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0.1 < z < 3 -- Representation at this meeting
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~90% of volume in 
universe
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Why Be Interested in z<3?
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Build-up of the Hubble Sequence

Growth and Evolution of Galaxy Clusters

Transition from Compact Core Galaxies to de-
Vaucouleur Profile Sources

The Quenching of Star Formation in Galaxies: 
How does it operate?

The Impact of Environment on Galaxy Build-up

These are all very interesting questions.

However, the research I have pursued with my 
students and collaborators has almost 

exclusively focused on

z=3-10+ science

Late-Epoch Mass Build-up
In general, each of these science areas will be 

able to benefit from 

extending to even lower masses / lower 
luminosities

JWST’s higher spatial resolution

JWST’s superior spectral sensitivity and 
wavelength coverage
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What can z<3 galaxies teach us about the 
formation and evolution of the faintest, 
lowest-mass galaxies in the universe?
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(High-Redshift Galaxies are my primary 
focus of research, so this focus might 

be expected)



Carnegie Rychard Bouwens / Leiden

Primary science interest from JWST 
revolves around cosmic reionization and 
determining what reionizes the universe
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This keys an interest in ultra-faint, low-
mass galaxies...
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FAINTBRIGHT

Which galaxies contribute ionizing photons? 
How faint do we need to consider?
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observed assumed to also 
contribute to 
reionization

assumed to also 
contribute to 
reionization

assumed to also 
contribute to 
reionization

most photons appear to 
come from galaxies 

beyond the observed 
limitHowever, the correction factor for faint 

galaxies depends sensitively on where this 
cut-off occurs (and also the faint-end slope)!

Could be anywhere between 2x and 8x
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H
ST

JW
ST

Which galaxies can we probe at present? 
How faint will we probe with JWST?

Not 
Probed
at z~7

by 
JWST

For full census of ionizing photons, 
we would like to understand these 

galaxies
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What are the physical properties of ultra low-
mass galaxies?
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One question is about the prevalence of faint 
galaxies (and the cut-off of the LF)
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Dustiness vs. Luminosity (proxy for Mass)
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Mean 
UV color 

of  
galaxies

24

Fig. 15.— Biweight mean UV continuum slope β derived versus
UV luminosity for our z ∼ 4, z ∼ 5, z ∼ 6, and z ∼ 7 galaxy
samples (see §3.2 and §4.7). Slight offsets to the β results from our
z ∼ 4, z ∼ 5, and z ∼ 7 samples have been applied, i.e., ∆β ∼
−0.16, ∆β ∼ −0.07, ∆β ∼ 0.05, to better illustrate the consistent
dependence on luminosity. Only a small amount of evolution in the
β vs. MUV relationship is observed as a function of redshift. It is
clear that β shows a consistent dependence on UV luminosity at all
redshifts, with a clear trend to bluer colors at lower luminosities.
The dependence of β on luminosity becomes weaker at the lowest
luminosities (see Figure 3 and §3.4).

such redshift window z ∼ 6.6-7.0 to obtain a constraint
on the H160 − [4.5] color for moderately faint (∼ −20.0
mag) z ∼ 7 galaxies (albeit slightly brighter than we
consider here). Meanwhile, Labbé et al. (2013) exploited
another such redshift window z ! 7.1 to obtain a rela-
tively clean constraint on the H160 − [3.6] color for faint
H160,AB ∼ 28 galaxies.
The observational constraints are shown in the middle

and lowest panels of Figure 14 and can be compared with
the results from stellar population models. No strong
constraints on the age of the stellar population can be
set. Ages from ∼50 Myr to 800 Myr (age of the universe)
are formally allowed, though the real upper limit is set
by the onset of the earliest significant star formation in
the universe (which is currently thought to occur at ages
around 150-200Myr after the Big Bang). For stellar pop-
ulation ages of ∼200 Myr, the joint constraints on β and
UV -to-optical colors suggest a non-zero dust extinction
in these sources, with a best-fit value of E(B−V ) ∼ 0.02.
Unfortunately, the available IRAC observations are sim-
ply not deep enough at present to set strong constraints
on UV-to-optical colors of z ∼ 7-8 galaxies and hence
their stellar population models. Dunlop et al. (2013)
also drew somewhat similar conclusions to these, despite
modest differences in their preferred values for β (see also
the simulation results from Wilkins et al. 2013).
As in our previous study (e.g., Bouwens et al. 2012),

the present results provide no significant evidence for ex-
otic or unusual stellar populations, consistent with the
results from many recent studies (Finkelstein et al. 2010,
2012; Wilkins et al. 2011; Dunlop et al. 2012).

8. SUMMARY

TABLE 7
Systematic Biases that have likely affected previous

studies of β at z ∼ 7.a

Systematic Magnitude of
(potential & Bias

Paper demonstrated) (∆β)

Bouwens et al. 2010 Photometric Error −0.1b

Coupling Biasc

PSF-Matching Biasd −0.22
Finkelstein et al. 2010 Photometric Error −0.5(?)e

Coupling Biasc

Selection Volume Biasf Uncorrectedg

Wilkins et al. 2011 Photometric Error Uncorrectedg

Coupling Biasc

Dunlop et al. 2012 Photometric Error Uncorrectedg,h

Coupling Biasc

Selection Volume Biasf Uncorrectedg

Bouwens et al. 2012 PSF-Matching Biasd −0.22
Finkelstein et al. 2012 Lyα contamination Uncorrectedg,j

Biasi

Selection Volume Biasf Uncorrectedg

Dunlop et al. 2013 Non-Zero Size Biask +0.13
Selection Volume Biasf Uncorrectedg

a Another possible bias one could consider is a contamination bias
(the bias one would expect from the small fraction of contaminants
present at low levels in high-redshift selections). Because correc-
tions for this bias would be highly model dependent (though likely
small), no study (including the present one) has corrected for it.
b We estimate the size of this bias in Appendix B.2 by applying a
similar S/N cut in the H160 band as was applied in the J125 band
to the original catalog from Bouwens et al. (2010). See Appendix
B.2
c Biases will be present in the measurement of β if noise in the
measured flux of z ∼ 7 sources can affect both the selection of
sources and the measurement of β. For example, if the same noise
fluctuation can cause a source to look both bluer (for the purposes
of its being selected as a high-redshift candidate) and bluer (for
the purposes of measuring its β), then the β results will be biased.
See Appendix B.2. See also Dunlop et al. (2012) and Appendix
B.1.2 of Bouwens et al. (2012).
d Small systematics in the PSFs Bouwens et al. (2010, 2012) used
to do the PSF matching resulted in β measurements that were too
blue. See §5.3, Appendix B.2, and Appendix B.3.
e This is a rough estimate of the bias, drawing on simulations
presented in Dunlop et al. (2012), Bouwens et al. (2012: Appendix
D), and Rogers et al. (2013).
f The selection volume bias (Appendix B.1.1 of Bouwens et al.
2012) occurs because sources with certain intrinsic colors are less
likely to be selected as high-redshift candidates and therefore the
mean β from a high-redshift selection is biased. Corrections for this
bias are very uncertain at present and highly model dependent
since they require an accurate knowledge of the volume density
of high-redshift galaxies with intrinsically red β’s. The selection
volume bias is likely small (particularly at lower luminosities) since
there is little evidence that a modest fraction of faint z ∼ 4-7
galaxies are especially red. See also Appendix F.
g The indicated results are subject to this bias, but we do not
estimate the size of the bias here.
h This bias should not be especially large, due to Dunlop et al.
(2012) restricting their analysis to the highest-significance z ∼ 7
candidates.
i Contribution of Lyα emission to the Y105-band flux of z ∼ 7
sources could bias β measurement procedures that make use of the
Y105-band flux. See Appendix B.1 and Figure 12 from Rogers et
al. (2013).
j The β measurements for z ∼ 6 galaxies by Finkelstein et al.
(2012) show a consistent ∆β ∼ 0.2 blueward offset relative to our
own measurements comparing sources both in the HUDF/XDF
and in the CANDELS-South field (see Figure 18 and 19). This
bias appears to be significant and could result from Lyα emission
contaminating the broadband fluxes of z ∼ 6 galaxies, though it
can also arise from other issues.
k The Dunlop et al. (2013) β’s are measured to be too red, since
faint z ∼ 7 sources have non-zero sizes and the Dunlop et al. (2013)
photometric procedure assumes point sources. See §5.4, Figure 11,
and Appendix B.4.
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Bouwens+2014;  see also Bouwens+2009, 2012; Rogers+2014; Finkelstein+2012
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What are the masses (M/L ratios) of ultra-faint 
galaxies?

9

How strong are various emission lines in 
ultra-faint galaxies and what does this tell us 

about their gaseous nebula?

Can we break this degeneracy between 
dustiness, age, and metallicity for the ultra-

faint galaxies?

Can we measure the gas masses in ultra low-
mass z~7-10 galaxies?
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H
ST

JW
ST

Not 
Probed
at z~7

by 
JWST

Which galaxies can we probe at present? 
How faint will we probe with JWST?
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Perhaps we can gain insight into what is going 
on by looking for similar galaxies at z<7...

1

Probe 3.5 mags (20x) 
fainter at z~1 than at z~7
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This exercise already done with HST at z~2
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The galaxy UV luminosity function at z ' 2� 4 9

Figure 6. Our new rest-frame UV (1500 Å) galaxy luminosity functions at z ' 2, 3 and 4. The (blue, green, red) data points indicate
the values derived via the V

max

estimator, with the colour-matched solid lines showing the best-fitting Schechter functions. The values
corresponding to the data points and their errors are tabulated in Table 1, while the values of the best-fitting Schechter parameters are
given in Table 2, and plotted in Fig. 7. The vertical dashed line in each panel at M1500 = �18 is shown simply to indicate the typical
absolute magnitude limit reached by previous studies at these redshifts, while the background shading indicates the absolute magnitude
regimes in which the three di↵erent surveys (UltraVISTA/COSMOS, CANDELS/GOODS-S, HUDF) make the dominant contribution
to our new measurement of the LF at each redshift. For comparison purposes, at each redshift we also show several luminosity functions
from the literature as indicated in the legend, and discussed in Section 4.3.

Table 1. The rest-frame UV (1500 Å) galaxy luminosity functions at z ' 2, 3 and 4, as measured via the V
max

estimator; these values
are plotted in the three panels of Fig. 6, and in Fig. 8.

M1500 � (z ' 2) � (z ' 3) � (z ' 4)
/Mpc�3mag�1 /Mpc�3mag�1 /Mpc�3mag�1

�23 � � 0.000001± 0.000000
�22.5 � 0.000003± 0.000001 0.000010± 0.000002
�22 0.000012± 0.000027 0.000023± 0.000004 0.000043± 0.000005
�21.5 0.000034± 0.000045 0.000117± 0.000008 0.000154± 0.000010
�21 0.000152± 0.000094 0.000462± 0.000016 0.000475± 0.000017
�20.5 0.000555± 0.000181 0.001462± 0.000107 0.001087± 0.000096
�20 0.001654± 0.000124 0.002511± 0.000140 0.001709± 0.000120
�19.5 0.003467± 0.000165 0.003830± 0.000173 0.001916± 0.000127
�19 0.004961± 0.000197 0.004387± 0.000185 0.002110± 0.000467
�18.5 0.006454± 0.000225 0.007382± 0.000838 0.004008± 0.000644
�18 0.007849± 0.000869 0.008353± 0.000892 0.005485± 0.000753
�17.5 0.010007± 0.000981 0.012432± 0.001088 0.007384± 0.000874
�17 0.012560± 0.001099 0.012238± 0.001079 0.016030± 0.001095
�16.5 0.001432± 0.001173 0.012821± 0.001105 0.010337± 0.001034
�16 0.017660± 0.001303 0.015599± 0.001216 0.013510± 0.000850
�15.5 0.018052± 0.001317 0.014625± 0.000971 �
�15 0.030077± 0.001505 � �
�14.5 0.033572± 0.001251 � �

the evolution, and luminosity density undoubtedly declines
significantly by z ' 4.

The modest evolution in �⇤ and the ' 0.5 mag. bright-
ening in M⇤ seen between z ' 2 and z ' 3 is very similar to
the evolution reported by Reddy & Steidel (2009), with the
main di↵erence being that our �⇤ values are systematically
higher, and our M⇤ values systematically dimmer due (at
least in part) to our significantly shallower best-fitting faint-
end slope ↵. This is made clear in Fig. 9, where we place our
results in the context of several other recent studies. Here
it can be seen that our inferred values of �⇤ at z ' 2 and
z ' 3 are noticeably higher than derived in nearly all pre-

vious studies, while our inferred values of M⇤ are therefore
(unsurprisingly) somewhat lower. Interestingly, our results
in fact agree best with those recently derived by Weisz et
al. (2014), who attempted to reconstruct the form of the
UV LF out to z ' 5 from the properties (including star-
formation histories) of the galaxies in the local group. We
speculate that this agreement perhaps reflects the fact that
our own study and that undertaken by Weisz et al. (2014)
are the only studies to date which have probed to the depths
required to properly determine the faint-end slope (in fact
Weisz et al. (2014) reach down to M

UV

' �5 at z ' 0),
with an inevitable resulting impact on the inferred best-

c� 2014 RAS, MNRAS 000, 1–??

Using the HUDF data
This exercise already done with HST at z~2

Parsa+2015
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How can we improve the HST exercise with JWST?

1

Alavi+2014
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z=1

But nominally this requires very 
deep UV observation which 
JWST does not offer us....

JWST will allow us to detect 
even fainter sources than HST

Redshifts for z~1 galaxies can be 
derived from NIRSpec Spectroscopy:

Hα, [OIII] should be bright



ESTEC:   Exploring the Universe with JWST Rychard Bouwens / Leiden 1

The galaxy UV luminosity function at z ' 2� 4 9

Figure 6. Our new rest-frame UV (1500 Å) galaxy luminosity functions at z ' 2, 3 and 4. The (blue, green, red) data points indicate
the values derived via the V

max

estimator, with the colour-matched solid lines showing the best-fitting Schechter functions. The values
corresponding to the data points and their errors are tabulated in Table 1, while the values of the best-fitting Schechter parameters are
given in Table 2, and plotted in Fig. 7. The vertical dashed line in each panel at M1500 = �18 is shown simply to indicate the typical
absolute magnitude limit reached by previous studies at these redshifts, while the background shading indicates the absolute magnitude
regimes in which the three di↵erent surveys (UltraVISTA/COSMOS, CANDELS/GOODS-S, HUDF) make the dominant contribution
to our new measurement of the LF at each redshift. For comparison purposes, at each redshift we also show several luminosity functions
from the literature as indicated in the legend, and discussed in Section 4.3.

Table 1. The rest-frame UV (1500 Å) galaxy luminosity functions at z ' 2, 3 and 4, as measured via the V
max

estimator; these values
are plotted in the three panels of Fig. 6, and in Fig. 8.

M1500 � (z ' 2) � (z ' 3) � (z ' 4)
/Mpc�3mag�1 /Mpc�3mag�1 /Mpc�3mag�1

�23 � � 0.000001± 0.000000
�22.5 � 0.000003± 0.000001 0.000010± 0.000002
�22 0.000012± 0.000027 0.000023± 0.000004 0.000043± 0.000005
�21.5 0.000034± 0.000045 0.000117± 0.000008 0.000154± 0.000010
�21 0.000152± 0.000094 0.000462± 0.000016 0.000475± 0.000017
�20.5 0.000555± 0.000181 0.001462± 0.000107 0.001087± 0.000096
�20 0.001654± 0.000124 0.002511± 0.000140 0.001709± 0.000120
�19.5 0.003467± 0.000165 0.003830± 0.000173 0.001916± 0.000127
�19 0.004961± 0.000197 0.004387± 0.000185 0.002110± 0.000467
�18.5 0.006454± 0.000225 0.007382± 0.000838 0.004008± 0.000644
�18 0.007849± 0.000869 0.008353± 0.000892 0.005485± 0.000753
�17.5 0.010007± 0.000981 0.012432± 0.001088 0.007384± 0.000874
�17 0.012560± 0.001099 0.012238± 0.001079 0.016030± 0.001095
�16.5 0.001432± 0.001173 0.012821± 0.001105 0.010337± 0.001034
�16 0.017660± 0.001303 0.015599± 0.001216 0.013510± 0.000850
�15.5 0.018052± 0.001317 0.014625± 0.000971 �
�15 0.030077± 0.001505 � �
�14.5 0.033572± 0.001251 � �

the evolution, and luminosity density undoubtedly declines
significantly by z ' 4.

The modest evolution in �⇤ and the ' 0.5 mag. bright-
ening in M⇤ seen between z ' 2 and z ' 3 is very similar to
the evolution reported by Reddy & Steidel (2009), with the
main di↵erence being that our �⇤ values are systematically
higher, and our M⇤ values systematically dimmer due (at
least in part) to our significantly shallower best-fitting faint-
end slope ↵. This is made clear in Fig. 9, where we place our
results in the context of several other recent studies. Here
it can be seen that our inferred values of �⇤ at z ' 2 and
z ' 3 are noticeably higher than derived in nearly all pre-

vious studies, while our inferred values of M⇤ are therefore
(unsurprisingly) somewhat lower. Interestingly, our results
in fact agree best with those recently derived by Weisz et
al. (2014), who attempted to reconstruct the form of the
UV LF out to z ' 5 from the properties (including star-
formation histories) of the galaxies in the local group. We
speculate that this agreement perhaps reflects the fact that
our own study and that undertaken by Weisz et al. (2014)
are the only studies to date which have probed to the depths
required to properly determine the faint-end slope (in fact
Weisz et al. (2014) reach down to M

UV

' �5 at z ' 0),
with an inevitable resulting impact on the inferred best-

c� 2014 RAS, MNRAS 000, 1–??

Parsa+2015

Using the HUDF data
This exercise already done with HST at z~2

JW
ST

z=1

Redshifts for z~1 galaxies can be 
derived from NIRSpec Spectroscopy:

Hα, [OIII] should be bright
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Dustiness vs. Luminosity (proxy for Mass)

1

UV color

24

Fig. 15.— Biweight mean UV continuum slope β derived versus
UV luminosity for our z ∼ 4, z ∼ 5, z ∼ 6, and z ∼ 7 galaxy
samples (see §3.2 and §4.7). Slight offsets to the β results from our
z ∼ 4, z ∼ 5, and z ∼ 7 samples have been applied, i.e., ∆β ∼
−0.16, ∆β ∼ −0.07, ∆β ∼ 0.05, to better illustrate the consistent
dependence on luminosity. Only a small amount of evolution in the
β vs. MUV relationship is observed as a function of redshift. It is
clear that β shows a consistent dependence on UV luminosity at all
redshifts, with a clear trend to bluer colors at lower luminosities.
The dependence of β on luminosity becomes weaker at the lowest
luminosities (see Figure 3 and §3.4).

such redshift window z ∼ 6.6-7.0 to obtain a constraint
on the H160 − [4.5] color for moderately faint (∼ −20.0
mag) z ∼ 7 galaxies (albeit slightly brighter than we
consider here). Meanwhile, Labbé et al. (2013) exploited
another such redshift window z ! 7.1 to obtain a rela-
tively clean constraint on the H160 − [3.6] color for faint
H160,AB ∼ 28 galaxies.
The observational constraints are shown in the middle

and lowest panels of Figure 14 and can be compared with
the results from stellar population models. No strong
constraints on the age of the stellar population can be
set. Ages from ∼50 Myr to 800 Myr (age of the universe)
are formally allowed, though the real upper limit is set
by the onset of the earliest significant star formation in
the universe (which is currently thought to occur at ages
around 150-200Myr after the Big Bang). For stellar pop-
ulation ages of ∼200 Myr, the joint constraints on β and
UV -to-optical colors suggest a non-zero dust extinction
in these sources, with a best-fit value of E(B−V ) ∼ 0.02.
Unfortunately, the available IRAC observations are sim-
ply not deep enough at present to set strong constraints
on UV-to-optical colors of z ∼ 7-8 galaxies and hence
their stellar population models. Dunlop et al. (2013)
also drew somewhat similar conclusions to these, despite
modest differences in their preferred values for β (see also
the simulation results from Wilkins et al. 2013).
As in our previous study (e.g., Bouwens et al. 2012),

the present results provide no significant evidence for ex-
otic or unusual stellar populations, consistent with the
results from many recent studies (Finkelstein et al. 2010,
2012; Wilkins et al. 2011; Dunlop et al. 2012).

8. SUMMARY

TABLE 7
Systematic Biases that have likely affected previous

studies of β at z ∼ 7.a

Systematic Magnitude of
(potential & Bias

Paper demonstrated) (∆β)

Bouwens et al. 2010 Photometric Error −0.1b

Coupling Biasc

PSF-Matching Biasd −0.22
Finkelstein et al. 2010 Photometric Error −0.5(?)e

Coupling Biasc

Selection Volume Biasf Uncorrectedg

Wilkins et al. 2011 Photometric Error Uncorrectedg

Coupling Biasc

Dunlop et al. 2012 Photometric Error Uncorrectedg,h

Coupling Biasc

Selection Volume Biasf Uncorrectedg

Bouwens et al. 2012 PSF-Matching Biasd −0.22
Finkelstein et al. 2012 Lyα contamination Uncorrectedg,j

Biasi

Selection Volume Biasf Uncorrectedg

Dunlop et al. 2013 Non-Zero Size Biask +0.13
Selection Volume Biasf Uncorrectedg

a Another possible bias one could consider is a contamination bias
(the bias one would expect from the small fraction of contaminants
present at low levels in high-redshift selections). Because correc-
tions for this bias would be highly model dependent (though likely
small), no study (including the present one) has corrected for it.
b We estimate the size of this bias in Appendix B.2 by applying a
similar S/N cut in the H160 band as was applied in the J125 band
to the original catalog from Bouwens et al. (2010). See Appendix
B.2
c Biases will be present in the measurement of β if noise in the
measured flux of z ∼ 7 sources can affect both the selection of
sources and the measurement of β. For example, if the same noise
fluctuation can cause a source to look both bluer (for the purposes
of its being selected as a high-redshift candidate) and bluer (for
the purposes of measuring its β), then the β results will be biased.
See Appendix B.2. See also Dunlop et al. (2012) and Appendix
B.1.2 of Bouwens et al. (2012).
d Small systematics in the PSFs Bouwens et al. (2010, 2012) used
to do the PSF matching resulted in β measurements that were too
blue. See §5.3, Appendix B.2, and Appendix B.3.
e This is a rough estimate of the bias, drawing on simulations
presented in Dunlop et al. (2012), Bouwens et al. (2012: Appendix
D), and Rogers et al. (2013).
f The selection volume bias (Appendix B.1.1 of Bouwens et al.
2012) occurs because sources with certain intrinsic colors are less
likely to be selected as high-redshift candidates and therefore the
mean β from a high-redshift selection is biased. Corrections for this
bias are very uncertain at present and highly model dependent
since they require an accurate knowledge of the volume density
of high-redshift galaxies with intrinsically red β’s. The selection
volume bias is likely small (particularly at lower luminosities) since
there is little evidence that a modest fraction of faint z ∼ 4-7
galaxies are especially red. See also Appendix F.
g The indicated results are subject to this bias, but we do not
estimate the size of the bias here.
h This bias should not be especially large, due to Dunlop et al.
(2012) restricting their analysis to the highest-significance z ∼ 7
candidates.
i Contribution of Lyα emission to the Y105-band flux of z ∼ 7
sources could bias β measurement procedures that make use of the
Y105-band flux. See Appendix B.1 and Figure 12 from Rogers et
al. (2013).
j The β measurements for z ∼ 6 galaxies by Finkelstein et al.
(2012) show a consistent ∆β ∼ 0.2 blueward offset relative to our
own measurements comparing sources both in the HUDF/XDF
and in the CANDELS-South field (see Figure 18 and 19). This
bias appears to be significant and could result from Lyα emission
contaminating the broadband fluxes of z ∼ 6 galaxies, though it
can also arise from other issues.
k The Dunlop et al. (2013) β’s are measured to be too red, since
faint z ∼ 7 sources have non-zero sizes and the Dunlop et al. (2013)
photometric procedure assumes point sources. See §5.4, Figure 11,
and Appendix B.4.
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UV Continuum Slopes 5

Fig. 1.— UV spectral index, �, vs. absolute magnitude for galaxies in the UVUDF. Errors are determined from simulation. The top
horizontal axis indicates the luminosity ratio, L/L⇤, based on the luminosity function at z ⇠ 3 in Reddy & Steidel (2009). Galaxies are
binned in redshift ranges as indicated in the legend. Linear fits to redshift-binned subsamples are shown as solid lines of corresponding
colors. Outliers that include three galaxies with � > 0 have no obvious faults, such as bad segmentation or appearance near an edge in the
images.

Fig. 2.— Derivative of the UV spectral index with magnitude, d�/dM , vs. redshift for UVUDF galaxies compared to literature. Filled,
black circles refer to the present work, with galaxies binned in redshift, as in Figure 1. Random errors are determined from bootstrap
resampling simulation. Sub-sample mean redshift is used for placement on the horizontal axis. Points from the literature are indicated in
the legend. Overlapping points have been o↵set in redshift slightly for clarity. The weighted average d�/dM for the present data (combined
literature) is indicated as a dashed (solid) black line.
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How strong are emission lines in faintest z~7 galaxies?

1

Figure 3.   Observed spectral energy distributions 
for star-forming galaxies at z~7 and z~8, as seen 
using current Hubble Space Telescope + Spitzer 
Space Telescope photometry (Labbe et al. 2012).   
For both the z~7 and z~8 SEDs, the  effective 
wavelength for strong line emission from OIII+Hβ 
has a substantial effect on the overall shape of 
observed SEDs, seen through select broadband 
filters (here the IRAC 3.6μm and 4.5μm bands).   
We can quantify the EWs of noteworthy emission 
lines in high-redshift galaxies, by investigating the 
effect that redshift has on the apparent SED shape 
of z~4-6 galaxies.   To quantify these EWs reliably, 
we require accurate redshifts for faint z~4-6 
sources.   Our MUSE GTO program will enable us 
to measure redshifts accurately, both directly from 
the position of Lyα in the spectra of faint sources 
and leveraging constraints from the combined HST
+MUSE observations (see Figure 5).

Labbe+2013
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constraint. Photometric redshifts are determined using
the EAZY software (Brammer et al., 2008). We use all
16 HST filters to obtain good redshift determinations.
To avoid a bias of sources with a specific [3.6]-[4.5] color,
we do not use our Spitzer/IRAC photometry in the pho-
tometric redshift selection.

Figure 2 shows the impact of the strongest emission
lines, Hα, Hβ, [OIII] and [OII], on [3.6] and [4.5] as a
function of redshift. The top panel indicates which lines
fall into the IRAC filters at a given redshift, while the
bottom panel indicates the estimated [3.6]-[4.5] color off-
set due to the various emission lines. We select sources
in the redshift range zphot = 6.6 − 7.0, where we know
that both OIIIλ4959, 5007 and Hβ fall in [3.6], while [4.5]
falls exactly between Hα and OIII where no significant
emission lines are present (see the bottom panel of figure
2).

2.3. IRAC Photometry

Photometry of sources in the available Spitzer/IRAC
data over our fields is challenging, due to blending with
nearby sources from the broad PSF. We therefore use the
automated cleaning procedure described in Labbé et al.
(2010a,b). In short, we use the high-spatial resolution
HST images as a template by which to model the po-
sitions and flux profiles of the foreground sources. The
flux profiles of individual sources are convolved to match
the IRAC PSF and then simultaneously fit to all sources
within a region of ∼13” around the source. Flux from all
the foreground galaxies is subtracted and aperture pho-
tometry is performed in 2.5-diameter circular apertures.
We apply an correction of a factor ∼2x, to account for the
flux outside of the aperture. Figure 1 showes the cleaned
IRAC images of our sample. Our photometric procedure
fails when contaminating sources are either too close or
too bright. Sources with badly subtracted neighbours
are excluded. In total, clean photometry is obtained for
75% of the sources in our final selection (excluding only
two sources behind MACS2129 and MACS1206).

3. RESULTS

Our search for LBGs in the redshift range z ∼ 6.6−7.0
behind 22 strong lensing clusters in the CLASH survey
results in 8 candidates. For 6 sources we obtain reason-
ably clean IRAC photometry, as shown in postage stamps
in fig. 1. The properties of the sources are summarized in
Table 1 and they range in magnitude from 24.3 to 25.7.

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

Our selection of sources in the redshift range z ∼
6.6 − 7.0 provides us with the unique opportunity to
study the equivalent width of nebular emisison lines, due
to the contaminated [3.6] filter versus the contamination-
free [4.5] filter. Since most LBGs at high redshift exhibit
very flat continuum emission, we will make the simpify-
ing assumption that any observed [3.6]-[4.5] color is due
to emission line contamination.

In the bottom panel of figure 2 the dotted line shows
a prediction of observed optical color for a model of
strongly increasing rest-frame emission line equivalent
widths as a function of redshift (dotted line), with
EW(Hα) ∝ (1 + z)1.8Å as found by Fumagalli et al.

Fig. 2.— The impact of emission lines on the [3.6] and [4.5] band
fluxes and our strategy for deriving specific star formation rates and
Hα equivalent widths from our z ∼ 7 sample. Top panel: The red-
shift range over which strong nebular emission lines, Hα, Hβ, [OIII]
and [OII], will contaminate the [3.6] and [4.5] flux of galaxies. Mid-
dle panel: The expected [3.6]-[4.5] colors as a function of redshift
due to nebular emission lines. The solid and dotted lines show the
prediction assuming relatively low Hα EWs, i.e., EW(Hα)=100Å,
and assuming strong evolution, i.e., EW(Hα) ∝ (1+z)1.8Å, respec-
tively, similar to the models considered in Gonzalez et al. (2012)
and Stark et al. (2013). We select sources in the redshift range
zphot = 6.6 − 7.0, where OIIIλλ4959,5007 and Hβ are present in
[3.6], while [4.5] receives a contribution from no significant emis-
sion lines, falling exactly in between the Hα and OIII lines. The
red solid circles and 1 sigma upper limit show the observed col-
ors in our sample. We find that most [3.6]-[4.5] colors are blue,
falling in the range between our two models. A few sources exhibit
extremely blue rest-frame optical colors, with [3.6] − [4.5] ! −1,
indicating contamination of [OIII]+Hβ with an equivalent widths
greater than " 1300Å. Bottom panel: The observed HST+Spitzer
fluxes (black circles) and model spectral energy distribution (red)
for one z ∼ 7 candidate rxj1347Z-7362045151 that exhibits a very
blue [3.6]-[4.5] color. Because of the brightness of sources in our
samples and the many HST filters with deep observations in the
CLASH program, the photometric redshifts are very well deter-
mined. This is important for establishing that our selected sources
are likely in our desired redshift window.
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Fig. 1.— HST H160, Spitzer/iRAC [3.6], and [4.5] postage
stamp images (6.5” x 6.5”) of our sample of bright, highly-magnfied
z ∼ 6.6 − 7.0 galaxies behind clusters. The IRAC postage stamps
we shown have already been cleaned for contamination from neigh-
boring sources (Section 2.3). Though IRAC observations of high
redshift galaxies in cluster fields suffer from confusion, we should
nevertheless be able to obtain good photometry.

observations over these clusters. To place constraints on
the equivalent width of the optical emission lines and
establish a robust specific star formation rate, we select
bright LBGs in the redshift window z ∼ 6.6− 7.0, where
[4.5] is completely free of any emission lines.

This paper is organized as follows. In §2 we discuss
the data used and the selection of our sources. In §3 we
present the properties of our selected z ∼ 7 sample. We
discuss the constraints we can put on the EWs of Hα,
Hβ and OIII and the sSFR. We present a summary and

discussion of our results in §4.
Throughout this paper adopt a Salpeter IMF with

limits 0.1-100 M⊙. For ease of comparison with pre-
vious studies we take H0 = 70 km s−1 Mpc−1, Ωm =
0.3 andΩΛ = 0.7. Magnitudes are quoted in the AB sys-
tem (Oke & Gunn, 1983)

2. OBSERVATIONS

2.1. Data

In selecting our small sample of bright, high-magnified
z ∼ 7 galaxies, we make use of the deep HST
observations available over the first 23 clusters in
the CLASH multi-cycle treasury program (GO 12101:
PI Postman). The cluster fields are each cov-
ered with 20-orbit HST observations spread over 16
bands using the Advanced Camera for Surveys (ACS:
B435, g475, V606, r625, i775, I814, and z850), Wide Field
Camera WFC3/UVIS (UV225, UV275, U336 and U390)
and WFC3/IR instrument (Y098, Y105, J110, J125, JH140

and H160). Individual bands in the deep imaging data
reach 5 sigma depths (0.4-diameter aperture) of 26.4-27.7
mag. Deep Spitzer/IRAC observations of our fields in the
[3.6] and [4.5] bands was also essential for our project and
was provided for by the ICLASH (GO #80168: Bouwens
et al. 2011) and Spitzer IRAC Lensing Survey program
(GO #60034: PI Egami). The typical exposure time per
cluster was 3.5 to 5 hours per band, allowing us to reach
26.5 mag at 1 sigma. Reductions of the IRAC observa-
tions used in this paper were performed with MOPEX
(Makovoz & Khan, 2005).

2.2. Photometry and Selection

To obtain accurate flux measurements we follow the
procedure described in Bouwens et al. (2012). In short,
we perform photometry in dual image mode using the
Source Extractor software (Bertin & Arnouts, 1996), us-
ing both fixed (0.6”-diameter) and scalable Kron aper-
tures. A detection image is constructed from every band
that is securely positioned redward of the Lyman break.
Photometry images are convolved with a kernel in order
to match all the sources to the PSF of the H160 band.

Our initial source selection relies on the Lyman break
technique (Steidel et al., 1999), with the requirement
that the source drops out in the I814 band. Specifically,
our requirements for z ∼ 6 − 7 sources are

(I814 − .... > ....) ∧ (J110 − JH140 < 0.45)

∧mH160
< 26

We also require sources to have either a non-detection
in the V606 band (< 2σ) or to have a very strong Ly-
man break, i.e. V606 − J125 > 2.5. Furthermore we
construct a χ2-statistic image for all ACS bands bluer
than r625 and require the source to be undetected in the
combined image. Similarly, we exclude sources that are
not detected at more than 8σ in a χ2-statistic image of
all bands redder than Y105, to ensure that there are no
spurious sources in our selection. Finally we require the
Source Extractor stellarity parameter in the J110 band to
be less than 0.92, to ensure our selection if free of point
sources.

In order to select sources in a specific redshift window
where we can measure clean rest-frame optical stellar
continuum, we add an additional photometric redshift

HST 
WFC3/IR

Spitzer/
IRAC

HST  
ACS

Smit+2014

Bright [OIII] lines in z~7 galaxies from IRAC photometry 

What do the emission lines indicate?
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Emission Line Properties of Faint z~7 Galaxies 
Not Yet Clear
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GREATS: GOODS Re-ionization Era wide-Area Treasury from Spitzer, I. Labbé et al. 13

Figure 11: GREATS provides deep imaging matched to HST over most of the two GOODS
fields with our IRAC observing strategy. Ultradeep IRAC data (200 hr) is required to probe z ⇠ 7� 8
normal galaxies and to match the depth of the HST/WFC3 data. Our proposed program is designed to
establish this over most of the GOODS area in four IRAC fields in both GOODS-S and GOODS-N (orange
regions). The program is very e�cient thanks to contiguous coverage with WFC3/IR over large areas, the
judicious use of simultaneous parallel observations in 3.6 and 4.5 micron, and by rotating the telescope
in a second epoch observation. Our program complements the huge investment of both HST (⇠ 2000 or-
bits; green contours) and previous IRAC observations (⇠ 1500 hours), which resulted in one of the largest
multi-wavelength imaging dataset on the sky ranging from 0.2µm up to 8.0µm. We explicitly incorper-
ate existing IRAC data, adding tremendous value to earlier uncoordinated investments, thus
making maximally e�cient use of Spitzer time to enhance the legacy value of these fields.

GOODS-N and GOODS-S over an area of ⇠200 arcmin2 to a depth of ⇠ 200 hours is ex-
pected to yield ⇠ 230 detections > 3� and ⇠ 160 detections > 5�. This is a factor of 4
improvement in sample size of IRAC detected galaxies and su�cient statistics for detailed
studies.

We note that the current IRAC coverage of the GOODS-South field in particular is very
non-uniform due to di↵erent pointings of several follow-up surveys. Using carefully selected
rotation angles we designed a strategy to bring both channels to a near uniform depth of
⇠ 200 hr over both GOODS fields (see Fig.11).

Overview of Requested Data

Field current (>150 hr)† GREATS (⇠ 200 hr) Request [3.6] Depth* [4.5] Depth*

GOODS-S 6 arcmin2 100 arcmin2 210 hr 27.1 mag 26.7 mag
GOODS-N 0 arcmin2 100 arcmin2 440 hr 27.1 mag 26.7 mag
† (simultaneous in both channels) * (5�)

1.2.2 Confusion correction

The proposed total integration times (⇠ 200 hours) run into the classical “source confusion”
regime. However, source confusion is not a hard limit and usually refers to the situation where
no other information is available. In this case however, we have ultradeep high-resolution
(FWHM=0.16”) WFC3 data in hand; hence the source positions and morphologies of all
sources are known a priori. Combined with knowledge of the PSFs of both cameras this
allows us to model and remove the contaminating flux of neighboring sources (see Fig 12).

As can be seen, this technique works extremely well and allows us to recover the flux
of extremely faint sources in 80% of the cases. For example, in the IUDF and GOODS, we

200 hour depth IRAC data over 200 arcmin2

(PI: Ivo Labbe)

26.7 mag at 5 sigma
Individual detections to 0.5 L* galaxies

GREATS program
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Emission Line Properties of Faint z~7 Galaxies 
Not Yet Clear

Let’s go to z~1-3....
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van der Wel+2011; see also Atek+2011; Brammer+2012

4 Extreme Emission Line Galaxies

Figure 3. Broad-band SEDs of the 12 emission line galaxy can-
didates selected from the GSD field. Units on the y-axis are ar-
bitrary, and the SEDs are incrementally offset by 0.4 dex in the
vertical direction for clarity, sorted by continuum slope, indicated
by the dotted lines. The objects are characterized by flat SEDs
in Fν over the entire range from U band to H band. The J band
noticeably deviates from this trend as the result of strong emission
line contributions, mostly [OIII] at z ∼ 1.7. The observed wave-
lengths for z = 1.7 of various emission lines are indicated by the
vertical dashed lines.

In all cases, Hβ is also detected. The redshifts are all
in the range z = 1.65 − 1.80, in excellent agreement
with what we inferred solely from photometry. We con-
clude that our sample of extreme emission line galaxies
(EELGs) form the high-EW tail of the general population
of emission line galaxies seen in ACS and WFC3 spec-
troscopic grism observations (e.g., Straughn et al. 2008,
2009; Atek et al. 2010; Straughn et al. 2011).
In principle, Hα emitters at 0.9 < z < 1.1 should also

be included by our selection technique. The spectroscopy
and UV photometry indicate that those must be far fewer
than [OIII] emitters. Whether this is due to selection ef-
fects or evolution in the number density of such objects
remains to be seen. Still, even though our working hy-
pothesis is that all 69 candidates are [OIII] emitters at
z ∼ 1.7, we should keep in mind that some fraction of
our 69 candidates are likely Hα emitters at z ∼ 1.

3.3. Emission Lines and Broad-Band Photometry

We have shown that selecting objects which are much
brighter in J than in I and H works as a rather clean
method for finding strong [OIII] emitters at 1.6 < z <
1.8. Emission line galaxies with such excesses in other
bands also exist, but a systematic search is more compli-
cated as at most redshift ranges, multiple lines (most no-
tably [OIII] and Hα) affect multiple photometric bands.
Therefore, we refrain from conducting such a systematic
search here.
The existence of such emission-line dominated galax-

ies complicates the interpretation of SEDs, which is es-
pecially relevant in the case of the search for and SED
modeling of rare, high-redshift objects. Although con-

Figure 4. WFC3 grism spectra of the four candidates with grism
coverage. The IDs refer to those in Table 1. GSD18 is object 402
from Straughn et al. (2011); the 3 objects in the UDS are from
supernova follow-up grism observations (program ID 12099, PI
A. Riess). The three vertical dashed lines show positions of Hβ,
[OIII], and Hα for z = 1.7. These spectra strongly suggest that the
majority of the objects in our sample are [OIII] emitters at z ∼ 1.7.

tamination by emission lines is often considered to be
a factor (e.g., Labbé et al. 2010), the extremely bright
lines we observe suggests that their effect may be un-
derestimated. Ono et al. (2010) explicitly showed that
red colors in Lyα emitters and z = 7 Lyman break
galaxies may indicate the presence of evolved stellar
populations or strong nebular emission lines (also see
Schaerer et al. 1999; Finkelstein et al. 2011). Steep UV
continuum slopes, such as observed in our objects, should
serve as a warning sign for contamination by nebular
emission lines at longer wavelengths to the point that
those can dominate the broad-band flux density.

4. STARBURSTING DWARF GALAXIES AT Z = 1.7

4.1. Star formation or AGN?

Before turning to our preferred starburst interpreta-
tion, let us first point out that nuclear activity is not a
likely explanation for the bright emission lines in the vast
majority of EELGs. None of the objects in the CDFS
have significant detections in X-ray or at 24µm. The ob-
jects are spatially resolved in both J and H, and, more-
over, the J and H band sizes are consistent with each
other.
Moreover, it is highly unlikely that all 69 objects

are dominated by line emission from active galactic
nuclei. At least at the present day, low-mass, low-
metallicity AGN are exceedingly rare (Izotov & Thuan
2008), much rarer than starbursting dwarf galaxies
(Izotov et al. 2011). The implied black hole masses for
the objects in our sample, as inferred from their UV con-
tinuum luminosities (Shen et al. 2008) are ∼ 106 M⊙ at
most, when assuming an Eddington accretion of unity.
At these low masses, at least at the present day, secular
processes drive nuclear activity; thus, an unknown accre-

Evident from direct spectroscopy:

5

Similar at z~7: 
 [OIII] is elevated relative to Hβ at z~1-3
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Similar at z~7: 
 [OIII] is elevated relative to Hβ at z~1-3

12 Steidel et al.

FIG. 5.— “BPT” diagram for 219 objects with hzi = 2.34± 0.16 in the KBSS-MOSFIRE survey (large points with error bars) in comparison with the SDSS
(z ' 0) sample (e.g., Tremonti et al. 2004; locus of gray points). The 168 objects with measurements in both [NII]/H↵ and [OIII]H� are indicated with dark
green points, while an additional 51 galaxies with [OIII]/H� detections and upper limits (2�) for [NII]/H↵ are light triangles with left-pointing arrows. The red
curves trace the “metallicity sequence” of SDSS star-forming galaxies, showing the expected location of galaxies in the BPT plane for oxygen abundances of
0.2-1.0 solar – the solid curve is based on the calibration of Maiolino et al. (2008), while the dashed curve represents the same metallicity sequence implied by
the strong-line calibration of Kewley & Ellison (2008). Both curves have been adjusted to the N2 metallicity scale of PP04 for consistency. The blue solid curve
is the “maximum starburst” model of Kewley et al. (2001). The orange curve is the best-fit BPT sequence for the KBSS-MOSFIRE sample (equation 9) , with
the yellow shaded region tracing the inferred intrinsic dispersion of ±0.1 dex. Eight objects among the 219 have been identified as AGN based on their rest-UV
and/or rest-optical spectra (see discussion in section 5); these are indicated with magenta “stars”. AGN identified by both rest-UV and rest-optical spectra are
indicated by circles surrounding the stars.

lar extinction, accurate relative flux calibrations, and the well-
known non-monotonic behavior of the line indices.

Figure 6 illustrates the problem in the context of the z ⇠
2.3 sample: using locally-established metallicity calibrations
leads to systematically different metallicities even for the
closely-related N2 and O3N2 methods (both calibrations from
PP04), which were calibrated primarily using the “direct” or
“Te” method and the same set of local H II regions. Interest-
ingly, the scatter in the locus of inferred metallicities for the
z ⇠ 2.3 sample remains small ( <⇠ 0.04 dex after accounting
for the contribution of measurement errors to the observed
scatter), suggesting that a re-calibration at high redshift of

the strong-line indicators may produce an equally good, al-
beit different, mapping of metallicity to strong line intensity
ratios23. The linear regression in Figure 6 serves as an initial
estimate of how the conversion might work at z ⇠ 2.3; it will
be used in section 7 below.

The question remains whether either of the estimates of
12 + log (O/H) is reliable when applied to galaxies at z ' 2.3;
the answer depends strongly on what factor is primarily re-
sponsible for the shift in the BPT sequence at z ⇠ 2.3, and

23 In section 4.5, we revisit the calibrations of the PP04 N2 and O3N2
metallicity relations and their implications for the high-redshift sample.

Steidel+2014
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Similar at z~7: 
 [OIII] is elevated relative to Hβ at z~1-3

Evident from direct photometry:

With JWST, we will be able 
to examine these lines in 

even fainter sources

Normal-to-faint z~1-3 galaxies show 
elevated [OIII]/Hβ ratios relative to z~0
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How extreme can things look if we examine 
even fainter, lower mass z~2-4 galaxies?
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MUSE Integral Field Unit @
Very Large Telescope

MUSE Optical IFU on the VLT allows a first 
exploration of ultra-low-mass z~1-4 galaxies

MUSE Integral Field Unit decomposes 
each pixel by wavelength (R~3500 

spectroscopy)

1 arcmin2 field of view
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MUSE Optical IFU on the VLT allows a first 
exploration of ultra-low-mass z~1-4 galaxies

A&A proofs: manuscript no. muse_HDFS

Fig. 11. The location of sources with secure redshifts in the HDFS MUSE field. In grey the WFPC2 F814W image. The object categories are
identified with the following colors and symbols: blue: stars, cyan: nearby objects with z < 0.3, green: [O ii] emitters, yellow: objects identified
solely with absorption lines, magenta: C iii] emitters, orange: AGN, red circles: Ly� emitters with HST counterpart, red triangles: Ly� emitters
without HST counterpart. Objects which are spatially extended in MUSE are represented by a symbol with a size proportional to the number of
spatially resolved elements.

5.6. Ly� emitters

The large majority of sources at z > 3 are identified through
their strong Lyman-� emission line. Interestingly, 26 of the dis-
covered Ly� emitters are below the HST detection limit, i.e
V606> 29.6 and I814> 29 (3� depth in a 0.2 arcsec2 aper-
ture, Casertano et al. 2000). We produced a stacked image in
the WFPC2-F814W filter of these 26 Ly� emitters not individ-
ually detected in HST and measured an average continuum at
the level of I814= 29.8 ± 0.2 AB (Drake et al. in prep.). We
present in Fig. 14 one such example, ID#553 in the catalog.
Note the typical asymmetric Ly� profile. With a total Ly� flux of
4.2⇥10–18erg s–1cm–2 the object is one of the brightest of its cat-
egory. It is also unambiguously detected in the reconstructed Ly�
narrow band image. With such a low continuum flux the emis-

sion corresponds to a rest-frame equivalent width higher than
130 Å.

Note that we have found several even fainter line emitters
that have no HST counterpart. However, because of their low
SNR, it is di�cult to firmly identify the emission line and they
have therefore been discarded from the final catalog.

5.7. Active Galactic Nuclei

Among the [O ii] emitting galaxies we identify two objects
(ID#10 and ID#25) that show significant [Ne v] 3426 emission,
a strong signature of nuclear activity. Both galaxies show pro-
nounced Balmer breaks and post-starburst characteristics, and
their forbidden emission lines are relatively broad with a FWHM

Article number, page 12 of 21
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⇒ ~200 redshift
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>10x more than
before

Bacon+2015

Reduced data 
publicly available for 

download



ESTEC:   Exploring the Universe with JWST Rychard Bouwens / Leiden

Lyα-emitting Galaxies at z=3-6!
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Ideal Sources to Target with JWST!

Figure 6.  Example MUSE 
spectra (redshift determinations 
also indicated), MUSE white- 
light, MUSE emission-line, and 
HST images of galaxies in the 
HDF-S (from Bacon+2015) and 
the HUDF. The high spectral 
resolution of MUSE is evident in 
the observed spectra (emission 
lines and absorption lines [bottom 
panel]).
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Lyα-emitting Galaxies at z=3-6!

1

Ideal Sources to Target with JWST!
Lower Mass than Accessible z>7 Galaxies

Bacon+2015

MUSE reveals very high-EW 

Figure 7.  The redshifts+apparent magnitudes for secure spectroscopic-redshift 
determinations over the HDF-S (red: Bacon+2015) and HUDF (orange) based on >~27-hour 
MUSE exposures, illustrating how faint MUSE can derive spectroscopic redshifts.

II. Deeper Spitzer/IRAC Observations over the HUDF+GOODS-South:
Oesch/Cycle-10+Labbe/Cycle-11 GREATS program (97+733 hours)

Sensitive Spitzer/IRAC observations are required to measure the stellar mass and H↵ EWs for the faintest
z � 3 galaxies. At present, significantly deeper Spiter/IRAC observations (an additional 830 hours) are
being obtained as a result of two proposals our team (PIs: Labbe/Oesch) led in cycle 10/11. The e↵ective
depth of the Spitzer/IRAC data over the GOODS-South/GOODS-North is doubling (⇠100!200 hours).

III. New Hubble Frontier Fields Data Probing Greater Dynamic Range in Luminosity/Mass:
Public: HST+Spitzer (840-orbits+1000-hours)

The HFF program is obtaining deep 140-orbit Hubble and 100-hour Spitzer Space Telescope images over
six high-magnification lensing clusters, providing our most sensitive-ever views of the distant universe.
The lower-luminosity/lower-mass galaxies revealed by lensing o↵er a useful contrast with those galaxies
identified in wider-area, blank-field surveys like CANDELS.

IV. Deep ALMA observations over the HUDF+HFFs:
Proprietary: Walter/Cycle-2, Aravena/Cycle-2+3 (HUDF)

Bauer/Cycle-2+3 (HFF)

ALMA observations provide useful constraints on the impact of dust on the inferred SFRs for z � 3 galax-
ies (observed continuum-mm fluxes [dust-reprocessed emission] or [CII]-line flux). We are co-Is on ALMA
programs (PIs: Walter/Aravena/Bauer) with 50 hours of band-3/6 observations over the HUDF and HFFs
(35 more hours approved in cycle 3). These ALMA observations are the deepest of their kind. We have
agreements with the ALMA PIs to lead analyses that also depend on our proprietary MUSE data.
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Optical IFUs (e.g. MUSE) highly complementary to  
JWST NIRSpec into the future

MUSE 
(AO 

enabled)

Lower-Redshift Sources with MUSE could be targeted...
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JWST will also allow us to probe the stellar 
masses and dynamical masses for the faintest 

z~1-3  galaxies.
The mass in stars will be computed both 
on the basis of the photometry (corrected 

for emission line contamination)

and on the basis of the IFU spectroscopy 
of sources

All of these activities can best be done on ultra-faint, low-mass 
z~1-3 galaxies -- where the sources are brighter and more 

accessible
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JWST will only provide especially high S/N 
spectroscopy over a limited range (1-5 microns)...

This becomes important if we want to model the 
nebular properties of the faintest galaxies 

accurately...

At z<3: we can measure the following lines (rest-
frame 12000 Angstroms) at especially high S/N:

Paschen α, Brackett γ

This should allow us to model the properties of nebulae in 
star-forming galaxies in low-mass galaxies very accurately.  

This provides insight into the physical conditions.

Faint z<3 Galaxies will give us high S/N measurements of 
unique spectral lines...
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At z~1-5, the best information will be available on gas masses 
with JWST + ALMA....

1

How does gas fuel star formation in low-mass galaxies?

ALMA

12 Narayanan & Krumholz

Figure 8. Compilation of fifteen observed CO Spectral Line Energy Distributions (solid colored points) for galaxies at low and high-z. The panels are sorted
in order of decreasing ΣSFR, and span a dynamic range of roughly 200. Each panel is labeled by the value of ΣSFR, in units of M⊙ kpc−2 yr−1, and the
redshift of the galaxy. The dashed line in each panel shows the model prediction derived in this paper (Equation 19 and Table 3 for all galaxies but NGC
253, Equation 19 and Table 2 for NGC 253, which is spatially resolved). The solid blue lines show I ∝ J2, the scaling expected for thermalized populations
in the Rayleigh-Jeans limit. The data shown are from the following sources: Riechers et al. (2013, 2011); Barvainis et al. (1994); Wilner, Zhao & Ho (1995);
Barvainis et al. (1997); Weiß et al. (2003); Alloin et al. (1997); Yun et al. (1997); Bradford et al. (2009); Fu et al. (2013); Danielson et al. (2011); Casey et al.
(2009); Carilli et al. (2010); Daddi et al. (2009); Dannerbauer et al. (2009); Hodge et al. (2012); Kamenetzky et al. (2012); Ivison et al. (2013); Bradford et al.
(2003); Hailey-Dunsheath et al. (2008b); Ivison et al. (2011); Daddi et al. (2010); Meijerink et al. (2013); Papadopoulos et al. (2012); van der Werf et al.
(2010). The bulk of the ΣSFR values were either reported in the original CO paper, or in Kennicutt (1998b). The exceptions are as follows. The value of
ΣSFR for the Eyelash galaxy and GN 20 were provided via private communication from Mark Swinbank and Jackie Hodge, respectively. For SMM 123549,
163650 and 163658, ΣSFR values were calculated by converting from LFIR to SFR utilizing the calibration in Murphy et al. (2011) and Kennicutt & Evans
(2012), and the galaxy sizes reported in Ivison et al. (2011). The size scale for the Cloverleaf quasar was taken from the CO J = 1 − 0 measurements by
Venturini & Solomon (2003) for the ΣSFR calculation, and SFR reported in Solomon et al. (2003). The ΣSFR value for Mrk231 was calculated by via the
SFR reported for the central disk by Carilli, Wrobel & Ulvestad (1998), and the size of the disk derived by Bryant & Scoville (1996).

star formation rate main sequence, galaxies at both low and high-z
follow a similar trend.

As a result of this, there are no “typical” values of CO SLEDs
for a given galaxy population. Populations such as ULIRGs or
SMGs are generally selected via a luminosity or color cut. This
can result in a heterogeneous set of physical conditions in galax-
ies, and therefore heterogeneous CO emission properties. This was
shown explicitly by Papadopoulos et al. (2012), who demonstrated

that local luminous infrared galaxies (LIRGs; LIR! 1011 L⊙ )
exhibit a diverse range of CO excitation conditions. Similarly,
Downes & Solomon (1998), Tacconi et al. (2008), Magdis et al.
(2011), Hodge et al. (2012), Magnelli et al. (2012), Ivison et al.
(2013), and Fu et al. (2013) showed that the CO-H2 conversion
factor, XCO, for ULIRGs and high-z SMGs each show a factor
∼ 5 − 10 range in observationally derived values. A template for
the CO emission properties is not feasible for a given galaxy popu-

c⃝ 2010 RAS, MNRAS 000, 1–??

In the typical galaxy, only the lowest rotational states of CO 
tend to be populated.   

Narayanan+2015
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How does gas fuel star formation in low-mass galaxies?

Carilli & Walter 2013

Direct measurements of the gas mass are difficult at z>5...

Not visible with the 
sensitive ALMA 

telescope

Not typically populated

Study of lower-redshift 
galaxies more 
productive in terms of 
quantifying gas masses 
in faintest galaxies

JWST can help to further leverage ALMA data by providing measurements 
of the systemic redshifts to enable stacking of the CO lines
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What is the Lyman-continuum escape fraction in faint 
z~7 galaxies?

Difficult to probe directly, as any escaping Lyman-Continuum radiation at 
z~7 would need to redshift through Lyα forest.

Characterization Possible in faint z=1-3 galaxies (particularly those which 
are gravitationally lensed)

Combine  

HST UV Images / Ground-Based UV IFU data (Keck Cosmic Web Imager)

with  

detailed spectral characterization possible with JWST
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What is the Lyman-continuum escape fraction in faint 
z~7 galaxies?

Characterization Useful given Evidence that only certain types of galaxies 
show substantial Lyman-Continuum Escape

de Barros+2015

S. de Barros et al.: An extreme [O iii] emitter at z = 3.212

Fig. 2. Two-dimensional LR VIMOS UV spectrum of Ion2 with di↵erent cuts to highlight the spectral features Ly↵ and Ly� (bottom)
and the Lyman continuum � < 912Å, in the range 855-910Å (top, vertical dotted blue lines). We show the moving average calculated
within a rectangular aperture (855-910Å ⇥ 1.25”, red-dotted rectangle) in the spatial direction divided by its r.m.s. on the left side.
A signal is detected at � < 912Å with S/N > 5. The inset shows the pixel distribution of the background after sky-subtraction in the
region 855-910Å (derived from the S/N spectrum). The distribution is symmetric ( skewness = -0.016) with the mean and median
close to zero, +0.0057 and -0.014, respectively. No significant systematic e↵ects are present.

2.2. Photometry

Deep U band imaging has been taken with the VLT/VIMOS in-
strument providing a 1-� depth of mag ⇠ 30 within 1 circular
aperture. We refer the reader to Nonino et al. (2009) for a com-
plete description of the data reduction (see also Vanzella et al.
2010a).

The photometry from the U VIMOS band to the
Spizter/IRAC 8.0µm band is taken from the CANDELS
GOODS-S multi-wavelength catalog (Guo et al. 2013). The op-
tical Hubble Space Telescope (HST) images from the Advanced
Camera for Surveys (ACS) combine the data from Giavalisco
et al. (2004), Beckwith et al. (2006) and Koekemoer et al.
(2011). The field was observed in the F435W, F606W, F775W,
F814W and F850LP bands. Near-infrared WFC3/IR data com-
bines data from Grogin et al. (2011), Koekemoer et al. (2011)
and Windhorst et al. (2011), with observations made in the
F098M, F125W, and F160W bands. The VLT/HAWK-I Ks band
imaging are taken from the HUGS survey (Fontana et al. 2014).
The Spitzer/IRAC 1 and 2 data are taken from the SCANDELS
survey (Ashby et al. 2015), while the IRAC 3 and 4 are taken
from Ashby et al. (2013). Hereafter, we will refer to the fil-
ters F435W, F606W, F775W, F814W, F850LP, F098M, F125W,
F160W as B435, V606, i775, I814, z850, Y098, J125, H160, respec-
tively.

We also check detection in Spitzer/MIPS bands and in the
Herschel data. As shown in Figure 1, we are able to put an upper
limit to the MIPS 24µm flux (S/N < 2, mAB = 22.27 ± 0.90,
Santini et al. 2009), while it is undetected in Herschel bands
(< 1.2mJy, < 1.2mJy, < 2.4mJy in the 70µm 100µm, and 160µm
bands, respectively, 5� upper limits).

3. Physical properties

3.1. Spectroscopic detection and spatial distribution of the

Lyman continuum emission

Spectroscopic detection of stellar Lyman continuum emission
at z ⇠ 3 has been previously claimed for few galaxies (e.g.,
Steidel et al. 2001; Shapley et al. 2006) but this kind of detec-
tion remains a di�cult task, mainly because of foreground con-
tamination (Vanzella et al. 2010b; Siana et al. 2015; Mostardi
et al. 2015), and a clear spectroscopic detection of Lyman con-
tinuum emission at high-redshift is still missing. The only two

Fig. 3. Ground based VLT/VIMOS U-band observation of Ion2
at a resolution of 0.2”/pixel (left panel). The contour of the sys-
tem (derived from the ACS/i775 band, center panel) is indicated
and superimposed in blue to the VIMOS U-image and to the
HAWK-I Ks image (right panel). The cutouts are 2.6” vs. 2.6”.

spectroscopic detections reported in literature are from Steidel
et al. (2001) in a stack of 29 LBGs and individually in a sub-
sequent spectroscopic follow-up, in 2 out of 14 LBGs observed
by Shapley et al. (2006), dubbed D3 and C49. Vanzella et al.
(2010b) performed dedicated simulations to derive the proba-
bility of foreground contamination, specifically for Steidel et al.
(2001) and (Shapley et al. 2006) adopted observational setups. In
both cases, the probability was high enough to rise the doubt on
their reliability. Subsequently the two sources with possible LyC
detection of Shapley et al. (2006) have not been confirmed as
LyC sources. In particular D3 was ruled out with much deeper
narrow band imaging by Iwata et al. (2009) and Nestor et al.
(2011) and C49 was excluded from the list of LyC sources after
the possible spectroscopic confirmation of a close foreground
lower redshift source (Nestor et al. 2013) and finally confirmed
to be a z=2.029 foreground source (Siana et al. 2015). Therefore,
at present there are not direct LyC detections from star-forming
galaxies, apart the source reported in the present work.

The VIMOS LR spectrum of Ion2shows a clear signal de-
tected blueward the Lyman limit. We performed a careful re-
analysis of the Ion2 low-resolution UV spectrum by comput-
ing the moving average of the flux at � < 910Å and we find
a signal with S/N > 5 (Figure 2). While several systematics can
a↵ect the derivation of the LyC signal (e.g., background sub-
straction Shapley et al. 2006), we use di↵erent methods of sky
subtraction (ABBA method and polynomial fitting with di↵erent
orders) and they all provide consistent results. In particular the
same moving average in the LyC region calculated over the S/N
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e.g. strong [OIII]-emitting galaxies (i.e. “green peas”) are claimed to show 
high escape fractions.

here is one example galaxy at z=3.2:

S. de Barros et al.: An extreme [O iii] emitter at z = 3.212

Fig. 1. Postage stamps of Ion2 in B435, V606, i775, z850, H160, IRAC 3.5µm, IRAC 4.5µm, IRAC 5.8µm, IRAC 8.0µm and MIPS
24µm. The sizes of the images are 400 ⇥ 400 for the HST bands and 2000 ⇥ 2000 for the Spitzer bands.

with 4hr exposure time for both LR and MR spectra. The LR
spectrum continuum sensitivity is S/N ⇠ 0.8 at 3700Å with 4
hours and m(AB)= 26.5 assuming seeing 0.8” and airmass 1.2.
It is calculated over one pixels along dispersion and 2xFWHM
along spatial direction. (Popesso et al. 2009; Balestra et al.
2010). Slit widths of 100 were adopted and the median seeing dur-
ing observations was 0.800. We have newly reduced both config-
urations, in particular focusing on the Lyman continuum emis-
sion (LR-spectrum) and the ultraviolet spectral properties in the
non-ionizing domain (MR-spectrum). Reduction has been done
as described in Balestra et al. (2010) as well as adopting the
AB-BA method described in Vanzella et al. (2011, 2014b). Both
methods produce consistent results.

Recently, a near infrared spectrum of Ion2 has also been ob-
tained with Keck/MOSFIRE during spring 2015 (PI: Günther
Hasinger). 32, 32 and 36 minutes integration time have been ob-
tained in the J, H and K bands, respectively, with the AB-BA
dithering pattern of 2.900. The adopted slit width was 0.700 pro-
ducing a dispersion of 1.30Å, 1.63Å, 2.17Å per pixel, in the J,
H and K band, respectively; the pixels scale along the spatial
direction was 0.1800/pix. Ion2 was inserted in a mask aimed to
target also low-z objects. The J band is useful to monitor low-z
emission lines.

Reduction has been performed using the standard pipeline1.
Briefly, two-dimensional sky-subtracted spectra, rectified and
wavelength calibrated are produced, from which the one di-
mensional variance weighted spectrum is extracted with a top-
hat aperture. Wavelength solution has been computed from sky
emission lines (e.g., Rousselot et al. 2000) in the three bands
reaching an RMS accuracy better than 1/20, 1/30 and 1/40 of
the pixel size in J, H and K bands, respectively (typical r.m.s.
< 0.05Å).

1
https://code.google.com/p/mosfire/

Flux calibration has been performed by observing the stan-
dard star A0V HIP 26577. Given the slit width (0.700) and the
median seeing conditions during observations (0.8500), particu-
lar care must be devoted to slit losses. For this reason we check
it by using a star included in the same science mask (WISE
895), for which the continuum is very well detected in the entire
MOSFIRE wavelength range, and whose J, H and K band to-
tal magnitudes are known from CANDELS (Grogin et al. 2011;
Koekemoer et al. 2011) and HUGS photometry (Fontana et al.
2014) with typical S/N > 40. From the star WISE 895 and its
near infrared photometry we derive a correction factor for slit
losses and possible centering e↵ects of about 50%. With this cor-
rection the total line flux (H�+[O iii]��4959, 5007) derived from
the MOSFIRE spectrum is fully consistent with the total line flux
derived from the SED fit and K-band excess (see Section 3.3).
Ion2 is composed by two blobs separated by 0.200 (see Figure 12)
each one with a half-light radius Re ' 0.3kpc, or less than 0.100
at z = 3.212. Therefore the slit losses for the entire system at
the 0.700 MOSFIRE entrance slit are modulated primarily by the
seeing during observations, which was on average 0.8500. A cor-
rection factor of 1.4 is consistent with the expected fraction of
light falling outside the slit for a perfect centering of the target
and Gaussian seeing with FWHM=0.8500. The correction is also
compatible with the discussion in Steidel et al. (2014). Therefore
a correction factor of 1.5 is reasonable in our configuration, ob-
servational conditions and including a possible small centering
uncertainty.

Line fluxes, errors and limits from VIMOS and MOSFIRE
spectra are reported in Table 1.

2 Created with the Rainbow Navigator tool, https://rainbow.
fis.ucm.es/Rainbow_navigator_public/
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Fig. 7. Comparison of the metallicity and ionization parameter
(U = q/c) between the mean sample properties from Nakajima
& Ouchi (2014) and Ion2 with 1� uncertainties. Ion2 is com-
pared to local galaxies from the SDSS survey, a galaxy sam-
ple at z ⇠ 1, a Lyman break galaxy (LBG) sample at z ⇠ 2.5,
a Lyman alpha emitter (LAE) sample at z ⇠ 2.5, local Lyman
break analogues (LBAs), LyC emitters, and Green Peas (GPs).
See Nakajima & Ouchi (2014) and references therein for a com-
plete description of these samples.

age of the galaxy is significantly younger than 100Myr because
of the di↵erent equilibrium timescales between UV and nebu-
lar emission lines. However, this is not the case according to
the SED fitting, with an age for Ion2 ⇠ 200Myr. By comparing
SFR(UV) and SFR(Ly↵), we derive a Lyman-↵ escape fraction
fesc(Ly↵) � 0.78 ( fesc(Ly↵) � 0.28 by using SFR(H�) instead
of SFR(UV)). This high Ly↵ escape fraction can be related to a
blue � slope (e.g., Hayes et al. 2014), but also to a low H i col-
umn density (NH i  1018 cm�2; Yang et al. 2015; Henry et al.
2015).

Ion2 Ly↵ profile has been described in V15: it exhibits a
blue asymmetric tail. A low column density would be consis-
tent with the bluer Ly↵ emission at the systemic redshift, and
also with the high ionization parameter, and so with a leakage of
ionizing photons. The star formation activity confined in a small
physical volume can also favor the escape of ionizing radiation
(e.g., Heckman et al. 2011; Borthakur et al. 2014). Furthermore,
detailed analysis of the local blue compact dwarf galaxy NGC
1705 shows that O stars are able to photoionize volumes far
from their location (Annibali et al. 2015), which could create
density-bounded conditions. Moreover, the spatial density of O
stars in NGC 1705 increases toward the center of the galaxy,
forming a sort of super star cluster e�cient in ionizing its en-
vironment. Ion2 could resemble a similar condition, being spa-
tially resolved, but nucleated in the ultraviolet (1400Å), in which
a young super star cluster could be present in the core and signif-
icantly contributing (or totally contributing if the AGN is absent)
to the ionization field. Interestingly, because Ion2 has two com-
ponents likely at a similar redshift (Section 3.4), the leakage of
ionizing photons can also be favored by the merging/interaction
of these two components (Rauch et al. 2011).

From SED fitting, we also derive a stellar mass
log(M?/M�) = 9.5 ± 0.2 and an age of the stellar population
(since the onset of the star formation) log(Age/yr) = 8.6 ± 0.2.

Fig. 8. Observed Ion2 SED (black and red dots). We show the
best SED fit in blue and the integrated fluxes with blue crosses.
We exclude photometric points (in red) a↵ected by the IGM and
strong emission lines (Ly↵, [O iii]) from the SED fitting. The
arrow indicates 1� upper limit.

We notice that while the two Ion2 components are separated
in the BViz bands, they are seen as a unique galaxy in the
other bands, and the stellar mass is the total stellar mass of the
two components. Given the very close separation among the
two (0.2”), we decided to avoid any tentative decomposition
and SED fitting of each component individually, especially in
the Spitzer/IRAC bands where the pixel size is 1.22” and the
decomposition is in practice not possible. Using SED fitting
and anchoring the best fit to the � slope derived from UV spec-
trum fitting (Appendix B), we predict the expected observed
L(IR)24µm assuming energy balance (i.e, we assume a balance
between the energy absorbed in the UV/optical (we integrate
over 912Å to 3µm) and re-radiated in the IR). The MIPS 24µm
observations probe the PAH feature at 6.2µm (rest-frame)
which can be used to derive the total IR luminosity (i.e., IR
luminosity integrated over 8-1000 µm) and then the bolometric
SFR (Pope et al. 2008; Rujopakarn et al. 2012). Because the
SFR derivation relies on several assumption (star formation
history, age, metallicity, IMF, Kennicutt 1998), we rely on the
comparison between predicted L(IR)SED and derived L(IR)24µm,
rather than relying on a SFR comparison. From the MIPS 24µm
upper limit, we derive log(L(IR)/L�)24µm = 9.92+0.65

�0.44, while
from SED fitting we derive log(L(IR)/L�)SED = 9.77+1.00

�2.03.
The SED predicted and observed L(IR) are consistent but the
uncertainties are too large to exclude an AGN contribution to
the IR flux. We further discuss a possible AGN contribution in
Section 4.

Ion2 also shows an excess in the IRAC2 band, in compari-
son with the IRAC1 channel. This excess can not be explained
by emission line or other feature from both blobs (e.g., a contam-
ination by a strong emission line as H↵ would imply z > 5.0 for
the emitting galaxy). While we do not have a satisfactory expla-
nation, we note that the rest-frame wavelength interval probed
by IRAC2 (9500Å-11900Å) cannot be explored in detail be-
fore the launch of JWST. Therefore that part of the spectrum
is poorly known, especially for sources in the distant universe.
In this work we do now comment further about this feature that,
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What can JWST teach us about red z~2 galaxies 
that are ultra-faint?

1

17

Fig. 10.— Best-fit model masses and photometric redshifts for all HUDF objects with (J110 − H160)AB > 1.0 mag (left panel) and the
subset of these with unblended IRAC photometry (right panel). The dashed line shows the limiting stellar mass for galaxies with a stellar
population formed in a burst at z = 7 with observed magnitude H160 = 26.0. In both panels the open circles indicate objects dominated
by old stellar populations (fold > 0.9). In the right-hand panel, cyan stars indicate those sources among the IRAC–detected subsample
with 24 µm detections. Thick–circles denote those objects with fold > 0.9 and zphot > 2.5, which are the discussion of § 4.3.

HUDF which are dominated by evolved stellar popula-
tions make up less than one-third of present-day red,
early-type galaxies. Thus, at least two-thirds of present-
day red, early-type galaxies must assemble and/or evolve
into their current configuration at z ! 2.5.

Much of the stellar mass density in galaxies 2.5 < z <
3.5 could reside in red-selected galaxies, whose light is
dominated by older, passively evolving stellar popula-
tions. For the J110−H160 > 1 mag galaxies in the HUDF,
we derive an upper limit on the stellar mass density of
log(ρ∗/[M⊙Mpc−3]) = 7.4 ± 0.3, including the effect of
our redshift-evolving mass limit, where our errors are de-
rived from a Monte–Carlo simulation of the data. When
we include our 50% incompleteness, our total stellar mass
density becomes log(ρ∗/[M⊙Mpc−3]) = 7.7 ± 0.3. Pois-
son sampling of the 6 objects gives a factor of two error
and therefore is the dominant source of uncertainty in
the mass density estimate. We consider this measure-
ment to be an upper limit on the mass density of distant
evolved galaxies for two reasons: a) it is possible that
some of our evolved galaxy candidates are in fact dusty
starbursts, and b) because our two-component model fit
incorporates an a priori upper limit on the mass–to–light
ratio in the form of a maximally old SSP component (see
§3).

Rudnick et al. (2003) derive a stellar mass density at
z = 2.80+0.40

−0.39 of log ρ∗ = 7.5+0.1
−0.1 and at z = 2.01+0.40

−0.41

of log ρ∗ = 7.5+0.1
−0.1. Because our mass density provides

an upper limit on the mass limit, we conclude that our
derived mass density is consistent those of Rudnick et
al. In this case, it may be that passively stellar popula-
tions dominate the stellar mass density. This is consis-

tent with the analysis of Dickinson et al. (2003) who used
two–component star–formation history models to set an
upper limit on the stellar mass density from passively
evolving stellar populations hidden beneath the glare of
younger stars in galaxies at z < 3. Dickinson et al. find
that at z ∼ 2.5−3 an upper limit on the stellar mass den-
sity of log(ρ∗/[M⊙Mpc−3]) = 7.89+0.20

−0.15. If this reflects
reality, then based on our analysis, almost all of this
mass density could reside in faint, red–selected galaxies
at these redshifts. van Dokkum et al. (2006) found that
at z ∼ 2 red-selected galaxies with masses greater than
1011 M⊙ dominate the mass density. Our analysis of
the HUDF galaxies suggests that at lower stellar masses
red-selected galaxies still contribute significantly to the
total mass budget.

Lastly, we stress that with only rest-frame UV and
optical data, it is not possible to discriminate between
those galaxies dominated by dusty starbursts and older
stellar populations (e.g., Moustakas et al. 2004; Smail et
al. 2002). Although the IRAC data does not resolve this
degeneracy for all galaxies, we show that a sub-set of ob-
jects do have consistent best-fit results and we therefore
use these objects in our analysis.

We wish to thank our colleagues at Steward Obser-
vatory for stimulating conversations. In particular we
would like to thank George Rieke for useful comments,
Xiaohui Fan for generously providing models of the IGM
attenuation, and Karl Gordon for his suggestions and
help with the dust models used in this work. AMS
would also like to thank Richard Cool, Aleks Diamond-
Stanic, Brandon Kelly, Juna Kollmeier, Andy Marble,
John Moustakas, Jane Rigby and Yong Shi for helpful

Stutz+2008; see also Sommariva+2014

Evolved Galaxies in the HUDF

Bright Red/Dead 
Ellipticals

Galaxies very 
rare!

Quenching here?

JWST will allow us to derive significant statistics on 
these faint red z~2 galaxies across many sightlines 

(and cross-correlate with environment)

JWST will allow us to look at how these faint early 
type galaxies evolve from early cosmic times (in 

addition to the brighter ones!)

confirmed and 
extended by 

Sommariva+2014

Understandable why rare...

Why do these form at all?

Extending trends to higher redshift will be very 
exciting as well!
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What can we learn from current and 
future JWST spectroscopy about the 
ionization state of the z>7 universe?

5
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Fig. 9.— The fraction of Lyman break galaxies that display Lyα in emission at an EW ≥ 25 Å, plotted as a function of redshift. The
values at z = 7 and 8 reflect differential measurements with the data at z = 6, as described in the text. Thus, these data points and errors
are simply the convolution of the xLyα PDF at z = 6 and the transmission fraction PDF at z = 7 and 8.
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Fig. 10.— Posterior probability distribution for our full model, p(EWLyα—β). Shaded plots represent the posterior PDF marginalized
over all but the two variables labeling the axes, while line plots are marginalized over all but one variable. Thus, the one dimensional PDFs
for each variable, from which we quote our error bars, can be read off along the diagonal.

Spectroscopic Confirmation: Very Challenging! 
                                    (Redshift Measurements)

Prevalence of Lyα emission in z>6 galaxies

Fraction of 
galaxies with 

Lyα EW 
> 25 A

Resonant scattering of Lyα by neutral IGM suppresses Lyα emission at z>6

Schenker+2014; see also Pentericci+2014; Tilvi+2014; Treu+2013; Stark+2010; Fontana+2010; Caruana+2014; Ono+2012
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To search for probable Lyα emission from 
galaxies, 

we should consider those galaxies which are 
the brightest  

 and which are likely line dominated ([OIII])
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Find Line-Dominated z>7 Galaxies Using Photometry

Roberts-Borsani, RJB + 2015

Elevated due to [OIII] 
emission

HST

Spitzer
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ESTEC:   Exploring the Universe with JWST Rychard Bouwens / Leiden

Search for and Do Spectroscopy on very bright,  
Line-Dominated z>7 Galaxies

Roberts-Borsani, RJB + 2015
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ESTEC:   Exploring the Universe with JWST Rychard Bouwens / Leiden

Roberts-Borsani, RJB, ...+2015

Four Particularly Bright, [OIII]-Dominated z>7 Galaxy 
Candidates Identified
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ESTEC:   Exploring the Universe with JWST Rychard Bouwens / Leiden

Follow up with Keck/MOSFIRE Spectroscopy

Roberts-Borsani, RJB + 2015; Stark+2015, in prep
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Follow up with Keck/MOSFIRE Spectroscopy

Oesch, ..., RJB + 2015

Spectroscopic Redshift for a Luminous z = 7.7 Galaxy 3
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Fig. 2.— Left – Mask layout of the two nights of MOSFIRE
Y-band observations of our primary target. These two nights pro-
vide two completely independent measurements of this galaxy at
two di↵erent orientations as well as two di↵erent positions along
di↵erent slitlets. This also allows us to exclude the possibility of
contamination in the final stacked spectrum from the two faint
neighboring galaxies present within 200 of the primary galaxy along
the slits. Right – The signal-to-noise ratio around the detected
emission line in the two independent 1D spectra of the two nights,
averaged over a 4 pixel width (⇠ 4 Å). A line is clearly detected at
> 4� independently in both 2 hr spectra from each night. We also
checked the unrectified frames to ensure that the positive flux in
the spectrum indeed originated from the expected position of the
galaxy along the spectrum.

potential mask drift across the detector (see, e.g., Kriek
et al. 2014), which we find to be ±1.5 pixels (±0.0027)
during the 2 hr observations of night 1 and ±1 pixel
(±0.0018) during night 2. We thus separately reduce dif-
ferent batches of the data (of typically 30-45 min dura-
tion) to reduce any S/N reduction caused by this drift,
before shifting and stacking the data of each mask.
The masks for the two nights have di↵erent orienta-

tions (Fig 2). The two independent data sets of the pri-
mary target at two di↵erent orientations of the slit thus
add to the robustness of any detection. After creating
the 2D spectra for the di↵erent masks, we applied the
appropriate relative shift of the two 2D frames before
stacking the observations of the two nights to our final
2D spectrum.
Similarly, 1D spectra were extracted separately for

each mask using an optimal extraction based on a pro-
file determined by the respective slit star. The extracted
1D spectra were corrected for Galactic extinction and for
telluric absorption using nearby A0 stars observed in the
same night at similar airmass. The uncertainty in our
optimally extracted 1D spectra was determined empiri-
cally from empty rows in the full, rectified 2D spectra of
the mask.
The absolute flux calibration was obtained from the

slit stars by comparison of the spectra with the 3D-HST
photometric catalogs (Skelton et al. 2014). An additional
small correction was applied to account for the extension
of individual sources in the slit mask by integrating the
seeing-matched HST images over the slit and comparing
with the slit loss of stellar sources.

4. RESULTS

Out of the eight z ⇠ 7 � 8 galaxy candidates, we de-
tected a significant emission line (at > 5�) for only one
source (EGS-zs8-1). This line is discussed in detail be-
low.

4.1. A Ly↵ Emission Line at z = 7.730
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Fig. 3.— MOSFIRE spectra of EGS-zs8-1. The full 2D spectrum
after 2-by-2 binning is shown in the top panel, while the optimally
extracted 1D spectrum is shown on the bottom. The 1D spectrum
was smoothed by a 3 pixel (⇠ 3 Å) moving average filter for clarity.
The gray shaded area represents the 1D flux uncertainty, while
the dark red line shows the best-fit line model. The line is quite
extended in the wavelength direction and shows clear asymmetry
with the expected shape typical for high-redshift Ly↵ lines. The
spectroscopic redshift measurement is zspec = 7.7302 ± 0.0006 in
excellent agreement with the previously determined photometric
redshift. Other characteristics of the line are summarized in Table
1.

TABLE 1
Measurements of Galaxy EGS-zs8-1

Target

R.A. (J2000) 14:20:34.89
Dec (J2000) 53:00:15.4
H160 25.03±0.05
M

UV

�22.06± 0.05

Emission Line

zspec 7.7302±0.0006
f(Ly↵) 1.7±0.3⇥10�17 erg s�1cm�2

L(Ly↵) 1.2±0.2⇥1043 erg s�1

EW0(Ly↵)† 21±4 Å
S
w

15±6 Å
FWHM 13±3 Å
VFWHM 376+89

�70 km s�1

Physical Parameters⇤

logM
gal

/M� 9.9±0.2
log age/yr 8.0±0.5
log SFR/(M�yr�1) 1.9± 0.2
log SSFR �8.0± 0.4
AUV 1.6 mag
UV slope � �1.7±0.1

† Not corrected for IGM absorption.
⇤ Based on SED fits (see Sect 5; Oesch et al. 2014).

The spectra of our target source EGS-zs8-1 (see Ta-
ble 1 for summary of properties) revealed a significant
emission line at the expected slit position in both masks
independently (right panels Fig 2). The full 4 hr stacked
2D and 1D spectra are shown in Figure 3, showing a line
with a clear asymmetric profile, as expected for a Ly↵
line at high redshift. Furthermore, it lies at the right

z=7.730 Record 
Breaker
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Follow up with Keck/MOSFIRE Spectroscopy

Zitrin, ..., RJB + 2015

2 Zitrin et al.
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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-

Record 
Breaker

z=8.683
Following up these sources, we 

have a 100% success rate in
finding Lyα in z>7 galaxies

6

One source not followed up!
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Fig. 9.— The fraction of Lyman break galaxies that display Lyα in emission at an EW ≥ 25 Å, plotted as a function of redshift. The
values at z = 7 and 8 reflect differential measurements with the data at z = 6, as described in the text. Thus, these data points and errors
are simply the convolution of the xLyα PDF at z = 6 and the transmission fraction PDF at z = 7 and 8.

2.5 3.0 3.5
µa

0.70
0.75
0.80
0.85
0.90
0.95
1.00

A e
m

2.5 3.0 3.5
µa

0.70
0.75
0.80
0.85
0.90
0.95
1.00

A e
m

2.5 3.0 3.5
µa

1.0
1.2
1.4
1.6
1.8

σ

2.5 3.0 3.5
µa

1.0
1.2
1.4
1.6
1.8

σ

2.5 3.0 3.5
µa

-2.0

-1.5

-1.0

-0.5

µ
s

2.5 3.0 3.5
µa

-2.0

-1.5

-1.0

-0.5

µ
s

2.5 3.0 3.5
µa

0.0
0.2
0.4
0.6
0.8
1.0

-2.0 -1.5 -1.0 -0.5
µs

0.70
0.75
0.80
0.85
0.90
0.95
1.00

A e
m

-2.0 -1.5 -1.0 -0.5
µs

0.70
0.75
0.80
0.85
0.90
0.95
1.00

A e
m

-2.0 -1.5 -1.0 -0.5
µs

1.0
1.2
1.4
1.6
1.8

σ

-2.0 -1.5 -1.0 -0.5
µs

1.0
1.2
1.4
1.6
1.8

σ

-2.0 -1.5 -1.0 -0.5
µs

0.0
0.2
0.4
0.6
0.8
1.0

1.0 1.2 1.4 1.6 1.8
σ

0.70
0.75
0.80
0.85
0.90
0.95
1.00

A e
m

1.0 1.2 1.4 1.6 1.8
σ

0.70
0.75
0.80
0.85
0.90
0.95
1.00

A e
m

1.0 1.2 1.4 1.6 1.8 2.0
σ

0.0
0.2
0.4
0.6
0.8
1.0

0.700.750.800.850.900.951.00
Aem

0.0
0.2
0.4
0.6
0.8
1.0

Fig. 10.— Posterior probability distribution for our full model, p(EWLyα—β). Shaded plots represent the posterior PDF marginalized
over all but the two variables labeling the axes, while line plots are marginalized over all but one variable. Thus, the one dimensional PDFs
for each variable, from which we quote our error bars, can be read off along the diagonal.

Prevalence of Lyα emission in z>6 galaxies

Fraction of 
galaxies with 

Lyα EW 
> 25 A

Resonant scattering of Lyα by neutral IGM suppresses Lyα emission at z>6

Schenker+2014; see also Pentericci+2014; Tilvi+2014; Treu+2013; Stark+2010; Fontana+2010; Caruana+2014; Ono+2012

5

Qualification: 
EW ~ 20 Angstroms < 25 AngstromsBy probing Lyman alpha in the brightest 

and most line dominated sources, 
perhaps we can gain insight into the 

reionization of the universe

Should be very interesting to 
look at this with JWST!



Carnegie Rychard Bouwens / Leiden

Beyond the Peak of Cosmic Star-Formation Activity 
(at z<2) 

Most of the volume of the obserable universe lies between z=0.5 and z=4.0 
and will be available for study with the James Webb Space Telescope.

One of the most interesting frontiers at z<2-3 with JWST will involve 
characterization of the faintest and lowest-mass galaxies at these epochs 

(blue and red).

JWST should also give us our strongest leverage for looking at the 
properties of ultra low-mass star-forming galaxies (dust, age, metallicity, 

stellar / dynamic mass, gas masses, escape fraction)

5

Study of the faintest z=1-2 galaxies with JWST should allow us to gain 
insight into both the possible cut-off of the LF at the faint end (since it 

seems unlikely to be robustly probed at z~7)

JWST should also give us great insight into the mechanisms which guide 
the formation of ultra-faint, low-mass early time galaxies at z>2
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Let’s consider another possible high-magnification 
region in Abell 2744
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What happens if you apply the MACS1149 model to the 
HUDF z~7 sample?



What happens if you apply the MACS1149 model to the 
HUDF z~7 sample?

errors in mag-model
cause scatter in this 

direction
errors in lensing 

model can 
reinforce faint-end 

slope of -2

essential to have robust 
models in highest 

magnification regions

current illustration 
*much* worse than in 

reality...  but does show 
the effect



To what magnification factor do current results seem 
reliable?

Magnification 
Factors of 10



z=6 LF Results:
(CANDELS+XDF   vs.   HFF cluster [4-cluster] constraints)

CANDELS+
HUDF/XDF

 HFF cluster  ?



What happens if you apply the MACS1149 model to the 
HUDF z~7 sample?



CANDELS: The Rest-Frame UV Luminosity Function at z = 4–8 17
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FIG. 10.— The rest-frame UV luminosity functions for our z = 4–8 galaxy samples. The large red circles denote our step-wise maximum likelihood luminosity
function, while the solid red line denotes our best-fitting Schechter function, with the best-fit values given by the inset text. We do not make use of our data below
the determined 50% completeness level in each field. As the HUDF is our deepest field, the magnitude of our last data point denotes the 50% completeness limit
in the HUDF. The dashed line shows the best-fit single power law. We also show several luminosity functions from the literature as indicated in the legends.

luminosity function results.

5.2. Non-Parametric Approach
We have also examined a non-parametric approach to

studying evolution in the luminosity function. This is par-
ticularly warranted at very high redshift, where the effects
responsible for suppressing the bright-end of the luminosity
function and causing the exponential decline in number den-

sity (e.g., active galactic nuclei feedback, or dust attenuation)
may be less relevant. We thus calculated the SWML luminos-
ity function, which is essentially the number density at a given
magnitude, free from assumptions about the functional form
of number density with magnitude. We also calculated the
SWML luminosity function using an MCMC sampler. In this
case, as the number densities in the magnitude bins are not
linked by an overarching function, we calculate the number


