscopic redshifts, we may miss bright 
[CII] lines that would be easily identified from 
spectral scans of the brightest z~7 galaxies.
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Fig 3:  The relationship between [CII]158μm line 
luminosity and star-formation rate described by 
the local de Looze et al. (2014) relation and 
including the two galaxies that we detected in 
the pilot program (red points).  Interestingly, 
these two galaxies lie on the local SFR-L[CII] 
relation, unlike many previous [CII] detections (or 
non-detections) of z > 6 galaxies that came 
purely from Lyα-confirmed sources, which are 
found to have > 2x fainter L[CII] at a given SFR.  
Here we propose to target similar sources, as in 
the pilot program.  If the sources have similar 
[CII] luminosities, we will detect all of them.

problem of the ‘[Cii] deficit’ (e.g. Knudsen et al., 2017). In recent years, e�orts to measure [Cii]
in bright Ly↵ emitters such as ‘Himiko’ (Ouchi et al., 2013) have been unsuccessful, suggesting a
potential negative correlation between Ly↵ equivalent with and [Cii] luminosity. The detection of [Cii]
in COS-3018555981 and COS-2987030247 consistent with local relations (de Looze et al. 2011,2014),
where no previous Ly↵ detections were known seems consistent with this hypothesis.

The physical interpretation of this negative correlation could be driven by a hard ionization field
in the interstellar medium (ISM) of Ly↵ emitting galaxies (e.g. the fraction of ionised gas is high
due an abundance of young massive stars) or else could be an indication of a low column density of
(neutral) gas in the galaxy (e.g. the gas is expelled due to supernova feedback). The high [Oiii]+H�
equivalent widths of 1100-1500 Å in combination with the bright [Cii] detections in COS-3018555981
and COS-2987030247 suggests the latter case might be the likely scenario. Our proposed observations
will provide further insight into the physical properties of these distant galaxies by measuring the
[Oiii]/[Cii] ratio as an indicator of the hardness of the radiation field present in the ISM and will
therefore address the origin of the [Cii]-deficit problem in the wider high-redshift galaxy population.

• Dust properties: We will measure the dust continuum of these galaxies at observed ⇠420 GHz
(equivalent to ⇠90µm in the rest-frame, which samples the peak of the dust SED). While a non-
detection at rest-frame ⇠160µm already puts constraints on the far-infrared luminosity (LFIR) and
ratio of obscured to unobscured star-formation, LFIR/LUV, the proposed observations will provide
excellent constraints on dust components with hot (⇠50K) dust temperatures. We will use the ratio
of UV luminosity to far-infrared luminosity to test if standard calibrations of dust attenuation for UV
bright galaxies (e.g. Meurer+1999, Calzetti+2000) are appropriate for these distant sources, or as
suggested by Capak et al. 2015, a SMC type dust law is needed to explain the low LFIR/LUV ratios.

Fig. 2. Left panel : The relationship between [Cii]�158µm line luminosity and star-formation rate described by the

local de Looze et al. (2014) relation and including the detections of the two galaxies that we propose to target (red

points). Interestingly, these two galaxies lie on the local SFR-L[CII] relation, unlike many previous [Cii] detections (or

non-detections) of z > 6 galaxies that came purely from Ly�-confirmed sources, which are found to have > 2⇥ fainter

L[CII] at a given SFR. The properties of the rest-frame UV lines, for example the Ly� equivalent width, will give insight

into the di�erence between [Cii]-bright and [Cii]-deficient galaxies. Right panel : The L[OIII]/L[CII] ratio as a function

of oxygen abundance for a Ly� emitter at z = 7.2 (blue star) from Inoue et al. (2016), as well as for z = 0 dwarf

and spiral galaxies (green circles and red inverted triangle). Our proposed observations will detect any line ratio above

L[OIII]/L[CII] > 2 and will therefore give insight into the variation of the high-redshift galaxy population.

Exposure time: We aim to measure the flux of the faint [Oiii]�88µm line in two galaxies with TBD!

In total, we therefore request 3.0 hrs.
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which show Ly↵ in emission. Given that Ly↵-emitting systems are generally lower in mass, their
[CII] luminosities are less (and maybe [CII] is anti-correlated with Ly↵). Perhaps Ly↵-emitting
galaxies are not the best sources to target to find bright [CII] emission?

Target Sources with High Intrinsic Luminosities and Precise Photometric Redshifts:
Given the high output from our pilot program – it is clear that there are other variables which are
important for the identification of luminous [CII] line emission from z > 6 galaxies. Of the variables
to consider, clearly the most important of these variables is the intrinsic luminosity in [CII] (⇠2-10⇥
higher than most Ly↵-emitters targeted!) and having tight constraints on the photometric redshift.

Fig 1:  Probable [CII] detections in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] 
= 6.8540 and z[CII] = 6.8075, respectively, we obtained with ALMA from our pilot program (Smit et 
al., in prep).  The left panels show the narrow bands over the detected lines.  These represent the 
highest luminosity [CII] galaxies thus far discovered at z>6.1 and represent the first galaxies to be 
spectroscopically confirmed in the Epoch of Reionization via any other line than Lyα.

Fig. 1. Detections of [Cii] in COS-3018555981 (top) and COS-2987030247 (bottom) at z[CII] = 6.8540 and

z[CII] = 6.8075, respectively, with ALMA (Smit et al., in prep). The left panels show the narrowbands over the

detected lines. These are the first galaxies, selected by a Lyman-break technique, to be spectroscopically confirmed in

the Epoch of Reionization via any other line than Ly� and more generally some of the most distant successful ALMA

observations to date. Given their SFRUV of 19-22M� yr�1, these sources are representative of the general galaxy

population (LUV ⇠ 2 ⇥ L� at z ⇠ 7). Our proposed observations will detect or put constraints the [Oiii]�88µm line

flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called
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flux of these galaxies, for unambiguous confirmation of the redshift of these sources, but moreover allowing for a better

understanding of the properties of galaxies at this very early epoch (without the bias of only studying Ly� emitters)

and improving our understanding of those sources that are prone to emit strong [Cii]�158µm emission.

were selected in the CANDELS-COSMOS field through HST+Spitzer constraints on the rest-frame
UV to optical photometry and have derived high [Oiii]+H� equivalent widths of 1100-1500 Å in the
rest-frame from the UV to optical spectral energy distribution (Smit et al., 2015). The presence of
strong [Oiii]+H� emission suggests a very hard radiation field and therefore a high [Oiii]/[Cii] ratio
(see Fig. 2), which allows for the execution of this program in a mere 3 hr integration including
overheads. With these observations we have the following scientific aims:

• Confirmation of ALMA as a ‘redshift machine’ for normal star-forming galaxies: This is
the first time [Cii] has been detected in a ‘normal’ (SFRUV ⇠19-22M� yr�1, SFRIR <16M� yr�1)
star-forming galaxy in the reionization epoch with no previous spectroscopic determination. While
the emission lines in COS-3018555981 and COS-2987030247 are confidently detected at 8 and 6 �
respectively, and the spectral energy distribution of these sources makes it highly unlikely that these
lines can be interpreted in any other way than being [Cii], the detection of [Oiii]�88µm would provide
unambiguous verification of the redshift of these sources. This could initiate a new use for ALMA as
the telescope of choice for following up the most distant sources.

• The role of [Oiii] in future ALMA follow-up: It has been suggested that the [Oiii]�88µm line
will be a more e�cient identifier for redshift determinations than [Cii] in the most distant sources.
We will measure the observational properties of [Oiii], such as the [Oiii]/SFR ratio and the relative
strengths of the [Oiii] and [Cii] fine structure lines and compare these to local scaling relations (de
Looze et al. 2014). With these measurements we will make predictions for future studies of similar
sources, in particular those sources at z > 8 where the [Oiii]�88µm line moves into ALMA Band 7,
how e�cient this line can be observed for a given galaxy star-formation rate.

• The L[CII]-SFR relation and the ionization field in the ISM: By measuring the [Oiii]�88µm
line flux and relating this to the ALMA [Cii] measurements, we will provide insight into the so-called

Fig 2:  [CII] luminosities of galaxies vs. redshift.  
Upper limits are 3σ.  Significant effort has been 
devoted to [CII] searches at z>6 (Ouchi+2013; Ota
+2014; Maiolino+2015; Schaerer+2015; Knudsen
+2016; Bradac+2016; Pentericci+2016), but have 
yielded only lower luminosity [CII] lines or upper 
limits(!), particularly vs. the z~5.5 Capak+2015 (grey) 
results.  Strikingly, however, by spending ~1 hour of 
ALMA time targeting bright z~6.8 galaxies with precise 
photometric redshifts, we identified the 2 most 
luminous [CII] lines (red circles) discovered to date in 
z>6.1 galaxies.  These results strongly suggest that 
by focusing on the follow-up of only those galaxies 
with spectroscopic redshifts, we may miss bright 
[CII] lines that would be easily identified from 
spectral scans of the brightest z~7 galaxies.
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Fig 3:  The relationship between [CII]158μm line 
luminosity and star-formation rate described by 
the local de Looze et al. (2014) relation and 
including the two galaxies that we detected in 
the pilot program (red points).  Interestingly, 
these two galaxies lie on the local SFR-L[CII] 
relation, unlike many previous [CII] detections (or 
non-detections) of z > 6 galaxies that came 
purely from Lyα-confirmed sources, which are 
found to have > 2x fainter L[CII] at a given SFR.  
Here we propose to target similar sources, as in 
the pilot program.  If the sources have similar 
[CII] luminosities, we will detect all of them.

problem of the ‘[Cii] deficit’ (e.g. Knudsen et al., 2017). In recent years, e�orts to measure [Cii]
in bright Ly↵ emitters such as ‘Himiko’ (Ouchi et al., 2013) have been unsuccessful, suggesting a
potential negative correlation between Ly↵ equivalent with and [Cii] luminosity. The detection of [Cii]
in COS-3018555981 and COS-2987030247 consistent with local relations (de Looze et al. 2011,2014),
where no previous Ly↵ detections were known seems consistent with this hypothesis.

The physical interpretation of this negative correlation could be driven by a hard ionization field
in the interstellar medium (ISM) of Ly↵ emitting galaxies (e.g. the fraction of ionised gas is high
due an abundance of young massive stars) or else could be an indication of a low column density of
(neutral) gas in the galaxy (e.g. the gas is expelled due to supernova feedback). The high [Oiii]+H�
equivalent widths of 1100-1500 Å in combination with the bright [Cii] detections in COS-3018555981
and COS-2987030247 suggests the latter case might be the likely scenario. Our proposed observations
will provide further insight into the physical properties of these distant galaxies by measuring the
[Oiii]/[Cii] ratio as an indicator of the hardness of the radiation field present in the ISM and will
therefore address the origin of the [Cii]-deficit problem in the wider high-redshift galaxy population.

• Dust properties: We will measure the dust continuum of these galaxies at observed ⇠420 GHz
(equivalent to ⇠90µm in the rest-frame, which samples the peak of the dust SED). While a non-
detection at rest-frame ⇠160µm already puts constraints on the far-infrared luminosity (LFIR) and
ratio of obscured to unobscured star-formation, LFIR/LUV, the proposed observations will provide
excellent constraints on dust components with hot (⇠50K) dust temperatures. We will use the ratio
of UV luminosity to far-infrared luminosity to test if standard calibrations of dust attenuation for UV
bright galaxies (e.g. Meurer+1999, Calzetti+2000) are appropriate for these distant sources, or as
suggested by Capak et al. 2015, a SMC type dust law is needed to explain the low LFIR/LUV ratios.

Fig. 2. Left panel : The relationship between [Cii]�158µm line luminosity and star-formation rate described by the

local de Looze et al. (2014) relation and including the detections of the two galaxies that we propose to target (red

points). Interestingly, these two galaxies lie on the local SFR-L[CII] relation, unlike many previous [Cii] detections (or

non-detections) of z > 6 galaxies that came purely from Ly�-confirmed sources, which are found to have > 2⇥ fainter

L[CII] at a given SFR. The properties of the rest-frame UV lines, for example the Ly� equivalent width, will give insight

into the di�erence between [Cii]-bright and [Cii]-deficient galaxies. Right panel : The L[OIII]/L[CII] ratio as a function

of oxygen abundance for a Ly� emitter at z = 7.2 (blue star) from Inoue et al. (2016), as well as for z = 0 dwarf

and spiral galaxies (green circles and red inverted triangle). Our proposed observations will detect any line ratio above

L[OIII]/L[CII] > 2 and will therefore give insight into the variation of the high-redshift galaxy population.

Exposure time: We aim to measure the flux of the faint [Oiii]�88µm line in two galaxies with TBD!

In total, we therefore request 3.0 hrs.

References •Adelberger et al. 2004 ApJ 607 226 •Bacon et al. 2015 A&A 575 75 •Benson et al.

Could we be missing the most luminous 
[CII] galaxies at z>6 by focusing on only 

those galaxies with spec-z’s?

Wide-Area Selection of High-Luminosity z = 7 Galaxies with Precise Redshift Deter-
minations: Encouraged by the success of our pilot program, we have made use of the extremely
wide-area optical, near-IR, and Spitzer/IRAC observations over the 1.5 degree2 UltraVISTA field to
enlarge our sample of ultra-bright z ⇠ 7 galaxies with precise photometric redshift measurements.
This resulted in a sample of 4 galaxies whose luminosities are similar or greater than those in our
pilot program and where the constraints on their photometric redshifts are equally strong.

2

[OIII] in z=7.21 Galaxy

see also [OIII] at z=8.38 (Laporte+2017)

Inoue+2016

Figure 1: [O III] 88 µm and Lyα emission images and spectra of SXDF-NB1006-2. (A)
The ALMA [O III] 88 µm image (contours) overlaid on the Subaru narrow-band Lyα image
(offsets from the position listed in Table 1). Contours are drawn at (−2, 2, 3, 4, 5)×σ, where
σ = 0.0636 Jy beam−1 km s−1. Negative contours are shown by the dotted line. The ellipse
at lower left represents the synthesized beam size of ALMA. (B) The ALMA [O III] 88 µm
spectrum with resolution of 20 km s−1 at the intensity peak position shown against the relative
velocity with respect to the redshift z = 7.2120 (blue dashed line). The best-fit Gaussian profile
for the [O III] line is overlaid. The RMS noise level is shown by the dotted line. (C) The
Lyα spectrum (17) shown as a function of the relative velocity compared to the [O III] 88 µm
line. The flux density is normalized by a unit of 10−18 erg s−1 cm−2 Å−1. The sky level on an
arbitrary scale is shown by the dotted line. The velocity intervals where Earth’s atmospheric
lines severely contaminate the spectrum are flagged (hatched boxes). The Lyα line shows a
velocity shift ∆v ≈ +110 km s−1 relative to the [O III] line (red dashed line).
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Pentericci+2016

ALMA

[CII] in z=7.154 Galaxy
2

constraints on the non-detection of the [CII] line, whereas the
third one showed a detection from a region that is not cen-
tered on the galaxy. None of the z ⇠ 7 galaxies are detected
in the far-IR continuum, which suggests a low dust mass. The
only exception is A1689-zD1 at z ⇠ 7.5 with a clear detection
of thermal dust emission (Watson et al. 2015). The above
results suggest a change in galaxies’ physical properties be-
tween z ⇠6 and z ⇠ 7.
In this work we present new observations of [CII] in four
LBGs at z ⇠ 7. Throughout the paper, we adopt a cosmology
with ⌦⇤ = 0.7, ⌦M = 0.3 and H0=70 km/s/Mpc. Magnitudes
are in the AB system.

2. SAMPLE SELECTION AND OBSERVATIONS

We have recently completed CANDELSz7, an ESO spec-
troscopic large program using FORS2 at the VLT. Our goal
is to systematically study the Ly↵ emission in galaxies from
z=5.5 to z=7.2 selected in the CANDELS fields (Grogin et al.
2011, Koekemoer et al. 2011). With the addition of previ-
ous data we have assembled a sample of >120 LBGs at z ⇠ 7
with homogeneous selection and deep spectroscopic obser-
vations (Pentericci et al. in preparation). In about 20% we
detect the Ly↵ line, with EW in some cases as low as 5 Å.
From this sample we have selected the seven brightest galax-
ies with: (1) precise redshifts between 6.6 and 7.2 from Ly↵
emission; (2) SFR > 15 - 30M�yr-1 based on UV emission,
assuming the Kennicutt (1998) calibration with no dust cor-
rection. While these LBGs all have Ly↵ emission, the major-
ity of them would not be selected by the usual LAE criteria
because the lines only have modest EW.

During Cycle-3 we obtained observations for four of the
seven galaxies approved in program 2015.1.01105.S. In Ta-
ble 1 we show their optical properties. NTTDF6345 was part
of one of our early studies (Pentericci et al. 2011), while
the other galaxies were confirmed by CANDELSz7. COS-
MOS13679 has been independently confirmed by Stark et al.
(2016). In Table 1 the coordinates reported are the HST H-
band centroids in all cases except for NTTDF6345, which was
detected with HAWK-I in Y-band (Castellano et al. 2010).
For NTTDF6345 we had previously obtained lower S/N data
in Cycle-2 (prog. 2013.1.01031.S ).

Objects were observed with ALMA in band 6 which has
baselines between 14.7 and 376.9 meters, and provides a min-
imal resolution of 0.9”. The center of the band was set at the
redshift corresponding to the peak of the Ly↵ emission. Sen-
sitivity was set to reach ⇠log(L[CII])=7.5 (with L[CII] in L�).
Observations were performed in Frequency Division Mode.
Out of the four spectral windows, SPW1 was centred on the
expected frequency of the [CII] line in the Upper Side Band.
This spectral band was set to a spectral resolution of 10 km
s-1. SPW0 was located on the continuum next to SPW1 (on
the higher frequency side), while SPW2 and SPW3 were lo-
cated in the Lower Side Band to sample the continuum.
The ALMA observations were carried out from April 2015 to
March 2016. The number of antennas ranged from 36 to 46.
The precipitable water vapour during the observations ranged
between 0.82 and 3.0 mm. The phases were centred at the
positions reported in Table 1. The data were reduced with
the Common Astronomy Software Application (CASA) and
the final images were produced using the CLEAN task. The
continuum image of each target was extracted using all the
line-free channels of the four spectral windows, while spec-
tral cubes were generated from the SPW1 dataset.

Figure 1. S. Spectra of the four galaxies in the region of the [CII] emission
line. The velocities are shown with respect to that inferred from the Ly↵
which is marked with the dashed vertical lines.



Introduction: Current State of the Art

# of z~7 Galaxies over Full Luminosity Range

Bright                                            Faint

Bouwens+2018 (in prep);  Bouwens+2017; Ono+2017; Bowler+2017; Salmon+2017

Hubble 
Frontier 
Fields

XDF+ 
HUDF-Ps

CANDELS
+ ERS

UltraVISTA/UDS/
HSC Fields

936 galaxies

+ 45 from CLASH 
(Bradley+2014)

+ 60 from RELICS 
[see Wednesday talk by 

B. Salmon]



Introduction: Current State of the Art

# of z~9-10 Galaxies over Full Luminosity Range

Bouwens+2018; Oesch+2017; see also Zheng+2012, Zitrin+2014; McLeod+2015, 2016; Infante+2017; Laporte+2016

XDF+ 
HUDF-Ps

Hubble 
Frontier 
Fields

CANDELS
+ ERS

71 galaxies

Bright                                            Faint



Introduction: Current State of the Art
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Introduction: Current State of the Art

CANDELS Observations completed August 2013 

Same fields covered with WFC3 Grism in AGHAST & 3D-HST 

EGS  
30’x6’ 

UDS  
22’x8’ 

COSMOS  
22’x8’ 

GOODS-N 
14’x10’ 

GOODS-S  
10’x13’ 

HUDF

Grogin+ 11
Koekemoer+ 11

CANDELS Observations completed August 2013 

Same fields covered with WFC3 Grism in AGHAST & 3D-HST 

EGS  
30’x6’ 

UDS  
22’x8’ 

COSMOS  
22’x8’ 

GOODS-N 
14’x10’ 

GOODS-S  
10’x13’ 

HUDF

Grogin+ 11
Koekemoer+ 11

Wide-Area Ground-
Based Probes

Very 
Deep
HST

(HUDF)

Large Areas Tiled with HST + Ground-Based Telescopes

Deep, Wide-Area 
HST Probes
(CANDELS)

UltraVISTA

UDS

 + Hubble Frontier Fields + 
RELICS + BoRG + CLASH +
Hyper-Supreme-Cam Fields



Introduction: Current State of the Art

Bouwens+2018 (in prep); Oesch+2017

Build-up of Galaxies as Evident from UV LFs

Using the Hubble 
Frontier Fields, the 

XDF, CANDELS, and 
almost all other 
significant HST +

ground-based probes



Envisioning the Tremendous Potential of Future Facilities

From One Set of Telescopes to a New Set
Current 

(Approaching 
 Retirement)

Future

Current  
(Still Maturing)

  

Euclid

- Euclid is an ESA mission to map the geometry 
of the dark Universe (ESA)

ALMA

HST

Spitzer

VISTA
WFIRST

Euclid

JWST



Important Outstanding Questions

I.  Do High-Redshift Galaxies Form Stars More Efficiently than Lower 
Redshift Galaxies Do?

II.  What is the Abundance of Very Massive Galaxies at High Redshifts 
and When Do They Quench?

VI.  How can we better understand the role gas plays in the build-up of 
stellar mass in galaxies?

III.  How does star formation proceed in the lowest luminosity galaxies?

IV.  Do galaxies drive cosmic reionization?
- To which masses is star formation efficient?   (cooling/feedback)

- What is the Lyman-continuum production efficiency?
- What is the escape fraction for Lyman-Continuum photons?

- How efficient is star formation at high redshifts?  (see I)

V.  How rapidly do metals and dust build in distant galaxies to create 
an effective ISM?



Puzzle #1: Efficiency of Star Formation in Galaxies at High Redshifts

I.   How Efficiently Do High-Redshift Galaxies Form 
Stars?

Could it be higher than at low redshift?



Puzzle #1: Efficiency of Star Formation in Galaxies at High Redshifts

Integrated Star Formation Efficiency vs.  
Halo Mass

16 BEHROOZI ET AL
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Yang et al. 2012 (CLF)
Yang et al. 2009a (CL)
Hansen et al. 2009 (CL)
Lin & Mohr 2004 (CL)
Behroozi et al. 2013

FIG. 14.— Comparison of our best-fit model at z = 0.1 to previously published results. Results compared include those from our previous work (Behroozi et al.
2010), from abundance matching (Moster et al. 2013; Reddick et al. 2012; Moster et al. 2010; Guo et al. 2010; Wang & Jing 2010), from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012), and from cluster catalogs (Yang et al. 2009a; Hansen et al. 2009; Lin & Mohr 2004). Grey shaded regions correspond to
the 68% confidence contours of Behroozi et al. (2010). The one-sigma posterior distribution for our model is shown by the red error bars.
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z = 1.0
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z = 3.0

FIG. 15.— Comparison of our best-fit model at z = 1.0 and z = 3.0 to previously published results. Results compared include those from our previous
work (Behroozi et al. 2010), from abundance matching (Moster et al. 2013, 2010; Conroy & Wechsler 2009; Wang & Jing 2010), and from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012; Wake et al. 2011). Yang et al. (2012) reports best fits for two separate stellar mass functions, and we include both at z = 3.0.
Grey shaded regions correspond to the 68% confidence contours of Behroozi et al. (2010).

Behroozi+2013

M*/
Mhalo

z~8?
The M*/Mhalo 

ratio of
galaxies appears 

to be only a 
function of
halo mass



Puzzle #1: Efficiency of Star Formation in Galaxies at High Redshifts

Star Formation Efficiency (SFE) Debate:

Yes:
Higher at High-z

Behroozi+2013

Finkelstein+2015

Harikane+2016

Is the SFE at high-redshift higher?

Stefanon+2017

Harikane+2017

No:
Similar at High-z

vs.



Puzzle #1: Efficiency of Star Formation in Galaxies at High Redshifts

Resolution Strategy #1:  Establish Masses at High Redshift

Spitzer/IRAC?   but the sensitivity is limited and there is 
contamination by nebular emission lines at z>5

JWST/NIRCAM/MIRI?  Definitely, but 2 years into the future

Stellar

Stellar Mass = Integrated Star Formation Rate



Puzzle #1: Efficiency of Star Formation in Galaxies at High Redshifts

Resolution Strategy #1:  Establish Masses at High Redshift

ALMA as a probe of dynamical masses!

Dynamical Characterization of Galaxies at z∼ 4− 6 9
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Figure 2. Resulting images. Column 1: rotation curve. Column 2: data velocity field. Column 3: fit model velocity field.
Column 4: residual (data - model) velocity field. Best fit systemic velocity (i.e., RC2) is subtracted from each velocity field.

(pathfinder for JWST)

HZ10
z=5.6566

Jones+2017

COS3018555981

Figure 3 | Velocity structure of the detected [C II] in the two galaxies from this study. The

velocity field measured in our galaxies COS-3018555981 (a) and COS-2987030247 (b). The ob-

servations are spatially resolved, as shown by the beamsize of the observations indicated by the

grey ellipse in the bottom right corner and reveal a projected velocity difference over the galaxy

of 111± 28 and 54± 20 kms�1 respectively. Given the low angular resolution of the observa-

tions, the detected velocity gradients can be interpreted as disk rotation or potentially a merger

with two or more velocity components.

14

z=6.854

Smit+2018 (Nature, in press)

Mdyn ~ 1010 MsolMdyn ~ 1011 Msol

=> Consistent with no evolution, but with large errors

Dynamical



Puzzle #1: Efficiency of Star Formation in Galaxies at High Redshifts

Resolution Strategy #2:  Prevalence of Galaxies at z >> 8
z ⇠ 10 UV LF from Legacy HST Fields 9
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Fig. 5.— The evolution of the cosmic SFR density at high redshift integrated down to a UV luminosity of MUV = �17.0 (SFR
> 0.3 M� yr�1). Lower redshift measurements (gray dots) have been updated from ALMA constraints in Bouwens et al. (2016b) assuming
an evolving dust temperature and they include a small contribution from ULIRGS. Also shown are the measurements from Ishigaki et al.
(2015, pink triangle) and McLeod et al. (2016, blue triangles), which have been corrected to our integration limit and UV luminosity to
SFR conversion factor. The new measurement from the combination of all HST fields (shown in dark red) confirms the rapid evolution
of the SFRD between z ⇠ 8 to z ⇠ 10 as has previously been found in the HUDF+GOODS fields. The evolution is significantly faster
than at lower redshift (gray shaded region), which is not unexpected given the fast evolution of the halo mass function over this redshift
range. To illustrate this, the orange shaded region shows the relative evolution of the cumulative DM halo mass function integrated down
to log Mh/M� = 9.5 � 10.5 and normalized at the z ⇠ 8 SFRD value. Clearly, the evolution of the DM halos is in very good agreement
with the drop in the SFRD at z > 8.

surable quantities.
In summary, the comparison of our observations with

theoretical predictions shows that our current z ⇠ 10
candidate galaxy sample lies at the lower end of the pre-
dicted range, both in UV LFs and in the absolute number
of candidates. It will be important to keep this in mind
when using these models to define survey strategies for
JWST and to predict higher-redshift number counts.

4.2. The Cosmic SFRD at z ⇠ 10

The evolution of the cosmic SFRD at z > 8 has been
a matter of debate in the recent literature. In particu-
lar, several authors claimed a shallower evolution than
has been inferred from the combination of the XDF
and GOODS datasets by our team. However, most of
these studies were based on the analysis individual, small
fields, and a very small number of candidates. Given the
large survey volume in the combined HST dataset we
analyzed here, we can now derive the best possible con-
straint on the SFRD at z ⇠ 10 based on the UV LFs we
derived in the previous section.
Thanks to the lensing magnification in the HFF cluster

fields, we have further constrained the UV LF to fainter
limits than possible with the XDF/HUDF12 dataset, al-
lowing us to derive the SFRD to lower limits than in
our previous analyses without any extrapolation. We
use an updated conversion factor from UV luminosity to
star-formation rate as discussed in Madau & Dickinson
(2014): K

UV

= 1.15⇥ 10�28 M� yr�1/erg s�1 Hz�1. We
then integrate the UV LF down to M

UV

= �17, which
corresponds to a SFR limit of 0.3M� yr�1, given our

adopted conversion factor.
The resulting SFRD values at z ⇠ 10 based on the

di↵erent assumptions about the UV LF Schechter func-
tion parameters are tabulated in Tab. 5. In partic-
ular, our best-fit UV LF results in a SFRD value of
log ⇢̇⇤ = �3.31 ± 0.14 M� yr�1 Mpc�3. This is in very
good agreement with our previous measurements (Oesch
et al. 2014; Bouwens et al. 2016c). As can be seen from
the table, the SFRD also does not change significantly
between our di↵erent assumptions about the Schechter
function parameters. We consistently find values around
log ⇢̇⇤ = �3.3 M� yr�1 Mpc�3.
It is interesting to compare this measurement to the

SFRD at lower redshift. Fig. 5 also shows these measure-
ments based on new dust correction factors motivated
by ALMA observations and adding a small contribution
from dusty galaxies. In particular, we plot the values
assuming an evolving dust temperature from Tab. 10
in Bouwens et al. (2016b), which were integrated to the
same luminosity limit. We only applied a small correc-
tion due to the di↵erent conversion factor K

UV

.
A power law fit to the z ⇠ 4 � 8 values results in a

SFRD evolution / (1 + z)�4.2. When extrapolating this
to z ⇠ 10, our measurement lies a factor 5-6⇥ below this
trend, similar to our earlier findings, but in contrast to
some recent claims by other authors (e.g., McLeod et al.
2016). Note, however, that all the previous measure-
ments of the z ⇠ 10 SFRD that found values consistent
with the lower redshift evolution were all based on very
small samples or on very limited data. For instance, the
SFRD measurement by McLeod et al. (2016) was only

Oesch+2017; Ishigaki+2017; McLeod+2016; Bouwens+2016; Oesch+2013, 2014
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of the SFRD between z ⇠ 8 to z ⇠ 10 as has previously been found in the HUDF+GOODS fields. The evolution is significantly faster
than at lower redshift (gray shaded region), which is not unexpected given the fast evolution of the halo mass function over this redshift
range. To illustrate this, the orange shaded region shows the relative evolution of the cumulative DM halo mass function integrated down
to log Mh/M� = 9.5 � 10.5 and normalized at the z ⇠ 8 SFRD value. Clearly, the evolution of the DM halos is in very good agreement
with the drop in the SFRD at z > 8.

surable quantities.
In summary, the comparison of our observations with

theoretical predictions shows that our current z ⇠ 10
candidate galaxy sample lies at the lower end of the pre-
dicted range, both in UV LFs and in the absolute number
of candidates. It will be important to keep this in mind
when using these models to define survey strategies for
JWST and to predict higher-redshift number counts.

4.2. The Cosmic SFRD at z ⇠ 10

The evolution of the cosmic SFRD at z > 8 has been
a matter of debate in the recent literature. In particu-
lar, several authors claimed a shallower evolution than
has been inferred from the combination of the XDF
and GOODS datasets by our team. However, most of
these studies were based on the analysis individual, small
fields, and a very small number of candidates. Given the
large survey volume in the combined HST dataset we
analyzed here, we can now derive the best possible con-
straint on the SFRD at z ⇠ 10 based on the UV LFs we
derived in the previous section.
Thanks to the lensing magnification in the HFF cluster

fields, we have further constrained the UV LF to fainter
limits than possible with the XDF/HUDF12 dataset, al-
lowing us to derive the SFRD to lower limits than in
our previous analyses without any extrapolation. We
use an updated conversion factor from UV luminosity to
star-formation rate as discussed in Madau & Dickinson
(2014): K

UV

= 1.15⇥ 10�28 M� yr�1/erg s�1 Hz�1. We
then integrate the UV LF down to M

UV

= �17, which
corresponds to a SFR limit of 0.3M� yr�1, given our

adopted conversion factor.
The resulting SFRD values at z ⇠ 10 based on the

di↵erent assumptions about the UV LF Schechter func-
tion parameters are tabulated in Tab. 5. In partic-
ular, our best-fit UV LF results in a SFRD value of
log ⇢̇⇤ = �3.31 ± 0.14 M� yr�1 Mpc�3. This is in very
good agreement with our previous measurements (Oesch
et al. 2014; Bouwens et al. 2016c). As can be seen from
the table, the SFRD also does not change significantly
between our di↵erent assumptions about the Schechter
function parameters. We consistently find values around
log ⇢̇⇤ = �3.3 M� yr�1 Mpc�3.
It is interesting to compare this measurement to the

SFRD at lower redshift. Fig. 5 also shows these measure-
ments based on new dust correction factors motivated
by ALMA observations and adding a small contribution
from dusty galaxies. In particular, we plot the values
assuming an evolving dust temperature from Tab. 10
in Bouwens et al. (2016b), which were integrated to the
same luminosity limit. We only applied a small correc-
tion due to the di↵erent conversion factor K

UV

.
A power law fit to the z ⇠ 4 � 8 values results in a

SFRD evolution / (1 + z)�4.2. When extrapolating this
to z ⇠ 10, our measurement lies a factor 5-6⇥ below this
trend, similar to our earlier findings, but in contrast to
some recent claims by other authors (e.g., McLeod et al.
2016). Note, however, that all the previous measure-
ments of the z ⇠ 10 SFRD that found values consistent
with the lower redshift evolution were all based on very
small samples or on very limited data. For instance, the
SFRD measurement by McLeod et al. (2016) was only
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Fig. 11.— Ks and 4.5µm postage stamps of our z ≥ 5 galaxy candidates. The field shown in each stamp is of ∼ 12× 12 arcsec2.

TABLE 3
IRAC coordinates and properties of the z ≥ 5 galaxy candidates.

ID RA(J2000) DEC(J2000) zphot AV (mag) Mst (×1011 M⊙)

66110 09:57:38.80 +01:44:37.9 5.48+1.04
−0.92 1.80± 0.45 2.95± 0.95

120769 09:57:41.32 +01:59:41.5 5.56+1.40
−0.68 1.20± 0.30 1.23± 0.39

144397 10:00:47.88 +02:06:09.2 5.04+1.96
−2.28 2.40± 0.60 1.85± 0.59

154286 10:00:56.69 +02:08:49.4 5.00+1.24
−1.98 0.30± 0.30 3.35± 1.10

177325 09:57:28.92 +02:14:46.6 5.04+1.96
−1.80 2.10± 0.60 1.37± 0.44

185047 10:01:56.87 +02:16:51.2 5.40+0.80
−0.40 0.30± 0.30 0.63± 0.20

231699 09:57:27.65 +02:29:06.6 6.04+0.96
−0.24 0.50± 0.30 1.77± 0.57

234978 10:02:12.64 +02:30:01.0 5.00+1.80
−0.96 1.20± 0.45 2.76± 0.88

260169 10:01:57.76 +02:36:48.2 5.68+0.16
−0.72 0.70± 0.30 1.00± 0.32

TABLE 4
GSMF constraints at 5 ≤ z ≤ 7.

log10(M/M⊙) log10(ΦM/Mpc−3 dex−1)
5.0 ≤ z < 6.0 6.0 ≤ z ≤ 7.0

10.40 > −5.19 · · ·
10.60 > −5.44 · · ·
10.80 > −5.33 · · ·
11.00 > −5.17 · · ·
11.20 > −5.41 > −6.01
11.40 −5.10+0.25

−0.39 < −6.14

11.60 −5.36+0.27
−0.42 < −6.14

shifts, which sample the intermediate-mass regime. Our
possibility of investigating the GSMF highest-mass end
at zphot ≥ 5 is unique, thanks to the combination of the
COSMOS large area and depth of the UltraVISTA sur-
vey.
Figure 13 shows our GSMF computed with the V/Vmax

method at redshifts 5 ≤ zphot < 6 and 6 ≤ zphot < 7
(see also Table 4). For the GSMF at 5 ≤ z < 6, we

considered a combination of the UltraVISTA galaxies
with Kauto

s < 24 (comprising 70 galaxies from the DR1
over ∼ 1.5 deg2), and the new galaxies with [4.5] < 23,
Kauto

s > 24 studied here. At 6 ≤ zphot < 7, instead, we
only considered our single z > 6 galaxy in our new sam-
ple, as no robust galaxy candidate with Kauto

s < 24 has
been identified in the UltraVISTA DR1 at these high red-
shifts. The upper limits have been computed considering
the fact that we have no galaxies with M > 2× 1011 M⊙

at z ≥ 6 in the UltraVISTA ultra-deep area.
From our GSMF determination at zphot ≥ 5, it may

seem apparent that the highest-mass end at Mst > 1.6−
2.0× 1011M⊙ had only a modest evolution from z ∼ 5.5
to z ∼ 3.5. However, note that the number density of
such massive galaxies still rose by a factor of ∼ 4 in a
time period of only ∼ 0.8 Gyr.
Instead, the number density of such very massive

galaxies drops sharply at z > 6. We find almost one dex
difference in the number density of very massive galaxies
between z ∼ 6.5 and z ∼ 5.5. Taking into account that
the cosmic time elapsed between these two redshifts is

Caputi+2015
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In the early Universe finding massive galaxies that have stopped
forming stars present an observational challenge as their rest-
frame ultraviolet emission is negligible and they can only be re-
liably identified by extremely deep near-infrared surveys. These
have revealed the presence of massive, quiescent early-type
galaxies1–6 appearing in the universe as early as z⇠2, an epoch 3
Gyr after the Big Bang. Their age and formation processes have
now been explained by an improved generation of galaxy formation
models7–9 where they form rapidly at z⇠3–4, consistent with the
typical masses and ages derived from their observations. Deeper
surveys have now reported evidence for populations of massive,
quiescent galaxies at even higher redshifts and earlier times, how-
ever the evidence for their existence, and redshift, has relied en-
tirely on coarsely sampled photometry. These early massive, qui-
escent galaxies are not predicted by the latest generation of theo-
retical models.7–10 Here, we report the spectroscopic confirmation
of one of these galaxies at redshift z=3.717 with a stellar mass of
1.7⇥1011 M� whose absorption line spectrum shows no current
star-formation and which has a derived age of nearly half the age
of the Universe at this redshift. The observations demonstrates
that the galaxy must have quickly formed the majority of its stars
within the first billion years of cosmic history in an extreme and
short starburst. This ancestral event is similar to those starting to
be found by sub-mm wavelength surveys11–14 pointing to a possi-
ble connection between these two populations. Early formation of
such massive systems is likely to require significant revisions to our
picture of early galaxy assembly.

The massive galaxy ZF-COSMOS-20115 was selected from a sam-
ple of galaxies15 identified photometrically as having a spectral break
between the H

long

(1.7µm) and K
s

(2.2µm) bands. This break, identi-
fied as the redshifted hydrogen Balmer limit in intermediate age stellar
populations, together with the full 36 band photometric spectral energy
distribution (SED), suggests that these are quiescent at 3.5 < z < 4.1,
with strongly suppressed star formation, stellar ages of 0.5–1 Gyr and
large stellar masses (' 1011 M�) driven by their K-band brightness.
Alternate redshifts and SED solutions were strongly ruled out by the
combination of medium and narrow band photometry. ZF-COSMOS-
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Figure 1: Spectrum of ZF-COSMOS-20115 in the near-infrared K band. The
wavelength axis is the same in all three panels. The galaxy was also observed
in H band, but continuum was not detected, which is consistent with the level
expected from the photometric break between the H and K bands. a, Origi-
nal 2D sky-subtracted K-band spectrum from MOSFIRE at its native resolution
(�/�� = 3200). The vertical white lines show where strong night sky residu-
als were masked. b, Same 2D spectrum optimally smoothed with a boxcar filter
to a lower resolution of 70Å, to enhance visibility of the continuum and broad
absorption lines. c, The optimally-extracted 1D spectrum, both binned at 20Å
resolution and smoothed by a boxcar filter of 70Å to enhance the main absorp-
tion features, as in b. Three strong Hydrogen Balmer absorption lines (H�, H�
and H�) are clearly seen, characteristic of a post-starburst spectrum. Balmer
emission lines are not seen, confirming the lack of current star-formation. An
example post-starburst template fit is overlaid. The grey band indicates the 1�
noise level, and the regions most affected by telluric corrections are also indi-
cated by the labelled shading.

20115 is the brightest of this sample with K
AB

= 22.4 and has a
typical SED for this population. It is very compact and red with an
effective radius16 of only 0.5 kpc. We obtained a K-band spectrum
(Figure 1) which shows a significant continuum and clear Balmer ab-
sorption lines of H�, H� and H� at z = 3.717. This is a significantly
earlier epoch (1.65 Gyr after the Big Bang) than previous spectroscopy
of massive quiescent galaxies.1–6 The most distant prior example5 at
z = 2.99 had spectrophotometry that required formation at z > 4,
however the grism spectrum was too low resolution to show absorp-
tion lines to confirm the nature of the stellar population. Balmer lines
are a quintessential feature of a ‘post-starburst’ type-spectrum because
they arise from A-type stars with lifetimes of 200–1000 Myr. Spec-
troscopic absorption lines can provide robust age constraints as they
identify specific time-sensitive stellar populations, whereas estimates
based on multi-band photometry for red galaxies are very degenerate
with the dust attenuation and can be subject to systematic errors be-
tween different instruments at different wavelengths17. The absence
of strong emission lines implies the previous SED-fitting and mass-
estimate were robust.

In Figure 2 we show how the strength of the absorption lines by
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Figure C1: SED–fitting for the objects in the reference sample. Shown is the best fit using the TH libraries, with z = zCANDELS ,
with (red line) and without (black line) the inclusion of nebular emission; in many cases the two fits almost coincide, so the
two lines are superposed. The physical parameters of the best fit models are reported on the bottom of each plot, with colours
(blue or black) corresponding to the considered fit.

MNRAS 000, 1–28 (2017)

z ~ 4.63

Discovery of bright z ' 7 galaxies in the UltraVISTA survey 9

Figure 5. SED fits for each member of the final sample of ten high-redshift galaxies presented in this paper. Where the candidate has a non-detection (below
the 1� level) in a given band, that point has been plotted with an arrow where the tip represents the 1� limiting depth. The best-fitting high-redshift galaxy
template (without Ly↵) is shown in blue in the left hand panel, with the best-fitting alternative low-redshift template shown in red. The inset shows the
redshift-�2 distribution produced in the fitting process, where the redshift range 6.5 < z < 7.5 targeted in this study is highlighted in grey. The best-fitting
low-redshift galaxy templates have a redshift around z ' 1.2 � 1.6, due to the fact that a 4000Å/Balmer break in the model galaxy spectra can sometimes
reproduce the observed spectral break at ⇠ 1µm if the data have insufficient dynamic range. For each object the best-fitting stellar template is shown in the
right-hand panel, where photometry measured in a 1.200diameter aperture has been used. The inset for the dwarf-star plots shows the �2 distribution versus
stellar type, with effective temperature decreasing from M4 through to T8. The resulting best-fit photometric redshift, stellar type and derived parameters are
detailed in Table 3.
c� 2012 RAS, MNRAS 000, 1–17
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Figure 3. Left panels: SED for the three LBGs at z ! 8. The colored squares with black errorbars mark the photometric
measurements, while arrows represent 2σ upper limits. Open squares and arrows mark the IRAC 3.6µm, 4.5µm and 5.8µm
bands, not used for the measurement of the fiducial photometric redshift. Photometry in the HST WFC3 bands is indicated
by the green points and arrows; HyperSuprimeCam Survey data is represented in yellow. The fiducial best fit SED template
from EAzY is indicated by the thick blue curve; the thin dark blue curve represents the best-fit SED when all bands are used
for the photometric redshift measurement; the light brown curve presents the best-fitting brown-dwarf template,
while the grey curve the solution obtained forcing the redshift to be z < 6. Right panels: Redshift likelihood
distributions (p(z)) for the three LBGs for the fiducial solution (blue) and for the solution obtained considering the full set of
flux measurements. The label in the top-left corner indicates the estimated photometric redshifts. The p(z) are peaked, with
no or very low integrated probability for a secondary solution at lower redshifts. We caution the reader, however, that given the
flux inconsistency between the H160 and the UltraVISTA H bands, the redshift estimate for UVISTA-Y-5 may be less robust
than that of the other two sources; further details are discussed in Sect. 4 and Appendix A. The SEDs of three other
ultra-luminous (MUV " −22) z ∼ 8 candidates are presented in Figure 11 from Appendix B.
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Figure 5. Postage-stamp HST/WFC3 images of the final sample of 22 LBGs at z ' 7 (initially selected in Bowler et al. 2014). The
galaxies are ordered by absolute UV magnitude, with the brightest object in the upper left (M

UV

=�23.1) and the faintest in the lower
right (M

UV

= �20.7). The colour scale for each stamp has been scaled between a minimum surface brightness of 26mag/arcsec

2 and the
peak surface brightness (typically 22mag/arcsec

2) to highlight any extended emission. Contours are shown in 0.5mag intervals bright-ward
of 25mag/arcsec

2. Each stamp is 3arcsec on the side, with North to the top and East to the left. The images are centred on the coordinates
determined from the ground-based selection, where each stamp displays a single ground-based object. The physical distance in kpc has
been calculated according to the redshift of each galaxy and is displayed as a scale-bar in the upper right of each stamp. Galaxies that
show multiple distinct components at z > 6 are highlighted with the letter ‘m’ in the lower left-hand corner of the stamp.

sults are similar to those found by Kawamata et al. (2015)
in a study of LBGs found within the HFF program, who
found that LBGs at z ⇠ 8 with multiple cores tended to be
at the bright-end of their sample. The depth of our WFC3
data is su�cient to detect if the galaxies in our sample
with 24.5 < m

AB

< 25.0 consisted of multiple components,
however the most clumpy LBGs are clearly preferentially
found at the bright-end of our sample. At the faint end of
our sample however, our observations are only sensitive to
multiple-component systems without extended/low surface
brightness emission (see the Appendix), and hence deeper
data are required to robustly determine the morphologies
of M

UV

' �21 LBGs at z ' 7. We note here that the LBGs
in this sample were selected independently of the surface
brightness profile due to the dominant e↵ect of the relatively
large ground-based PSF, and hence we are not strongly bi-
ased to compact systems.

4.4 Interaction/merger fraction

Visibly disturbed, elongated or clumpy galaxies at high-
redshift have often been interpreted as merging sys-

tems (Conselice 2014). The merger fraction at intermedi-
ate redshift has been calculated by using non-parametric
morphology measurements such as the Concentration-
Asymmetry-Clumpiness (CAS; Conselice et al. 2003) or the
Gini/M20 parameters (Lotz et al. 2004), which when com-
bined with an estimate of the timescale for merger activity
to be visible (200–800Myrs; Lotz et al. 2010a,b), can be con-
verted into a merger rate. At very high redshifts however,
the small size of the galaxies with respect to the PSF re-
sults in biases in these parameters which depend sensitively
on the depth of the imaging (Jiang et al. 2013b; Curtis-
Lake et al. 2016), and hence visual inspection is often em-
ployed to estimate the merger/interaction fraction. In our
sample of bright z ' 7 LBGs, we find 9 galaxies that show
distinct components that could be attributed to a merging
system (7 excluding the known LAEs ‘Himiko’ and ‘CR7’).
These 9 objects are highlighted in Table 2. In addition, sev-
eral of the single component objects show extended emission
or an elongation, and hence we place a lower limit on the
merger fraction of > 40 percent from visual inspection. For
fainter LBGs at z ' 7 however, the disturbed fraction is sig-
nificantly lower (< 10 percent) despite the data being suf-

MNRAS 000, 1–25 (2016)

Stefanon+2017

z = 8.4

from z = 6 to z = 5

see also next talk on BoRG from M. Trenti
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GN-z11 
H160=25.95


zgrism = 11.1±0.1

CANDELS/GOODS-North
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Fig. 5.— Grism Spectrum of GN-z11. The top panel shows the (negative) 2D spectrum from the stack of our cycle 22 data (12 orbits)
with the trace outlined by the dark red lines. For clarity the 2D spectrum was smoothed by a Gaussian indicated by the ellipse in the lower
right corner. The bottom panel is the un-smoothed 1D flux density using an optimal extraction rebinned to one resolution element of the
G141 grism (93 Å). The black dots show the same further binned to 560 Å, while the blue line shows the contamination level that was
subtracted from the original object spectrum. We identify a continuum break in the spectrum at � = 1.47± 0.01 µm. The continuum flux
at � > 1.47 µm is detected at ⇠ 1 � 1.5� per resolution element and at 3.8� per 560 Å bin. After excluding lower redshift solutions (see
text and Fig 4), the best-fit grism redshift is z

grism

= 11.09+0.08
�0.12. The red line reflects the Ly↵ break at this redshift, normalized to the

measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J
125

� H
160

> 2.4 (2�), without
a spectrum, we could not exclude contamination by a
source with very extreme emission lines with line ratios
reproducing a seemingly flat continuum longward of 1.4
µm (Oesch et al. 2014).
The previous AGHAST spectra already provided

some evidence against strong emission line contam-
ination (Oesch et al. 2014), and we also obtained
Keck/MOSFIRE spectroscopy to further strengthen this
conclusion (see appendix). However, the additional 12
orbits of G141 grism data now conclusively rule out that
GN-z11 is such a lower redshift source. Assuming that all
the H-band flux came from one emission line, we would
have detected this line at > 10�. Even when assuming
a more realistic case where the emission line flux is dis-
tributed over a combination of lines (e.g., H� + [O III]),
we can confidently invalidate such a solution. The lower
left panel in Figure 4 compares the measured grism spec-
trum with that expected for the best-fit lower redshift
solution we had previously identified (Oesch et al. 2014).
A strong line emitter SED is clearly inconsistent with
the data. Apart from the emission lines, which we do
not detect, this model also predicts weak continuum flux
across the whole wavelength range. At < 1.47 µm, this is

higher than the observed mean, while at > 1.47 µm the
expected flux is too low compared to the observations.
Overall the likelihood of a z ⇠ 2 extreme emission line
SED based on our grism data is less than 10�6 and can
be ruled out.
Note that in very similar grism observations for a

source triply imaged by a CLASH foreground clus-
ter, emission line contamination could also be excluded
(Pirzkal et al. 2015). We thus have no indication cur-
rently that any of the recent z ⇠ 9�11 galaxy candidates
identified with HST is a lower redshift strong emission
line contaminant (but see, e.g., Brammer et al. 2013, for
a possible z ⇠ 12 candidate).

3.3. Excluding a Lower-Redshift Dusty or Quiescent
Galaxy

Another potential source of contamination for very
high redshift galaxy samples are dusty z ⇠ 2� 3 sources
with strong 4000 Å or Balmer breaks (Oesch et al. 2012;
Hayes et al. 2012). However, the fact that the IRAC data
for GN-z11 show that it has a very blue continuum long-
ward of 1.6 µm, together with the very red color in the
WFC3/IR photometry, already rules out such a solution
(see SED plot in Figure 4). Nevertheless, we additionally

Oesch+2016

Including One Especially Bright, Massive Galaxy 
Candidate at z=11.1:
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The discovery of some bright sources at high 
redshifts is highly unexpected!
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Does GN-z11 tell us something fundamentally 
new about early galaxy formation?

Oesch+2016; Trac+2015; Mashian+2015; Mason+2015

Detection of a bright z=11.1 galaxy over CANDELS program is 
quite unexpected!

Expected to require 10-100x 
larger areas to find one such 
bright z~11 galaxy as GN-z11

Difficult to draw conclusions 
based on one source.  Need a 
larger survey!



Puzzle #3:  Star Formation in Very Low-Mass Halos

III.   What is the efficiency and mode of star 
formation in very low-mass galaxies?



Puzzle #3:  Star Formation in Very Low-Mass Halos

Predicted z~6 UV LF including halos above a given mass

> 3 x 109 Msol

> 109 Msol

> 3 x 108 Msol

Observations probing the 
extreme faint end of the LF from 

the Hubble Frontier Fields 
program allow us to probe the 

efficiency of star formation in the 
lowest mass halos

Predicted Faint End of the UV 
LFs impacted by the efficiency 
of star formation in low-mass 
halos (Finlator model used to 

illustrate).

Finlator+2016; see also Dayal+2014; Castellano+2016; Yue+2017 [see also talk by N. Menci today]

(only star formation in halos with 
these masses)



Puzzle #3:  Star Formation in Very Low-Mass Halos

(only star formation in halos with 
these masses)

Predicted z~6 UV LF including halos above a given mass

> 3 x 109 Msol

> 109 Msol

> 3 x 108 Msol

Star Formation Appears to 
be Efficient in Halos to

> 2 x 109 Msol

Observations probing the 
extreme faint end of the LF from 

the Hubble Frontier Fields 
program allow us to probe the 

efficiency of star formation in the 
lowest mass halos

Predicted Faint End of the UV 
LFs impacted by the efficiency 
of star formation in low-mass 
halos (Finlator model used to 

illustrate).

Finlator+2016; see also Dayal+2014; Castellano+2016; Yue+2017 [see also talk by N. Menci today]



Puzzle #3:  Star Formation in Very Low-Mass Halos

What about star formation in very low-mass galaxies?

Atek+2015; Livermore+2017; Bouwens+2017; Ishigaki+2017; Laporte+2016

Several groups have 
independently derived the 

prevalence of z~6-8 galaxies 
to very low-luminosities.

see also Wednesday talks by M. Bradac / H. Atek
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Many Issues to Consider for Lensing Cluster LF Determinations

Forward Modeling 
Magnification Uncertainties

Accurate Subtraction  of 
Intracluster Light

Leveraging “Median” 
Community Magnification Maps

Calibration of Source 
Sizes from HFF Data

Merlin+2016; Livermore+2017; 
Oesch+2015; Atek+2015; 

Bouwens+2017

Livermore+2017; 
Bouwens+2017

Bouwens+2017

Bouwens+2017, 2018; 
Kawamata+2016, 2018; 

Laporte+2016

Impacts the slope α and faint-
end form for UV LF

Identification of sources near 
cluster center

Utilize high-magnification 
factors only when models agree

Helpful for modeling the impact 
of magnification uncertainties 
which could hide a potential 

turn-over in LF



Puzzle #3:  Star Formation in Very Low-Mass Halos

Faint Sources in Distant Universe Have Observed Sizes 
Similar to Star Cluster Complexes (e.g., 30 Doradus)

Bouwens+2017a,b;  see also Vanzella+2017a,b; Laporte+2016; Kawamata+2015, 2017

Intrinsic sizes + 
luminosities measured for 
a sample of z=6-8 galaxies 
from the  Hubble Frontier 

Fields program



Puzzle #3:  Star Formation in Very Low-Mass Halos

Bouwens+2017a,b;  see also Vanzella+2017a,b; Ma+2017; Overzier+2008

Faint Sources in Distant Universe Have Observed Sizes 
Similar to Star Cluster Complexes (e.g., 30 Doradus)

Cartoon Picture of Dwarf Galaxy



Puzzle #4:  Do Galaxies Drive Cosmic Reionization?

IV.   Do galaxies drive the reionization of the 
universe?



Puzzle #4:  Do Galaxies Drive Cosmic Reionization?

GOAL: Photons to
Reionize Universe

2.  ρUV (UV luminosity density)

Product of 3 Factors

3.  ξion (conversion factor from UV to ionizing photons)

1.  fesc (fraction of ionizing photons that escape into the 
IGM)

Do galaxies drive the reionization of the universe?

Ionizing Emissivity from Galaxies:

The aim is to 
make this 
illustrative

Madau+1999;  Bouwens+2004, 2012, 2015; Trenti+2010; Robertson+2013, 2015; Mitra+2012; Finkelstein+2012



Puzzle #4:  Do Galaxies Drive Cosmic Reionization?

Naidu+2016

1.  Escape Fraction fesc

Do galaxies drive the reionization of the universe?
LyC Candidates at z ⇠ 2 from the HDUV 9

et al. 2013; Borthakur et al. 2014; Alexandroff et al. 2015;
Rivera-Thorsen et al. 2015; Trainor et al. 2015; Dijkstra et al.
2016; Reddy et al. 2016b; Nakajima et al. 2016). However,
a more systematic study of the average escape fractions of
galaxies in the HDUV field will have to be performed to bet-
ter connect the physical properties that lead to LyC emission
with significant fesc from galaxies.

5.3. The Peak Escape Fraction as a Function of Redshift
It is interesting to put the star-forming galaxies identified

in this paper in a broader context. Figure 6 shows a compi-
lation of absolute fesc measurements for star-forming sources
reported in the literature. These include recent direct detec-
tions for individual galaxies at low redshift (Leitet et al. 2011;
Borthakur et al. 2014; Izotov et al. 2016a,b; Leitherer et al.
2016) as well as detections or limits from individual z > 2
sources (Mostardi et al. 2015; Shapley et al. 2016; Vanzella
et al. 2016; Vasei et al. 2016) or averages from subsamples of
galaxies at z > 2 (Matthee et al. 2016; Leethochawalit et al.
2016). The plot does not show population average escape
fractions, which still have to be measured reliably based on
large samples of galaxies with HST imaging in the future
(e.g. Siana et al. 2015). In addition to our star-forming can-
didates, we also show the two AGN for which we have good
evidence that the ionizing photons we detect are emitted by
star-forming regions (GN21231 and GN19591).

While the lower redshift sources that are now being de-
tected as LyC emitters typically still show a relatively low
escape fraction of < 15%, a significant fraction of the high-
redshift detections reach fesc & 50%. Given that most of the
high-redshift points included in Figure 6 were selected based
on their high fesc, it is clear that they are not likely representa-
tive of the average galaxy at these redshifts. However, the fact
that several galaxies with likely fesc > 50% at z > 2 have been
found, while no such sources have (so far) been seen at z < 2,
hints at a possible evolution of the maximally achievable es-
cape fraction from galaxies as a function of cosmic time (see
also Inoue et al. 2006).

Note that the various derivations of fesc in the literature
use different assumptions (e.g., SED frameworks, IMF, me-
dian/mean stacking etc.) which will affect the absolute values
that are reported and shown in Fig 6. For instance, SED mod-
els which include binary stellar populations (like BPASSv2,
used in this work) produce a larger number of ionizing pho-
tons and thus lead to lower fesc values compared with models
like BC03 that have often been used in the past literature. The
magnitude of this effect depends on the exact assumptions,
but it is of order ⇠ 2 - 3⇥. This is still smaller than the order
of magnitude difference seen between the reported fesc values
found for low- and high-redshift sources.

Another caveat for the above conclusion of an evolving
peak escape fraction is that we do not have a complete sam-
pling of lower redshift LyC sources. While LyC photons can
be directly observed at z& 1 through UV imaging surveys, the
current lower redshift LyC emitters are all obtained through
targeted, individual follow-up observations with UV spectro-
graphs. Even though the most likely LyC candidate sources
are typically followed up, it is not guaranteed that no sources
with fesc > 20% exist, and it will be important to continue to
search for these with future observations.

5.4. Linking fesc to z > 5 Observables
The opacity of the IGM prevents any direct measurement

of fesc beyond z & 4.5. So in order to study fesc in the Epoch

FIG. 6.— A compilation of absolute fesc measurements for star-forming
sources reported in the literature. The red points include direct detections
from galaxies at low redshift (Leitet et al. 2011; Borthakur et al. 2014; Izotov
et al. 2016a,b; Leitherer et al. 2016) as well as detections or limits from z > 2
sources using different methods (Mostardi et al. 2015; Shapley et al. 2016;
Vanzella et al. 2016; Vasei et al. 2016; Matthee et al. 2016; Leethochawalit
et al. 2016). The candidate sources studied in this paper (shown in purple)
occupy the relatively unexplored z ⇠ 2 region in redshift space, and they
double the number of direct high-z fesc detections. The redshift of some
sources was slightly offset for clarity. The shaded area in the upper half
of the graph represents fesc > 10%, a necessary condition for star-forming
galaxies to drive reionization. While the population-average escape fraction
at z > 2 still has to be measured reliably, it is clear that at least some of the
few individually detected sources at high redshift satisfy this criterion. Only
one such source is currently known at z < 0.5, hinting at a possible evolution
of the maximally achievable escape fraction as a function of cosmic time.
Note, however, that the z > 2 sources were selected based on their high fesc,
and that the absolute value of the fesc measurements depend on the exact
assumptions made (see text).

of Reionization, we need to link it to quantities that may be
measured at very high redshifts. Several such indirect indi-
cators of fesc have been discussed in the literature, including:
(1) the line ratio [OIII]/[OII] which potentially traces density-
bounded HII regions (e.g., Jaskot & Oey 2013; Nakajima &
Ouchi 2014; Faisst 2016), (2) the strengths of nebular emis-
sion lines such as H� compared with the total star-formation
rate (Zackrisson et al. 2013, 2016), (3) the shape of the Ly↵
line profile (Verhamme et al. 2015, 2016), or (4) the absorp-
tion strength of low-ionization lines and Lyman series lines
which are related to the covering fraction of absorbing gas
(e.g., Heckman et al. 2011; Leethochawalit et al. 2016; Reddy
et al. 2016b). With the limited data we already have on our
candidates, we can discuss the first two indicators, which we
do in the following sections.

5.4.1. [O III]/[O II]

It has been shown that fesc can correlate with the oxygen
line ratio [O III]/ [O II], due to a higher expected [O III] flux at
a given [O II] flux in density bounded nebulae (e.g. Nakajima
& Ouchi 2014). Faisst (2016) used a compilation of eight
detections and four upper limits of fesc to show a tentative
positive correlation with [O III]/[O II]. Out of these sources,
Ion2 was the sole representative of the z > 0 universe. It is
thus interesting to test whether our sources agree with this
correlation.

Of our star-forming candidates, [O III]/[O II] is available
for GS30668 and GS14633, and they have fesc of 60+40

-38% and
62-51

+38% respectively. For an escape fraction of 0.6, the rela-

Ionizing Escape Fractions  
of Individual Galaxies

~10% appears to be 
representative fraction 
at high-redshift

Limited # of robust 
Lyman-continuum 

emitting galaxies, but a 
few with fesc > 10%

(the most uncertain parameter for reionization studies)

Observational Constraints on fesc

Let’s assume fesc ~ 10%!
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BRIGHT

Integrate the UV Luminosity Function to 
calculate the total emissivity in UV 
photons from galaxies vs. redshift

GOAL: Photons to
Reionize Universe

Bouwens+2015 (see also Schenker+2013; McLure+2013; Finkelstein+2015)

Illustrative Results
at z~7
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2.  ρUV (UV luminosity density)

Do galaxies drive the reionization of the universe?

FAINT
Assume fesc ~ 10%
and normal ξion



Puzzle #4:  Do Galaxies Drive Cosmic Reionization?

FAINT

Integrate the UV Luminosity
Function to calculate the total

HUDF
GOAL: Photons to
Reionize Universe

Bouwens+2018: see also Wednesday talks by M. Bradac / H. Atek (and also Atek+2015; Castellano+2016; Laporte
+2016; Livermore+2017; Bouwens+2017; Ishigaki+2017)

Do galaxies drive the reionization of the universe?

BRIGHT
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2.  ρUV (UV luminosity density)

Bouwens+2018, in prep

Hubble Frontier
Fields

Assume fesc ~ 10%
and normal ξion



Puzzle #4:  Do Galaxies Drive Cosmic Reionization?

3.  ξion (conversion factor from UV to ionizing photons)

Do galaxies drive the reionization of the universe?

Stars Forming in High-Redshift 
Galaxies Appear to Be Efficient 
Producers of Ionizing Radiation
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3.  ξion (conversion factor from UV to ionizing photons)

Do galaxies drive the reionization of the universe?

Sobral+2014

Rasappu+2015

Rasappu+2015; see also Marmol-Queralto+2016; Faisst+2016

Rising EWs of Balmer Lines As Evidence for Prominent Nebular Emission 
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3.  ξion (conversion factor from UV to ionizing photons)

Do galaxies drive the reionization of the universe?

Smit+2016;  see also Shim+2011; Stark+2013; Marmol-Queralto+2016

HST

Spitzer/IRAC

[Hα] emission

Ground
“K”

Prominent Balmer Line Indicate High Ionization Radiation Fields
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Stark+2017; Stark+2015; Schmidt+2017; see also talk by M. Bradac on Wednesday

3.  ξion (conversion factor from UV to ionizing photons)

Do galaxies drive the reionization of the universe?4 Stark et al.

Source zLy↵ zphot RA DEC Date of Observations H160 Filters UV lines targeted Ref

EGS-zs8-1 7.730 7.92+0.36
�0.36 14:20:34.89 +53:00:15.4 12-15 Apr 2015 25.0 H CIII] [1], [2]

. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1], [2]
EGS-zs8-2 7.477 7.61+0.26

�0.25 14:20:12.09 +53:00:27.0 12-15 Apr 2015 25.1 Y, H Ly↵, CIII] [1]
. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1]
COS-zs7-1 7.154 7.14+0.12

�0.12 10:00:23.76 +02:20:37.0 30 Nov 2015 25.1 Y Ly↵ [1]

Table 1. Galaxies targeted with Keck/MOSFIRE spectroscopic observations. The final column provides the reference to the article where each galaxy was
first discussed in the literature. The photometric redshifts shown in column three are taken from the discovery papers. References: [1] Roberts-Borsani et al.
(2016); [2] Oesch et al. (2015)
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Figure 1. Keck/MOSFIRE spectra of EGS-zs8-1, a z = 7.733 galaxy that was originally spectroscopically confirmed in Oesch et al. (2015). (Left:) Two-
dimensional and one-dimensional Y-band spectra centered on the Ly↵ emission line. Data are from Oesch et al. (2015). (Right:) H-band observations showing
detection of the [CIII], CIII] ��1907,1909 doublet. The top panels show the two dimensional SNR maps (black is positive), and the bottom panel shows the
flux calibrated one-dimensional extractions.

3.2 EGS-zs8-2

EGS-zs8-2 is another bright (H160=25.1) galaxy identified in CAN-
DELS imaging by RB16. The IRAC color of EGS-zs8-2 ([3.6]-
[4.5]=0.96 ± 0.17) is redder than EGS-zs8-1, likely reflecting
yet more extreme optical line emission. We estimate a rest-frame
[OIII]+H� equivalent width of 1610 ± 302 Å is required to re-
produce the flux excess in the [4.5] filter. A 4.7� emission feature
was identified by Roberts-Borsani et al. (2016) at a wavelength of
1.031µm. RB16 tentatively interpret this feature as Ly↵.

We obtained a Y-band spectrum of EGS-zs8-2 with the goal
of verifying the putative Ly↵ detection. The spectrum we obtained
shows a 7.4� emission line at 1.0305 µm (Figure 2a), confirming
that EGS-zs8-2 is indeed a Ly↵ emitter at zLy↵ = 7.477. The mea-
sured line flux (7.4± 1.0⇥ 10�18 erg cm�2 s�1) is less than half
that of EGS-zs8-1. We calculate the Ly↵ equivalent width using
the broadband SED to estimate the underlying continuum flux. The
resulting value (WLy↵=9.3 ± 1.4 Å) is the smallest of the RB16
galaxies.

The MOSFIRE H-band spectrum covers 14587 to 17914 Å,
corresponding to rest-frame wavelengths between 1720 and 2113 Å
for EGS-zs8-2. In Figure 2b, we show the spectral window centered
on the [CIII], CIII] doublet. No emission lines are visible. There are
two weak sky lines in the wavelength range over which the doublet

is situated. However the separation of the individual components
of the doublet is such that at least one of the two lines must be
located in a clean region of the spectrum. We estimate 3� upper
limits of 2.3⇥10�18 erg cm�2 s�1 for individual components. The
non-detection suggests that the total flux in the CIII] doublet must
be less than 62% of the observed Ly↵ flux, fully consistent with
the ratio observed in EGS-zs8-1 and in extreme CIII] emitters at
lower redshift. We place a 3� upper limit on the doublet rest-frame
equivalent width of <14 Å. Deeper data may yet detect CIII] in
EGS-zs8-2.

3.3 COS-zs7-1

Prior to this paper, COS-zs7-1 was the only source from Roberts-
Borsani et al. (2016) lacking a near-infrared spectrum. Similar to
the other galaxies from RB16, COS-zs7-1 is bright in the near-
infrared (H160=25.1) and has IRAC color ([3.6]-[4.5]=1.03±0.15)
that indicates intense optical line emission. In addition to RB16, the
galaxy has been reported elsehwere (e.g., Tilvi et al. 2013; Bowler
et al. 2014). We estimate an [OIII]+H� rest-frame equivalent width
of 1854 ± 325 Å based on the [4.5] flux excess, making COS-
zs7-1 the most extreme optical line emitter in the RB16 sample.
RB16 derive a reasonably well-constrained photometric redshift

c� 2016 RAS, MNRAS 000, 1–13

[CIII]	&	CIV	detections	at	z=7-8	

redshift	same	as	Lyα		for	EGS-zs8-1	by	Oesch+2015

CIV	from	lensed	galaxy	A1703_zD6	

spectra	from	Keck	MOSFIRE

Stark+2015

high	EW	[CIII]	

emission	

(W0=22+-2	Å)	

� strong	

radiation	field	

and	low	

metallicity

CIII]

extreme	radiation	fields	in	galaxies	at	z~7+

Stark+2017

4 Stark et al.

Source zLy↵ zphot RA DEC Date of Observations H160 Filters UV lines targeted Ref

EGS-zs8-1 7.730 7.92+0.36
�0.36 14:20:34.89 +53:00:15.4 12-15 Apr 2015 25.0 H CIII] [1], [2]

. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1], [2]
EGS-zs8-2 7.477 7.61+0.26

�0.25 14:20:12.09 +53:00:27.0 12-15 Apr 2015 25.1 Y, H Ly↵, CIII] [1]
. . . . . . . . . . . . . . . 11 June 2015 . . . H CIII] [1]
COS-zs7-1 7.154 7.14+0.12

�0.12 10:00:23.76 +02:20:37.0 30 Nov 2015 25.1 Y Ly↵ [1]

Table 1. Galaxies targeted with Keck/MOSFIRE spectroscopic observations. The final column provides the reference to the article where each galaxy was
first discussed in the literature. The photometric redshifts shown in column three are taken from the discovery papers. References: [1] Roberts-Borsani et al.
(2016); [2] Oesch et al. (2015)
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Figure 1. Keck/MOSFIRE spectra of EGS-zs8-1, a z = 7.733 galaxy that was originally spectroscopically confirmed in Oesch et al. (2015). (Left:) Two-
dimensional and one-dimensional Y-band spectra centered on the Ly↵ emission line. Data are from Oesch et al. (2015). (Right:) H-band observations showing
detection of the [CIII], CIII] ��1907,1909 doublet. The top panels show the two dimensional SNR maps (black is positive), and the bottom panel shows the
flux calibrated one-dimensional extractions.

3.2 EGS-zs8-2

EGS-zs8-2 is another bright (H160=25.1) galaxy identified in CAN-
DELS imaging by RB16. The IRAC color of EGS-zs8-2 ([3.6]-
[4.5]=0.96 ± 0.17) is redder than EGS-zs8-1, likely reflecting
yet more extreme optical line emission. We estimate a rest-frame
[OIII]+H� equivalent width of 1610 ± 302 Å is required to re-
produce the flux excess in the [4.5] filter. A 4.7� emission feature
was identified by Roberts-Borsani et al. (2016) at a wavelength of
1.031µm. RB16 tentatively interpret this feature as Ly↵.

We obtained a Y-band spectrum of EGS-zs8-2 with the goal
of verifying the putative Ly↵ detection. The spectrum we obtained
shows a 7.4� emission line at 1.0305 µm (Figure 2a), confirming
that EGS-zs8-2 is indeed a Ly↵ emitter at zLy↵ = 7.477. The mea-
sured line flux (7.4± 1.0⇥ 10�18 erg cm�2 s�1) is less than half
that of EGS-zs8-1. We calculate the Ly↵ equivalent width using
the broadband SED to estimate the underlying continuum flux. The
resulting value (WLy↵=9.3 ± 1.4 Å) is the smallest of the RB16
galaxies.

The MOSFIRE H-band spectrum covers 14587 to 17914 Å,
corresponding to rest-frame wavelengths between 1720 and 2113 Å
for EGS-zs8-2. In Figure 2b, we show the spectral window centered
on the [CIII], CIII] doublet. No emission lines are visible. There are
two weak sky lines in the wavelength range over which the doublet

is situated. However the separation of the individual components
of the doublet is such that at least one of the two lines must be
located in a clean region of the spectrum. We estimate 3� upper
limits of 2.3⇥10�18 erg cm�2 s�1 for individual components. The
non-detection suggests that the total flux in the CIII] doublet must
be less than 62% of the observed Ly↵ flux, fully consistent with
the ratio observed in EGS-zs8-1 and in extreme CIII] emitters at
lower redshift. We place a 3� upper limit on the doublet rest-frame
equivalent width of <14 Å. Deeper data may yet detect CIII] in
EGS-zs8-2.

3.3 COS-zs7-1

Prior to this paper, COS-zs7-1 was the only source from Roberts-
Borsani et al. (2016) lacking a near-infrared spectrum. Similar to
the other galaxies from RB16, COS-zs7-1 is bright in the near-
infrared (H160=25.1) and has IRAC color ([3.6]-[4.5]=1.03±0.15)
that indicates intense optical line emission. In addition to RB16, the
galaxy has been reported elsehwere (e.g., Tilvi et al. 2013; Bowler
et al. 2014). We estimate an [OIII]+H� rest-frame equivalent width
of 1854 ± 325 Å based on the [4.5] flux excess, making COS-
zs7-1 the most extreme optical line emitter in the RB16 sample.
RB16 derive a reasonably well-constrained photometric redshift

c� 2016 RAS, MNRAS 000, 1–13
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Fig. 5.— Cutouts of the rest-frame stacked GLASS spectra around the rest-frame UV emission lines Ly↵, NV, CIV, HeII, OIII] and
CIII] of the z = 6.11 LAE behind RXCJ2248.7-4431. The circles marking the position of the lines have diameters of 30Å (rest-frame) and
1.001 in the dispersion (horizontal) and spatial (vertical) direction, respectively. Image B at PA=053 was excluded from the stack due to its
severe contamination and significant contamination residual. Image F was also excluded from the stack as this component is most likely
not part of the system (cf. Section 4.3). The Ly↵ and CIV lines are clearly detected in the stacks. The tentative detection of OIII] agrees
with the detection presented by Mainali et al. (2017).
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Fig. 6.— Comparison of the spatial profiles of Ly↵ (green) and
CIV (black) obtained from the stacked GLASS spectra (Figure 5).
In blue the PSF obtained from a sample of stars in the GLASS
fields is shown for comparison. The red curve represents the Gaus-
sian convolution of the CIV profile that minimizes the �2 when
compared to the Ly↵ profile. This gives a quantitive measure of
how di↵erent the profiles are (see Schmidt et al. 2016, for details).
We do not detect any significant di↵erence in the width of the two
spatial profiles. Both the CIV and Ly↵ spatial profiles are un-
resolved when compared to the PSF profile. Hence, deeper data
are needed to draw any conclusion on the (dis)similarities of the
extent of Ly↵ and CIV emission lines which both resonantly scatter
in the IGM.

is driven mainly by the seeing of the MUSE observations
(1.002–2.002 per visit), which makes it hard to directly com-
pare the spatial extent to the one estimated here from
the HST data. However, given that the MUSE data
are reaching depths of 10�18erg/s/cm2 (Karman et al.
2015) a significant contribution from faint wings below
the GLASS detection limits might be seen in the MUSE
data.
Ly↵ photons scatter in the IGM and circum-galactic

medium, and extended Ly↵ emission is therefore ex-
pected and has been reported on several occasions for
both galaxies at z > 6 as well as at lower redshifts
(e.g., Steidel et al. 2011; Matsuda et al. 2012; Momose
et al. 2014; Wisotzki et al. 2016). How this compares
to the CIV emission which also resonantly scatters (e.g.
Feibelman 1983; Villar-Martin et al. 1996; Villar-Mart́ın
2007; Ardila et al. 2013; Stark et al. 2015a) is still un-

known, though we expect the CIV emission to be less
extended, as HI probes (Ly↵) are more sensitive to low
density gas, whereas metals (CIV) may be too weak to
detect where overall gas column densities are low (Henry
et al. 2015; Caminha et al. 2016b). However, given that
both the Ly↵ and CIV emission is unresolved in the
GLASS grism spectral stacks (and the MUSE wavelength
range does not cover the CIV line), we can not draw
any conclusions on the (dis)similarities of the two emit-
ting regions. Approved integral field unit observations
with The K-band Multi-Object Spectrometer (KMOS)
on VLT (196.A-0778, P.I. Fontana) will further help char-
acterize the spatial extent of the CIV emission.
The second approach for combining the GLASS mea-

surements, was to combine the individual fluxes (f ± �f)
and flux limits (< �f) listed in Table 2. We repre-
sented each measurement by a Gaussian probability den-
sity function (PDF) with mean hfi = f and standard
deviation � = �f . For the flux limits we used the 1�
upper limits as hfi as well as � for the PDFs. All PDFs
are set to 0 for negative fluxes. Each of these Gaussian
PDF representations of the measurements are corrected
by the lens magnifications listed in Table 2, using that
the intrinsic flux is simply the observed flux divided by
the magnification, and that the variance on the intrinsic
flux is given by:

�f2
intrinsic =

1

µ2

✓
f2
observed �µ2

µ2
+ �f2

observed

◆
(1)

Here µ ± �µ is the estimated lensing magnification for
each image. The uncertainties on the magnification fac-
tors quoted in Table 2 are not symmetric, and we there-
fore, conservatively, use the largest absolute value of the
upper/lower magnification ranges as �µ. The product
of the individual magnification-corrected PDFs for each
image gives us a representation of the intrinsic flux of
the background source including information from both
the detections and the upper limits. If any of the de-
tections and/or upper flux limits were in disagreement
such a product would be driven to 0. Within 3� all our
measurements are in agreement with each other. Sam-
pling the distribution resulting from taking the product
of the individual PDFs, we obtain the combined intrinsic
magnification-corrected line fluxes or line flux limits. In
Table 3 we quote the median value and 68% (⇠1�) con-
fidence intervals for the final distribution. Comparing
these values with the measurements performed directly
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Puzzle #4:  Do Galaxies Drive Cosmic Reionization?

GOAL: Photons to
Reionize Universe
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Emission in z>=2 Galaxies

3.  ξion (conversion factor from UV to ionizing photons)

Do galaxies drive the reionization of the universe?
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in the mean O3 and N2 for the higher and lower halves
of the ⇠ion distribution (the solid vertical and horizontal
lines in Figure 6), which is consistent with a shift to-
wards higher metallicity (lower O3, higher N2) at lower
⇠ion. There are other interrelated parameters that may
play a role in the observed ⇠ion trend with metallicity,
such as mass and star-formation history. Galaxies with
higher metallicities tend to have higher masses (see the
MOSDEF mass-metallicity study, Sanders et al. 2016a)
and a higher fraction of older and lower-mass stars, which
lead to a lower ⇠ion.
We further investigate the only two objects in

the lower-right part of the BPT diagram that have
log(⇠ion/[s�1/erg s�1 Hz�1]) > 25.5 by more than 1�
(shown with dark red edges in Figure 6-top, [N2,O3]=
[�0.54,�0.01], [�0.51,�0.01]). Their high ⇠ion is incon-
sistent with their location in the low excitation and
high metallicity corner of the BPT diagram. The el-
evated ⇠ion cannot be explained by low stellar metal-
licity10, as the two galaxies have high N2 values
(low measurement uncertainty, ⇠ 0.05 dex). The H�
line of the highest ⇠ion object among the three (with
log(⇠ion/[s�1/erg s�1 Hz�1]) = 25.72) is located close
to a sky line and is marginally detected at S/N =
3.2, which leads to an uncertain nebular dust correc-
tion (E(B � V )neb = 1.12 ± 0.11) and [Oiii]/H� ra-
tio (log([Oiii]/H�)= �0.01 ± 0.21). Its SED-inferred
UV slope (� = 0.24) is also not consistent with the
observed UV slope (� = �1.78), making its UV dust
correction uncertain as well. The other object with
log(⇠ion/[s�1/erg s�1 Hz�1]) = 25.62, has robust line
measurements with high S/N . It is a fairly massive
(M⇤ = 1010.7 M�) and old (age 2Gyr, assuming an expo-
nentially rising star-formation history with ⌧ = 5Gyr),
which suggests that a starburst is not driving the high
value of ⇠ion. The other explanations for the elevated ⇠ion
are an undetected, embedded AGN or a shallow IMF that
produces large fraction of hot ionizing stars leading to a
high ratio of ionizing to non-ionizing photons. This ob-
ject would be an interesting target for follow-up rest-UV
observations to directly trace its ionizing radiation and
explore the physical reason of its elevated ⇠ion, which is
inconsistent with low O3 and high N2 values.

6. COMPARISON WITH OTHER STUDIES

One motivation for constraining ⇠ion is that it is an
important input to cosmic reionization models. To see
whether our estimates of ⇠ion at z ⇠ 2 can be extended to
z & 6 galaxies, we compare our results with the studies
of higher redshift galaxies from the literature in Figure 7.
To make our sample more comparable to that of

the higher redshift studies, we only use galaxies with
log(M⇤/M�) < 10.3, which results in 141 and 315 galax-
ies at z  2.0 and z > 2.0, respectively. The upper mass
limit is chosen to match the maximum mass limit of the
Bouwens et al. (2016a) sample at z ⇠ 4.4. Our limited
sample still has a higher average mass than that of the
Bouwens et al. (2016a) sample, as we lack galaxies with
log(M⇤/M�) . 9.0. The numbers next to the markers
in Figure 7 indicate the average masses of each sample.
As is apparent, each sample traces galaxies over di↵erent

10 However, it is possible that the gas-phase metallicity is sys-
tematically higher than the stellar metallicity (Steidel et al. 2016).

Figure 7. Ionizing photon production e�ciency measured over a
wide range of redshifts. Our measurements in two redshift bins are
shown with blue symbols. We include the ⇠

ion

inferred values from
the literature at di↵erent redshifts. For the details of each study
refer to the text. The numbers next to the markers indicate the
average masses of the samples. We limit our MOSDEF samples to
log(M⇤/M�) < 10.3 to obtain a more similar mass distribution to
that of other high-redshift studies.

stellar mass ranges.
To determine to what extent ⇠ion is a↵ected by stellar

mass, we evaluate ⇠ion in bins of mass in Figure 8. ⇠ion is
almost constant at high masses but the 0.23±0.10 dex in-
crease in the lowest mass bin may be indicative of a mass
dependency of ⇠ion. The weak trend with stellar mass is
also seen in predictions from simulations (Wilkins et al.
2016). We cannot test whether the observed increase of
⇠ion at lower masses persists, as the MOSDEF sample is
only complete down to 109.5M�(Shivaei et al. 2015b).
However, the systematic di↵erences among the samples
in Figure 7 are not limited to their mass distributions.
There are other parameters interrelated with mass and
with each other, such as metallicity, specific SFR, and
age, that potentially a↵ect the trend we observe in Fig-
ure 7. We review the details of the studies presented in
Figure 7 and their potential di↵erences in the following
paragraphs.
In Figure 7, we also show the results of Matthee et al.

(2017) at z ⇠ 2, which are based on a large sample of
H↵ emitters from a narrow-band survey to estimate ⇠ion.
The two ⇠ion values are calculated for two subsamples
with di↵erent stellar masses, indicated in black font next
to the markers. Matthee et al. (2017) did not have H�
measurements, and hence the authors applied the same
attenuation towards the stellar and nebular light, derived
from a locally-calibrated relation between the stellar dust
attenuation and mass (Garn & Best 2010). A higher neb-
ular reddening compared to the stellar reddening would
increase their ⇠ion values. As shown in both Matthee
et al. (2017) and this work, the average ⇠ion is highly
a↵ected by the dust correction method, which is proba-
bly the main source of the discrepancy seen between the
results of Matthee et al. (2017) and ours at z ⇠ 2.
Nakajima et al. (2016) used H� luminosity with an

assumption of no dust attenuation to estimate ⇠ion for
a small sample of 15 Ly↵ emitters (LAEs) and Lyman
break galaxies (LBGs) at z ⇠ 3. Out of 15, 12 of the ob-
jects were LAEs (plus one AGN and two LBGs), which
poses a strong sample selection bias, as LAEs occupy a

Shivaei+2017
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A dusty, normal galaxy in the epoch of reionization 
Darach Watson1, Lise Christensen1, Kirsten Kraiberg Knudsen2, Johan Richard3, Anna Gallazzi4,1, and Michał Jerzy Michałowski5 

Candidates for the modest galaxies that formed most of the stars 
in the early universe, at redshifts z > 7, have been found in large 
numbers with extremely deep restframe-UV imaging1. But it has 
proved difficult for existing spectrographs to characterise them 
in the UV2,3,4. The detailed properties of these galaxies could be 
measured from dust and cool gas emission at far-infrared wave-
lengths if the galaxies have become sufficiently enriched in dust 
and metals. So far, however, the most distant UV-selected gal-
axy detected in dust emission is only at z = 3.25, and recent re-
sults have cast doubt on whether dust and molecules can be 
found in typical galaxies at this early epoch6,7,8. Here we report 
thermal dust emission from an archetypal early universe star-
forming galaxy, A1689-zD1. We detect its stellar continuum in 
spectroscopy and determine its redshift to be z = 7.5±0.2 from a 
spectroscopic detection of the Lyα break. A1689-zD1 is repre-
sentative of the star-forming population during reionisation9, 
with a total star-formation rate of about 12 M� yr–1. The galaxy 
is highly evolved: it has a large stellar mass, and is heavily en-
riched in dust, with a dust-to-gas ratio close to that of the Milky 
Way. Dusty, evolved galaxies are thus present among the fainter 
star-forming population at z > 7, in spite of the very short time 
since they first appeared. 

As part of a programme to investigate galaxies at z > 7 with the 
X-shooter spectrograph on the Very Large Telescope, we observed 
the candidate high-redshift galaxy, A1689-zD1, behind the lensing 
galaxy cluster, Abell 1689 (Fig. 1). The source was originally identi-
fied10 as a candidate z > 7 system from deep imaging with the Hub-
ble and Spitzer Space Telescopes. Suggested to be at z = 7.6±0.4 
from photometry fitting, it is gravitationally magnified by a factor of 
9.3 by the galaxy cluster10, and though intrinsically faint, because of 
the gravitational amplification, is one of the brightest candidate z > 7 
galaxies known. The X-shooter observations were carried out on 
several nights between March 2010 and March 2012 with a total 
time of 16 hours on target. 

The galaxy continuum is detected and can be seen in the binned 
spectrum (Fig. 2). The Lya cutoff is at 1035±24 nm and defines the 
redshift, z = 7.5±0.2. It is thus one of the most distant galaxies 
known to date to be confirmed via spectroscopy, and the only galaxy 
at z > 7 where the redshift is determined from spectroscopy of its 
stellar continuum. The spectral slope is blue; using a power-law fit, 
Fλ � λ–β, β = 2.0 ± 0.1. The flux break is sharp, and greater than a 
factor of ten in depth. In addition, no line emission is detected, ruling 
out a different redshift solution for the galaxy. Line emission is ex-
cluded to lensing-corrected depths of 3×10–19 erg cm–2 s–1 (3σ) in the 
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Figure 1 | The gravitationally lensing galaxy cluster Abell 1689. The 
colour image is composed with Hubble filters: F105W (blue), F125W 
(green), F160W (red). The zoomed box (4˝×4˝) shows A1689-zD1. 
Contours indicate FIR dust emission detected by ALMA at 3, 4, and 5σ 
local RMS (yellow, positive; white, negative). The ALMA beam 

2

(1.36˝×1.15˝) is shown, bottom left. Images and noise maps were prima-
ry-beam corrected before making the signal-to-noise ratio (SNR) maps. 
Slit positions for the first set of X-shooter spectroscopy are overlaid in 
magenta (dashed boxes indicate the dither), while the parallactic angle 
was used in the remaining observations (pink dashed lines). 

Watson+2015;
Knudsen+2017
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Galaxy

Dust in the reionization era: ALMA observations of a z=8.38 Galaxy 3
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Fig. 1.— ALMA Band 7 continuum detection for A2744 YD4. (Left): map combining all frequency channels, (Center pair) independent
maps for two equal frequency ranges. Contours are shown at 1, 2, 3, 4 and 5� adopting a noise level from an area of 0.5⇥0.5. arcmin.
(Right) HST F160W image with combined ALMA image contours overplotted.

Fig. 2.— Position of the ALMA band 7 detected high redshift
galaxy A2744 YD4 (blue) respect to other group members (yellow)
suggested by Zheng et al. (2014). The X-shooter slit orientation
is shown with the dashed white line. Although one other member
of the group was targeted in the exposure, no confirming features
were found in the data.

data was reduced using v2.8 of the ESO Reflex software
combined with X-Shooter pipeline recipes v2.8.4.
We visually inspected all 3 arms of the X-Shooter

(UVB, VIS, NIR) spectrum and identified one emis-
sion line at �=11408.4 Å with an integrated flux of
f=1.82±0.46⇥10�18erg s�1 cm�2. By measuring the
rms at adjacent wavelengths we measure the significance
as ⇡4.0�. We checked the reliability of the line by con-
firming its presence on two independent spectral subsets
spanning half the total exposure time (Figure 4). These
half exposures show the line with significances of 2.7 and
3.0, consistent with that of the total exposure. No fur-
ther emission lines of comparable significance were found.
We explore two interpretations of this line at 11408 Å .
It is either (1) one component of the [OII] doublet at a
redshift z '2.06, or (2) Ly↵ at z=8.38.
For (1), depending on which component of the

[OII]�3727,3730 doublet is detected, we expect a second
line at either 11416.9 Å or 11399.8 Å . No such emis-
sion is detected above the 1� flux limit of 4.6⇥10�19 cgs.
This would imply a flux ratio for the two components of
⇡3.95 (2.02) at 1(2) �, greater than the range of 0.35-1.5

Fig. 3.— Spectral Energy Distribution of A2744 YD4. The
red curve shows the best fitting SED found by Hyperz with
z
phot

=8.42+0.09
�0.32. The black curve shows a forced low redshift solu-

tion derived when only a redshift interval from 0 to 3 is permitted.
This has a likelihood >20 times lower. The inner panel displays
the redshift probability distribution.

from theoretical studies (e.g. Pradhan et al. 2006).
For (2) although the line is somewhat narrow for Ly↵

(rest-frame width ⇡ 20km s�1), its equivalent width de-
duced from the line flux and the F125W photometry is
10.7 ± 2.7 Å , consistent with the range seen in other
z > 7 spectroscopically-confirmed sources (Stark et al.
2017). We detect no flux above the noise level at the
expected position of either the CIV and [OIII] doublets
at this redshift. However, at the expected position of
the CIII] doublet, we notice a very marginal (⇡2�) fea-
ture at �=17914.7Å (7.5±0.35⇥10�19erg s�1 cm�2) seen
on two individual sub-exposures. If this is CIII]�1907Å
(normally the brighter component ) at z

CIII

=8.396, the
Ly-↵ o↵set of 338±3 km s�1 would be similar to that for a
z=7.73 galaxy (Stark et al. 2017). The other component
would be fainter than 5.0⇥10�19erg s�1 cm�2 consistent
with theoretical studies of this doublet (e.g. Rubin et al.
2004).
Previous spectroscopy of A2774 YD4 was undertaken

by the GLASS survey (Schmidt et al. 2016) who place a
1� upper limit on any Lyman-↵ detection at 4.4⇥10�18
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maps for two equal frequency ranges. Contours are shown at 1, 2, 3, 4 and 5� adopting a noise level from an area of 0.5⇥0.5. arcmin.
(Right) HST F160W image with combined ALMA image contours overplotted.
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is shown with the dashed white line. Although one other member
of the group was targeted in the exposure, no confirming features
were found in the data.

data was reduced using v2.8 of the ESO Reflex software
combined with X-Shooter pipeline recipes v2.8.4.
We visually inspected all 3 arms of the X-Shooter

(UVB, VIS, NIR) spectrum and identified one emis-
sion line at �=11408.4 Å with an integrated flux of
f=1.82±0.46⇥10�18erg s�1 cm�2. By measuring the
rms at adjacent wavelengths we measure the significance
as ⇡4.0�. We checked the reliability of the line by con-
firming its presence on two independent spectral subsets
spanning half the total exposure time (Figure 4). These
half exposures show the line with significances of 2.7 and
3.0, consistent with that of the total exposure. No fur-
ther emission lines of comparable significance were found.
We explore two interpretations of this line at 11408 Å .
It is either (1) one component of the [OII] doublet at a
redshift z '2.06, or (2) Ly↵ at z=8.38.
For (1), depending on which component of the

[OII]�3727,3730 doublet is detected, we expect a second
line at either 11416.9 Å or 11399.8 Å . No such emis-
sion is detected above the 1� flux limit of 4.6⇥10�19 cgs.
This would imply a flux ratio for the two components of
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Fig. 3.— Spectral Energy Distribution of A2744 YD4. The
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the redshift probability distribution.

from theoretical studies (e.g. Pradhan et al. 2006).
For (2) although the line is somewhat narrow for Ly↵

(rest-frame width ⇡ 20km s�1), its equivalent width de-
duced from the line flux and the F125W photometry is
10.7 ± 2.7 Å , consistent with the range seen in other
z > 7 spectroscopically-confirmed sources (Stark et al.
2017). We detect no flux above the noise level at the
expected position of either the CIV and [OIII] doublets
at this redshift. However, at the expected position of
the CIII] doublet, we notice a very marginal (⇡2�) fea-
ture at �=17914.7Å (7.5±0.35⇥10�19erg s�1 cm�2) seen
on two individual sub-exposures. If this is CIII]�1907Å
(normally the brighter component ) at z

CIII

=8.396, the
Ly-↵ o↵set of 338±3 km s�1 would be similar to that for a
z=7.73 galaxy (Stark et al. 2017). The other component
would be fainter than 5.0⇥10�19erg s�1 cm�2 consistent
with theoretical studies of this doublet (e.g. Rubin et al.
2004).
Previous spectroscopy of A2774 YD4 was undertaken

by the GLASS survey (Schmidt et al. 2016) who place a
1� upper limit on any Lyman-↵ detection at 4.4⇥10�18

Probable Dust + [OIII] Detection at z = 8.38

Laporte+2017

 
Figure 2 | The deficit of infrared emission in our sample is evident in the UV 
slope (IRX-β) relation when compared with models.  Detections are indicated in 
red, upper limits in orange, and the mean IRX ratio obtained by combining 
undetected sources is shown in blue.  Error bars are 1σ and include standard 
measurement error and systematic uncertainty added in quadrature. The 
Meurer28 relation, consistent with typical galaxies at z<3, is shown as a black 
solid line, while a model for lower-metallicity SMC like dust model19 is shown as a 
dashed line.   
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Consistent Dependence of β on UV Luminosity at z~4-7

RJB+2014; see also Rogers+2014, Bouwens+2012, Finkelstein+2012;  Alavi+2015
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A Measurement of the Mean Dust Temperature Is 
Needed at z>4 to Interpret ALMA Results

Faisst+2017; Barisic+2017; see also Bouwens+2016; Fudamoto+2017; Narayanan+2017; McLure+2017
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Figure 11. The IRX�� diagram at z ⇠ 5.5 for a maximally warm IR SED prior with luminosity weighted temperature
T = 60 � 90K. We show the z = 5 � 6 galaxies from Barisic et al. (2017) with FIR detection (red filled circles) and without
FIR detection (empty circles, upper limits) as well as the FIR detected sub-components as described in their paper (empty
circles). The position of the galaxies with a cooler IR SED prior (T = 25�45K) as assumed previously (e.g., Capak et al. 2015)
is indicated as faint red dots. The arrow indicates the change in IRX for �T = 30K. Our three z ⇠ 0.3 analogs is shown in
blue and are consistent with the location of the high-redshift galaxies. Common IRX�� relations for local starbursts (Meurer
et al. (1999), with scatter), Takeuchi et al. (2012), and galaxies with SMC-like dust (Prevot et al. 1984; Pettini et al. 1998) are
indicated in as solid, dot-dashed, and long-dashed gray lines, respectively. Note that the upper limits of the FIR undetected
z = 5�6 galaxies are mostly consistent with the IRX�� relation expected for SMC-like dust using the maximally warm IR SED
prior. However, some galaxies still show a deficit in IRX compared to the SMC relation and cannot be explained by common
analytical models of dust attenuations in galaxies (see Section 4.5).

dust attenuation but only little dust FIR emission, i.e.,
a low total dust mass. The recent HST observations
provide very accurate � measurements of these galax-
ies as shown by the simulations in Barisic et al. (2017).
Therefore we conclude that these galaxies have a deficit
in IRX and are not biased in �. Also, the UV spec-
tra and Spitzer colors strongly suggest that these galax-
ies are young and not dominated by old stellar popu-
lations that could cause a red UV color (e.g., Howell
et al. 2010; Narayanan et al. 2017). These galaxies are
curious because such a configuration of IRX and � is

di�cult to explain with current models of dust atten-
uation in galaxies. As shown in Section 3.1, the sim-
ple analytical model of Charlot & Fall (2000) cannot
cover that part of the parameter space even assuming
low dust opacities and a steep SMC-like dust attenu-
ation curve. From the Spitzer colors (Section 4.2) as
well as UV spectra (Barisic et al. 2017), we would ex-
pect these galaxies to be primeval and metal-poor. The
large o↵sets between [C II] emission and star forming
regions and the extent of [C II] emission could be indica-
tive of vigorous star formation, strong stellar radiation

(Potentially
Matching Local

Relations)
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VI.   How can we better understand the role gas 
plays in the build-up of stellar mass in galaxies?
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Cosmic Evolution of H2 Molecular Mass Density

Decarli+2016

ASPECS: CO luminosity functions and cosmic density of molecular gas 11

Figure 6. Comoving cosmic mass density of molecular gas in galaxies ⇢(H2) as a function of redshift, based on our molecular
survey in the UDF. Our ASPECS constraints are displayed as red boxes. The vertical size indicates our uncertainties (see text
for details). Our measurements are not extrapolated to account for the faint end of the molecular gas mass function. Since our
observations sample the expected knee of the CO luminosity functions in the redshift bins of interest, the correction is expected
to be small (< 2⇥). Semi-analytical model predictions by Obreschkow et al. (2009a,b), Lagos et al. (2012) and Popping et al.
(2014a,b) are shown as lines; the empirical predictions by Sargent et al. (2014) are plotted as a grey area; the constraints by
Keating et al. (2016) are displayed with triangles; the PdBI constraints (Walter et al. 2014) are represented by cyan boxes. Our
ALMA observations show an evolution in the cosmic density of molecular gas up to z ⇠ 4.5. The global molecular content of
galaxies at the peak of galaxy formation appears 3–10⇥ higher than in galaxies in the local universe, although large uncertainties
remain due to the limited area that is covered.

tor 1.5. However, even applying the more recent cali-
bration would not be su�cient to significantly mitigate
the discrepancy between CO-based and dust-based es-
timates of the gas mass at high redshift. In Aravena
et al. (2016a) we show that all of our 1mm continuum
sources detected at >3.5-� (except one) are at z < 2. On
the other hand, the redshift distribution of CO-detected
galaxies in our sample extends well beyond z=2, thus
leading to the discrepancy in the ⇢ estimates at high
redshift. Possible explanations for this di↵erence might
be related to the dust temperature and opacity, and to

the adopted ↵CO. A higher dust temperature in high-
z galaxies (> 40K) would shift the dust emission to-
wards higher frequencies, thus explaining the compara-
bly lower dust emission observed at 1mm (at a fixed IR
luminosity). Moreover, at z = 4 our 1mm continuum ob-
servations sample the rest-frame ⇠ 250µm range, where
dust might turn optically thick (thus leading to under-
estimates of the dust emission). Finally, we might be
over-estimating molecular gas masses at high z if the
↵CO factor is typically closer to the ULIRG/starburst
value [↵CO ⇡ 0.8M�(K km s�1 pc2)�1, see Daddi et al.

ASPECS: CO luminosity functions and cosmic density of molecular gas 11

Figure 6. Comoving cosmic mass density of molecular gas in galaxies ⇢(H2) as a function of redshift, based on our molecular
survey in the UDF. Our ASPECS constraints are displayed as red boxes. The vertical size indicates our uncertainties (see text
for details). Our measurements are not extrapolated to account for the faint end of the molecular gas mass function. Since our
observations sample the expected knee of the CO luminosity functions in the redshift bins of interest, the correction is expected
to be small (< 2⇥). Semi-analytical model predictions by Obreschkow et al. (2009a,b), Lagos et al. (2012) and Popping et al.
(2014a,b) are shown as lines; the empirical predictions by Sargent et al. (2014) are plotted as a grey area; the constraints by
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remain due to the limited area that is covered.

tor 1.5. However, even applying the more recent cali-
bration would not be su�cient to significantly mitigate
the discrepancy between CO-based and dust-based es-
timates of the gas mass at high redshift. In Aravena
et al. (2016a) we show that all of our 1mm continuum
sources detected at >3.5-� (except one) are at z < 2. On
the other hand, the redshift distribution of CO-detected
galaxies in our sample extends well beyond z=2, thus
leading to the discrepancy in the ⇢ estimates at high
redshift. Possible explanations for this di↵erence might
be related to the dust temperature and opacity, and to

the adopted ↵CO. A higher dust temperature in high-
z galaxies (> 40K) would shift the dust emission to-
wards higher frequencies, thus explaining the compara-
bly lower dust emission observed at 1mm (at a fixed IR
luminosity). Moreover, at z = 4 our 1mm continuum ob-
servations sample the rest-frame ⇠ 250µm range, where
dust might turn optically thick (thus leading to under-
estimates of the dust emission). Finally, we might be
over-estimating molecular gas masses at high z if the
↵CO factor is typically closer to the ULIRG/starburst
value [↵CO ⇡ 0.8M�(K km s�1 pc2)�1, see Daddi et al.
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ours.
Turning to the low-mass end, while our survey volume

is smaller than those of the ground-based surveys of Il-
bert et al. (2013) and Muzzin et al. (2013), the deep data
set in this study enables us to reach lower in mass than
these surveys can (log(M⇤/M�) & 10), allowing more ro-
bust constraints on the low-mass-end slope. Starting at
z = 4, our results at the low-mass end are consistent with
most previous rest-frame UV selected studies (González
et al. 2011; Lee et al. 2012; Duncan et al. 2014; Grazian
et al. 2015) with the exception of Duncan et al. (2014).
Because Grazian et al. (2015) restrict their analy-

sis to higher masses, the only points for comparison
at log(M⇤/M�) . 9 are those from González et al.
(2011) and Duncan et al. (2014). Interestingly, the
largest disagreement at the low-mass end is found at
the lowest-redshift of z = 4, where Duncan et al. (2014)
find significantly higher number densities (⇠0.5 dex at
log(M⇤/M�) ⇠ 9) and a steeper low-mass-end slope
(↵ ⇠ �1.9) with respect to the others. This may re-
sult from di↵erences in the measured M⇤–MUV

relation
as well as in the faint-end slope of the UV luminosity
function between our study and that of Duncan et al.
(2014). At z = 4, Duncan et al. (2014) found a shal-
lower M⇤–MUV

slope than what we find here. One di↵er-
ence in methods is that rather than using our hybrid ap-
proach of using individual high-mass galaxies and stacks
of lower-mass galaxies, Duncan et al. (2014) fit their
M⇤–MUV

distribution over a wide stellar mass range
down to log(M⇤/M�) ⇠ 8. As shown in their simula-
tions (see their Fig. 5), stellar masses for galaxies with
log(M⇤/M�) < 9 are biased towards higher masses (a
similar result to what we find here), leading to their
derivation of a shallower M⇤–MUV

slope. A shallower
slope of the M⇤–MUV

relation translates into a steeper
low-mass-end slope and a higher normalization of the
GSMF: for a given number density of galaxies in bins of
UV luminosity (�L), the number density of galaxies in
bins of stellar mass (�M ) is given by �M / �L(dL/dM),
and is thus higher for a shallower M⇤–MUV

slope. We do
note, however, that Duncan et al. (2014) did not use this
M⇤–MUV

relation to measure their GSMF; they used a
1/V

max

method. However, the biases inherent in measur-
ing masses from individual poorly-detected galaxies may
still be responsible for their steeper low-mass-end slope
at z = 4. Moreover, their faint-end slope of the UV lu-
minosity function at z ⇠ 4 is steeper (by ⇠0.2) than that
from Finkelstein et al. (2015) upon which our GSMF is
based.
Unsurprisingly, di↵erences are thus found in the evo-

lution of the low-mass-end slope with redshift. The
Schechter fit for our GSMF indicates steeper low-mass-
end slopes. While González et al. found a tentative
steepening in the low-mass-end slope with increasing red-
shift, the steepening is mild, from �1.43 at z = 4 to
�1.55 at z = 7. This is a combined e↵ect of a steeper
faint-end slope of the updated UV luminosity function
by Finkelstein et al. (2015) used in our analysis and a
shallower M⇤–MUV

relation found in this study (Section
4.2). Grazian et al. (2015) and Duncan et al. (2014) both
find a nearly constant low-mass-end slope of ↵ = �1.6
and ↵ = �1.9, respectively, and no evidence of the steep-
ening that we observe.
At lower redshifts of z < 4, the consensus is that the
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Fig. 12.— Redshift evolution of our fiducial GSMFs at z = 4–8.
For reference, the grey thick line denoting the z ⇠ 0 GSMF (Baldry
et al. 2012) is shown.

characteristic mass does not change but the normaliza-
tion evolves (e.g., Marchesini et al. 2009), although the
evolution of the low-mass-end slope remains controversial
as some find no evolution (Marchesini et al. 2009) while
others find a steepening low-mass-end slope with increas-
ing redshift (for a single Shechter function fit; Kajisawa
et al. 2009; Santini et al. 2012; Ilbert et al. 2013; Tomczak
et al. 2014). In this study, at z & 4, the observed evo-
lution of the GSMF shows a low-mass-end slope which
steepens with redshift. Additionally, our results tenta-
tively confirm a roughly constant M⇤, with a decreas-
ing �⇤ with increasing redshift, qualitatively similar to
results at lower redshift (e.g., Ilbert et al. 2013), though
we acknowledge that our relatively small volume prevents
robust constraints on M⇤.

6. STELLAR MASS DENSITY

To measure the stellar mass density at z = 4–8, we
integrated the best-fit Schechter function at each red-
shift from 8 < log(M⇤/M�) < 13, an often adopted
interval for stellar mass density estimates at high red-
shift in the literature. Table 4 lists our estimates of the
stellar mass density along with their 1� uncertainties,
calculated as the minimum and maximum stellar mass
densities allowed by the 3-dimensional 1� contour of the
Schechter parameters obtained in Section 5.2. Figure
13 presents the evolution of the stellar mass density at
z = 4–8, alongside values compiled from the literature
(converted to a Salpeter IMF when necessary). Most
data points from the literature are taken from the com-
pilation by Madau & Dickinson (2014), with the excep-
tion of González et al. (2011), which Madau & Dickinson
(2014) corrected for nebular emission. We instead show
the uncorrected (original) points together with Stark et
al. (2013), which are the González et al. values corrected
for nebular emission. We also add recently published
works of Duncan et al. (2014), and Grazian et al. (2015).
The error bars from most of the studies include only ran-
dom errors.

Song+16
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absolute wavelength calibration as reported by Huang
et al. 2016a). The reason for asymmetric errors on the
measurement (Table 1) are the proximity of the skyline,
low S/N of the line, and the asymmetric nature of the
line. The errors are, however, small and we do not detect
significant shift of the Lyman-↵ line.
This is unexpected, as for such a low luminosity galaxy

the outflows are ubiquitous at lower-z. At z ⇠ 3 Erb
et al. (2014) reports line red-shifts of 100 � 500 km s�1

for low EW (EW. 10)LAEs and a strong anti-correlation
between �v and EW. The authors conclude that �v is
likely modulated both by galaxy continuum luminosity
and by EW. In Huang et al. (2016b) we estimate the rest-
frame EW to be 26±4Å. At z ⇠ 7, however, Stark et al.
(2015) measure ⇠ 60km/s for an o↵set between CIV and
Lyman-↵ at z = 7.045 for a lower luminosity (lensed)
object A1703-zd6. Pentericci et al. (2016) reports veloc-
ity shifts of ⇠ 100km/s between [C II] and Lyman-↵ for
their 3 most significant detections. For a higer luminosity
galaxy Stark et al. (2016) reports an o↵set between CIII]
and Lyman-↵ of ⇠ 340km/s. Given the lack of velocity
o↵set of RXJ1347:1206 (and similar other low luminosity
galaxies) it seems that at z ⇠ 7, Lyman-↵ is much closer
to systemic velocity than is the case for low-z LAEs at
similar luminosities.
This is important, since velocity o↵sets are crucial

in interpreting the line visibility during the reionization
epoch. The low o↵set is interpreted di↵erently in the so
called shell models vs. multi phase models of LAEs. A
shell model requires low neutral gas column density or a
high outflow velocity (Verhamme et al. 2015). In the case
of a multi-phase model (Dijkstra et al. 2016), a low ve-
locity o↵-set translates to a low covering factor of neutral
gas, independent of its neutral column density and out-
flow velocity. In both models, however, the low velocity
o↵set is a consequence of the presence of low HI-column
density escape routes for Lyman-↵ photons, which may
also allow for the escape of ionizing photons (see Ver-
hamme et al. 2015, Dijkstra et al. 2016, Verhamme et al.
2016 for more detailed discussions). For a more general
conclusion a larger sample is needed, but if future ob-
servations systematically show smaller velocity o↵sets,
this would imply that the observed drop in LAE fraction
between z ⇠ 6 and 7 (e.g. Schenker et al. 2012, 2014,
Tilvi et al. 2014, Caruana et al. 2014, Pentericci et al.
2014, Schmidt et al. 2016) is more easily explained by
changes in the IGM, than in the circumgalactic medium
or galactic intrinsic properties (Dijkstra 2014, Mesinger
et al. 2015, Choudhury et al. 2015).
The strength of the [C II] emission correlates with the

SFR, however the [C II] luminosity is not a simple func-
tion of SFR, nor is there a simple dependence between
[C II] luminosity and the total mass of the ISM. Re-
cent simulations by Vallini et al. (2015), Pallottini et al.
(2015), Vallini et al. (2016), Pallottini et al. (2016) indi-
cate that [C II] emission at z ⇠ 7 arises predominately
from PDRs, and that both feedback and low gas-phase
metallicity appreciably lower the [C II] emission. This is
shown in Fig. 3 where we plot L[CII] vs SFR. We include
results from simulations by Vallini et al. (2015) as well
as results for z > 5 galaxies from the literature. We also
note, that we have estimated SFR using both rest-frame
UV and optical data (we have also refit the photometric

Fig. 2.— Extracted spectrum (flux Sc as a function of frequency
⌫) of the [C II] emission. The red line denotes the best fit Gaussian
(with parameter listed in Table 1 and the grey dashed line and
region correspond to the Lyman-↵ redshift and uncertainty.

data from Huang et al. 2016b with a variety of metallic-
ity templates; best fit result is shown in Fig. 4), hence
it is more robust than SFRs determined using only UV
photometry or based only on Lyman-↵ line. However, to
compare results, we use SFR based on UV only in Fig. 3.
The SED fitting results are compatible with models re-
quiring some dust and consistent with the FIR measured
SFR limits from the continuum non-detection (Table 1).
Due to gravitational lensing, we are able to measure

[C II] luminosity in RXJ1347:1216 that is intrinsically
⇠5 times fainter than other such measurements at z ⇠ 7
to date (and similar luminosity to a z ⇠ 6 object in
Knudsen et al. 2016a). The measurement is consistent
with models requiring low metallicity . 0.2Z�, though
feedback might play a role as well. As noted by Huang
et al. (2016b), Smit et al. (2015), SED modelling for this
galaxy (Fig. 4) requires strong nebular emission lines to
explain its observed IRAC [3.6]� [4.5] colors. The object
is best fit with young (10Myr) stellar population, low
metallicity (0.2Z�), and strong nebular emission lines
(EW > 100Å for H� and O[III]; though note that all
these parameters are highly degenerate); giving consis-
tent picture with low [C II] luminosity compared to the
local prediction. Recent detection of [O III]88µm in a
galaxy at z = 7.2120 with ALMA by Inoue et al. (2016)
along with the upper limit on the [C II] is also in line
with our results as it requires the ISM characterized by
very low metallicity (Vallini et al. 2016, see also Cormier
et al. 2015 for a study of local dwarf galaxies with high
[O III]88µm/[C II]ratios).
Following Pentericci et al. (2016), Wang et al. (2013)

we can also estimate the dynamical mass of the galaxy.
We use Mdyn = 1.16 ⇥ 105V 2

cirD, where Vcir is the cir-
cular velocity in km/s, and D is the size in kpc, Vcir =
0.75FWHM[CII]/ sin(i), and i is the disk inclination an-
gle. Note that this approximation is very uncertain, as
z ⇠ 7 galaxies might not have ordered motion. However,
it was shown by Pallottini et al. (2016) that the [C II]
mostly arises from an ordered, albeit small, disk. We
estimate the size to be ⇠ 0.006, and obtain Mdyn sin

2 i =

Bradac+17

M. V. Maseda et al.: Global properties of C III] emitters

Table 4. Physical parameters for MUSE C III] emitters in the HDFS and udf-10

ID log LUV log SFR log M? log Age Av � log ne
(L�) (M� yr�1) (M�) (yr) (mag) (cm�3)

HDFS-74 10.0 0.072+0.000�0.000 8.07+0.000�0.000 7.79+0.000�0.000 0.088+0.000�0.000 ... ...
HDFS-87 10.2 0.212+0.000�0.000 8.21+0.000�0.000 7.79+0.000�0.000 0.088+0.000�0.000 ... ...
HDFS-97 9.71 -0.068+0.045�0.035 8.73+0.155�0.290 8.69+0.195�0.230 0.013+0.025�0.000 ... 3.0 ± 0.90
HDFS-100 9.41 0.422+0.390�0.505 9.71+0.205�0.220 9.08+0.205�0.360 1.04+0.575�0.625 ... 4.4 ± 0.60
HDFS-126 9.92 0.152+0.000�0.080 8.26+0.000�0.000 7.92+0.000�0.000 0.038+0.000�0.000 -1.99 ± 0.004 ...
UDF10-22 11.2 1.43+0.000�0.000 10.1+0.000�0.010 8.43+0.000�0.000 0.463+0.000�0.000 -1.18 ± 0.035 2.9 ± 0.47
UDF10-41 10.4 0.637+0.020�0.045 9.08+0.050�0.050 8.36+0.060�0.090 0.138+0.050�0.025 -1.61 ± 0.038 < 3
UDF10-42 10.2 0.427+0.370�0.000 9.06+0.000�0.140 8.60+0.000�0.610 0.038+0.375�0.000 -1.97 ± 0.038 3.5 ± 0.31
UDF10-51 10.2 0.397+0.000�0.000 9.30+0.000�0.000 8.80+0.000�0.000 0.038+0.000�0.000 -1.91 ± 0.110 3.9 ± 0.20
UDF10-64 10.0 0.202+0.035�0.010 8.67+0.035�0.000 8.41+0.000�0.020 0.038+0.025�0.000 -2.34 ± 0.058 ...
UDF10-99 10.0 0.177+0.000�0.000 8.09+0.000�0.000 7.55+0.000�0.000 0.363+0.000�0.000 -1.69 ± 0.421 ...
UDF10-164 9.36 -0.413+0.015�0.000 8.42+0.000�0.315 8.69+0.000�0.225 0.013+0.000�0.000 -2.93 ± 0.474 3.4 ± 0.56
UDF10-231 9.34 -0.388+0.070�0.055 8.07+0.195�0.250 8.46+0.145�0.535 0.038+0.075�0.025 -2.50 ± 0.532 ...
UDF10-6664 10.7 0.882+0.000�0.005 9.02+0.000�0.000 8.01+0.000�0.000 0.713+0.000�0.000 -1.84 ± 0.091 ...
UDF10-6668 9.73 -0.043+0.110�0.000 8.79+0.000�0.090 8.69+0.000�0.085 0.013+0.025�0.000 -2.23 ± 0.091 2.9 ± 0.32
UDF10-6670 9.75 -0.023+0.000�0.080 8.89+0.000�0.160 8.88+0.000�0.195 0.113+0.000�0.100 -2.19 ± 0.316 < 3
UDF10-6674 10.2 0.047+0.255�0.055 8.52+0.150�0.055 8.41+0.195�0.325 0.038+0.175�0.025 -1.22 ± 0.360 4.1 ± 0.78

Notes. With the exception of ne, all parameters are derived from broadband SED fits using MAGPHYS (da Cunha et al. 2008). Ultraviolet luminosities
are the unattenuated values at rest-frame 1900 Å, as measured from the best-fit MAGPHYS SED. Values and quoted uncertainties for MAGPHYS
parameters (SFR, M?, Age, and AV ) denote the median and shortest 68% confidence interval centered on the median. Star formation rates are
averaged over the past 0.1 Gyr and ages are mass weighted. The value ne is the electron density measured from the ratio of C III] 1907 to 1909 Å
(Osterbrock & Ferland 2006) at T =10,000 K when the signal to noise in each of the individual components is > 3�; a measured 1907/1909 ratio
in excess of the value in the low-density limit of 1.53 implies that the actual electron density is < 103 cm �3.
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Å

)

Fig. 11. C III] doublet EW versus SED-derived parameters (median and ± 1-� uncertainties) with the MUSE sample shown by pink points,
galaxies from Stark et al. (2014) shown by blue points, and galaxies from Du et al. (2016) shown by yellow squares. HDFS galaxies with no
constraints on � are shown with arrows. Stark et al. (2014) SFRs come from their quoted sSFR values and their quoted M? values. In the case of
stellar mass (SFR), EWs in excess of 5 Å are only found in galaxies with M? . 109.5 M� (S FR . 10 M� yr�1).

majority of the objects are essentially unresolved in the spectra
at both the MUSE and HST/WFC3 resolution.

5. Conclusions

Using two 10 ⇥ 10 MUSE data cubes with on-sky integration
times ⇠ 30 hours each, we construct a sample of 17 galax-
ies showing C III] ��1907,1909 in emission with equivalent
widths in excess of 1 Å at 1.5 < z < 3.9. Deep HST/WFC3
G141 near-infrared slitless grism spectroscopy in the area of the

udf-10 cube shows that nearly all of the C III] emitters show
bright, high-equivalent width optical emission lines such as [O
II] ��3727,3729, H�, and [O III] ��4959,5007. The equivalent
width of [O III] increases with the equivalent width of C III],
and every galaxy with an [O III] equivalent width in excess of
250 Å (Extreme Emission Line Galaxies) in the udf-10 footprint
has a detection of C III] with MUSE. Photoionization models of
star formation cannot fully reproduce our observed flux ratios,
implying that the models may need further tuning of, for exam-
ple, the C/O ratio, which can only be performed sensibly with
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Fig. 15. Evolution of the SMF between z = 0.2 and 5.5, for the COSMOS2015 galaxy sample. Filled circles show the 1/Vmax estimates, and
shaded areas show the 1� uncertainty of the best Schechter function fitting to them (as in Fig. 8 and C.2). Colours indicating the redshift bins are
summarised in the bottom-left corner of the plot.

cannot easily grow further, so they accumulate at M?. This
e↵ect is even more evident in the active SMF (Fig. 16, upper
panel), which does not extend beyond log(M/M�) = 11.5. This
kind of mass-dependent quenching could be caused by internal
processes, e.g. AGN feedback or heating via stable virial shocks
(see Gabor et al. 2010, and references therein). Without any as-
sumption on the underlying physics, the empirical model of Peng
et al. (2010) shows how a galaxy SMF that is a power-law func-
tion at z = 10 will assume a Schechter profile at lower z, mainly
because of the action of mass quenching. Potentially confirming
this picture, the COSMOS2015 SMF, moving towards higher z,
starts to resemble a power law (Eq. 5). We caution that this clue
may actually be the e↵ect of galaxy interlopers on the high-mass
end, however it is not implausible that the SMF departs from
a Schechter function at z & 6, to reproduce more closely the
shape of the underlying dark matter (DM) distribution (see be-
low). Similarly, Bowler et al. (2015, 2017) find evidence that the
UV LF of z ' 7 galaxies is better fit with a double power law.

The SMF of NUVrJ-passive galaxies (Fig. 16, lower panel)
agrees with this scenario, with a distinct log(M?/M�) = 10.5�
10.8 peak even at z > 3. The most significant growth of the
passive sample, in terms of number density, happens from z =
2.5 to 1. A substantial increase (by a factor ⇥4) is observed in
particular from 2 < z < 2.5 to 1.5 < z < 2 (i.e., in less than
1 Gyr). This is consistent with previous studies that indicate that
local early-type galaxies with 11 < log(M/M�) < 12 entered
in their quiescent phase between z ' 0.8 and 2.5 (Thomas et al.
2010).

The build-up of passive galaxies corresponds to a transition
of the total SMF from a single to a double Schechter function.
This is only an approximate scheme, because the emerging sec-
ondary component cannot be fully ascribed to quenching: also

the active SMF is better fit by a double Schechter function at
least at z < 2.5 (see also Ilbert et al. 2013; Tomczak et al. 2014).
When the active sample is divided in two or more classes –
e.g. distinguishing between intermediate and high sSFR, or dif-
ferent morphologies, as in (Ilbert et al. 2010) – each SMF is well
described by a single Schechter function. From a morphological
analysis of z < 0.06 galaxies, Mo↵ett et al. (2016, GAMA sur-
vey) find that the double Schechter profile of the active SMF is
the sum of the SMF of Sd and irregular galaxies (dominant at the
low-mass end) and the one of Sa to Sc types (which creates the
dip at intermediate masses). With irregular galaxies being more
common in earlier epochs, the result should be a single Schechter
at high z, as observed. Moreover, Mo↵ett et al. (but also Kelvin
et al. 2014) find a precise decomposition of their local SMF
in two Schechter functions by simply dividing disc- and bulge-
dominated galaxies. Without speculating further, we just remark
that a similar morphological transformation, characterised by an
“inside-out” quenching and bulge growth, is expected to begin at
z ' 2.5 (according to recent simulations as Tacchella et al. 2016)
i.e. the epoch when we observe a secondary low-z component to
emerge in the SMF.

We also determine the stellar mass density (⇢⇤) as a function
of z. This is usually done by integrating the Schechter function
between 108 and 1013M�. Since ourMlim is larger than 109M�
at z > 2, the computation at high redshift is extremely sensitive
to the extrapolation of the low-mass end below our data point
(see Sect. 5.5). We show in Fig. 17 several ⇢⇤ estimates from
COSMOS2015 and other surveys, compared to the stellar mass
density derived via integration of the star formation rate density
(SFRD) function (as given in Behroozi et al. 2013; Madau &
Dickinson 2014). The di↵erence between the two methods is
smaller than in the analogous plot shown in Madau & Dickinson
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02:48:02.8, -03:31:27.67, integrated flux of 0.25 mJy, and an estim-
ated source size of 2.400 ⇥ 1.100 PA = 60 �. The former is associated
with the cD galaxy of the cluster (z = 0.188), and the latter is asso-
ciated with a spiral galaxy at z = 0.65 (denoted B18 in Smith et al.
2001).

For MS0451-H, we do not detect a line, and in Fig. 2 we show
the extracted spectrum from the region corresponding to the near-
infrared (NIR) source; as for A383-5.1, the spectrum was extracted
from a cube that was imaged using natural weighting and tapering.
We measure a rms of 0.05 mJy beam�1 for a channel of 100 km s�1.
Assuming this corresponds to the FWHM width of the line, we
estimate a 5� upper limit of 0.026 Jy km s�1. We do not detect the
continuum and place an upper limit of 55 µJy.

We estimate the [C ii] line luminosity using L[CII] = 1.04 ⇥
10�3S�VD2

L⌫obs (e.g. Solomon & Vanden Bout 2005; Carilli &
Walter 2013). De Looze et al. (2014) has investigated the [C ii]
line as a SFR estimator for local star-forming galaxies against other
probes and for di↵erent classes of galaxies. We use the relation for
low-metallicity galaxies to estimate the SFR from L[CII] under the
assumption that the [C ii] line traces star formation in the galaxies.
Furthermore, we use the continuum upper limit to estimate the FIR
luminosity upper limits assuming a modified blackbody spectrum
with a temperature T = 35 K and � = 1.6 (e.g. Rémy-Ruyer et al.
2013). For comparison with the SFR derived from the optical/NIR
observations, we estimate an SFR from the LIR assuming a Chab-
rier IMF (e.g. Carilli & Walter 2013). We correct the values for the
estimated gravitational magnification (Richard et al. 2011, Kneib
et al., in preparation). Results and upper limits are summarised in
Table 2. We note that the CMB temperature is 19.1 K and 21 K for
z = 6.027 and z = 6.703, respectively. Following the analysis of
da Cunha et al. (2013), we estimate that the CMB heating would
increase the temperature by less than a per cent for the assumed
values and that about 14-20% of the intrinsic continuum flux dens-
ity would be missed due to the CMB background emission.

4 DISCUSSION

A383-5.1 has the lowest [C ii] luminosity among all detections of
this line at z > 6, and the upper limit for MS0451�H is more than
1.5 dex below other upper limits. Both galaxies are selected as UV-
bright, star-forming, and with gravitational magnification > 10.
The latter enabled us to do deeper observations than previously
presented and thus probe towards SFRs and stellar masses com-
parable to the low-mass end and less extreme systems. In Fig. 3
we show the results together with results for other high-z and local
galaxies.

Using combined stellar population synthesis modeling and
photoionization modeling of the gas-component, Stark et al. (2015)
finds that the metallicity is log(Z/Z�) = �1.33 for A383-5.1. This
relatively low metallicity is comparable to the metallicity found in
some nearby dwarf galaxies. The the line luminosity for A383-5.1,
as well as the MS0451-H upper limit and the IR luminosity limits
are similar to nearby, low-Z dwarfs’. Using Herschel PACS spec-
troscopy, Cormier et al. (2015) studied the properties of FIR fine-
structure lines, including the [C ii] line, of the low-Z ISM of dwarf
galaxies. The L[CII]/LIR ratio has a large scatter for dwarf galaxies,
and the lowest metallicity systems, Z/Z� < 1/20, agree with that
scatter. Based on the L[CII] of A383-5.1, assuming a ratio of 0.6%
and 0.06%, we estimate LIR ⇠ 1.4 � 14 ⇥ 109 L�. This is partly in
agreement with the lower limit on the L[CII]�LFIR ratio derived from
our results (see Table 2), suggesting that the [C ii] line contributes

Figure 1. Top: HST WFC3 F140W image overlaid with the contours of
the integrated spectral line. The contours show 2, 3, 4, 5�, and dashed show
�2�. The apparent gradient of NIR emission increasing from the lower part
of the image is caused by the bright emission from the central galaxy of the
A383 cluster. Bottom: ALMA spectra extracted at the position of A383-5.1
and centered at the frequency of the redshifted [C ii] line. The green solid
curve shows the best-fit Gaussian. The vertical dashed line and grey area
shows the corresponding redshift and uncertainty determined from the Ly↵
line, and the red dashed line and area corresponds to the redshift measured
from Ciii] (Stark et al. 2015). The top-axis shows the velocity relative the
Ly↵ redshift.

Figure 2. The ALMA band-6 spectrum extracted at the position of the
MS0451-H arc. The vertical line and grey area shows indicate the corres-
ponding redshift and uncertainty determined from the Ly↵ line. The top-
axis shows the velocity relative the Ly↵ redshift.
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Figure 5. IRX-� plot showing the relations for local starburst galaxies (solid curve, Meurer et al. 1999) and the SMC (dotted
curve, Pettini et al. 1998). We show MACS0717 Az9 for the z = 4.1 and z = 4.3 lens models as the red and orange stars,
respectively. Even though 75–80% of the star formation is coming out in the infrared, we find that MACS0717 Az9 is consistent
with the SMC dust curve, similar to the Capak et al. (2015) z ⇠ 5 UV-selected galaxies (blue triangles).

and that in-situ grain growth should be especially im-
portant in the early Universe. Future observations of
lines sensitive to the ISM density and metallicity such
as CO, [CII] and HCN in MACS0717 Az9 can be used
to test this idea.

4.2. Galaxy star formation sequence

At a given epoch, the tight relationship between the
star formation rate and stellar mass implies that most
normal star-forming galaxies are undergoing steady
growth (e.g. Noeske et al. 2007; Daddi et al. 2007). The
stellar mass of MACS0717 Az9 is well below the esti-
mated knee in the stellar mass function at z ⇠ 4 (Muzzin
et al. 2013). In order to determine if MACS0717 Az9
is a normal galaxy for this epoch, we compare the po-
sition of this galaxy to the estimated extrapolation of
the star formation sequence. In Figure 6, we plot the
star formation sequence at z = 3–4 from Tomczak et
al. (2016). The z ⇠ 5 star-forming galaxies detected in
submm continuum with ALMA by Capak et al. (2015)
and the extreme submillimeter galaxy, GN20 (Pope et
al. 2006; Riechers et al. 2014; Tan et al. 2014), are shown
for comparison.
First, we find that MACS0717 Az9 (red and orange

stars for two redshift solutions) is consistent with the
estimated star formation sequence for this epoch, and
that this galaxy resides in a region that is relatively
unexplored in the infrared. Given the error bars on
MACS0717 Az9 and the uncertainty in the star forma-
tion sequence at these low masses, we do not claim
MACS0717 Az9 is below the star formation sequence
but we can confidently say that the source is not an
extreme starburst galaxy like GN20.
Second, we show that even though this is a normal

star-forming galaxy, its SFR is dominated by the ob-
scured component (SFRIR is at least 75% of the total
SFR). This underscores the importance of accurately
including this obscured component when accounting for
the global SFRD, even at these high redshifts and lower
stellar masses, and stresses the need for deep and wide
IR/submm surveys.
Two recent papers that surveyed the Hubble Ultra

Deep Field with ALMA seem to suggest a smaller num-
ber of high redshift galaxies detected in dust emission
than expected (Dunlop et al. 2017; Bouwens et al. 2016).
Without lensing, a galaxy like MACS0717 Az9 would
not have been detected at the depth of the Dunlop
et al. (2017) ALMA map. The one z > 3.5 galaxy
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Observations of Galaxies at High Redshift 

Large samples of galaxies to z~11 — together with constraints from Planck — point to 
great opportunities for JWST for exploring galaxies at z>9

Understanding issues of gas fueling and feedback are hugely important / fundamental 
and should be the subject of huge investments in the future.

Many important key questions remain which can be subject of research by current and 
future facilities, including ALMA, JWST, Euclid, and WFIRST.

To explore the build-up of massive galaxies:
wide-area, near-IR surveys + spectroscopic capabilities will be key.

To probe the star formation efficiency at z>5:
accurate measurements of the mass of z>5 galaxies (from ALMA + JWST) and a probe 

of the star formation rate density at z~10 are required

To explore the nature of the lowest luminosity galaxies: 
a substantial investment in lensing cluster fields from JWST will be required.


