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PRIMER: REDSHIFT AND LOOKBACK TIME

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE
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(SOME) QUESTIONS WE HAVE ANSWERED WITH HUBBLE

▸ Galaxies exist in great number between 
500 Myr and 1 Gyr after the Big Bang, and 
the cosmic star-formation rate density 
evolves smoothly upward from z=8 to z=4 
(e.g, work by Bowler+, Bouwens+, 
Finkelstein+, McLeod+, Oesch+, McLure+, 
Ishigaki+).

▸ Even the smallest galaxies we can see with 
Hubble are still enriched by previous 
generations of star-formation (e.g., 
Bouwens+12,14, Finkelstein+12, 
Dunlop+13, Rogers+14, Smit+15).

▸ Galaxies alone could reionize the universe 
if their ionizing photon escape fractions are 
relatively high, >10% (e.g., Kuhlen 12, 
Finkelstein+12, Robertson+13,15, 
Bouwens+15b, Livermore+17).
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Figure 7. The evolution of the cosmic star-formation rate density, comparing the values from the integral
of the reference luminosity function to those from the literature. All points have been corrected to
represent a lower limit on the luminosity function integration of MUV < − 17, and have been corrected
for dust attenuation (with the exception being the low-redshift far-infrared datapoints from Madau
& Dickinson 2014). The solid blue curve shows a power-law fit to the reference data at 4 < z < 8
(∝[1+z]−4.17±0.27), extrapolated to higher redshift, while the dashed line shows a fit only to the data at
z ≥ 8 (∝[1+z]−5.10±0.69). The results from the reference luminosity function are consistent with a smooth
decline in the SFR density at 4 < z < 10, with no significant evidence for an accelerated evolution at
z > 8. However, the 68% confidence range on the total SFR density (blue-shaded region; derived from
integrating the reference luminosity functions to MUV = − 13) is consistent with an even shallower
decline in the SFR density over 4 < z < 10. The light purple region denotes constraints on the total
luminosity density from unresolved background fluctuations (Mitchell-Wynne et al. 2015), which also
imply a relatively shallow evolution of the total SFR density. The potential for a surprisingly high SFR
density at z > 8 will soon be settled by JWST.

I note that by forcing the assumption that each of the
Schechter function parameters evolve linearly with redshift,
I effectively bias the reference SFR density results to evolve
smoothly with redshift. However, as shown by the excel-
lent agreement between the data and the Schechter fits in
Figure 5, the reference results supporting a smooth evolu-
tion of the SFR density are fully consistent with the data
out to those high redshifts. To examine this quantitatively, I
compared the fiducial results at z = 9 and 10 to those from
a single Schechter function fit at each redshift (holding M∗

fixed at the z = 8 value of −20.5 to allow the fits to converge).
Comparing the goodness-of-fit via the Bayesian Information
Criterion (Liddle 2004), I find no evidence that the fiducial fit
is worse than when fitting the z = 9 and 10 luminosity func-
tions without the assumption of linear evolution. Therefore,
I conclude that this assumption is not biasing these results.

As a final point here, I emphasise that a decline in this
quantity—the SFR density for galaxies with MUV ≤ −17—
is not unexpected, as we are comparing SFR densities above a
fixed absolute magnitude. As the luminosity function evolves
with increasing redshift, a progressively larger fraction of the

total UV luminosity density will come from galaxies with UV
absolute magnitudes fainter than −17 due to the steepening
of the faint-end slope. Assuming that the luminosity function
extends with the measured faint-end slope down to MUV =
−13, the SFR density derived at MUV < −17 is ∼60% of the
total SFR density at z = 6, yet only ∼20% at z = 10. Thus, in
the regime of an evolving luminosity function, the choice of
the limiting magnitude directly affects the inferred evolution
in the SFR density.

To illustrate this point, the shaded blue region in Figure 7
shows the 68% confidence range on the total SFR density
from the reference UV luminosity functions (integrated down
to M = −13). This is observed to evolve only very shallowly
from z ∼ 4–8, leaving open the intriguing possibility that
there is significant star formation hiding below our current
detection limits at z = 10. A resolution of this issue will
require a more robust measurement of the total SFR density at
z = 10, which we will have in just a few years with the launch
of JWST. A JWST deep field should be able to detect galaxies
down to MUV = −16 at z = 10; more than 1.5 mag fainter
than the currently available sample of galaxies. However, the
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Figure 3. Comparison of simple linear (blue lines) and piecewise-linear fits (black lines) to our z ∼ 4 (left), z ∼ 5 (center), z ∼ 6 (right panels) β vs. MUV results
(see Section 3.4). Our piecewise-linear fits are made over two linear segments, with the slope of the faint piece fixed to dβ/dMUV = −0.08. For simplicity, we have
kept the break luminosity fixed in our piecewise-linear models to the average best-fit break luminosity found at z ∼ 4, z ∼ 5, and z ∼ 6, which is −18.8 ± 0.2 mag.
The slope that we use faintward of the break luminosity dβ/dMUV is taken to be equal the average best-fit slope we found for our β results at z ∼ 4, z ∼ 5, and z ∼ 6
(when allowing this slope to vary). The best-fit parameters we find for our piecewise-linear model are given in Table 4. The reduced χ2 values we compute with our
piecewise-linear models provide a significantly better fit to the observed β vs. MUV relationship than simple linear fits (96%, 75%, and 85% confidence at z ∼ 4,
z ∼ 5, and z ∼ 6, respectively). The present fit results suggest that the mean β’s for galaxies at very low luminosities, i.e., MUV,AB > −19, show a weaker dependence
on UV luminosity than at higher luminosities. This result is strikingly similar to the z ∼ 4 results of Oesch et al. (2013b) who also found that β showed a steep
dependence on the rest-frame optical luminosity for the most luminous galaxies and then a dramatic flattening to this relationship at lower luminosities. Comparing
the best-fit results at z ∼ 4 (dotted black line in right panel) with those at z ∼ 6, we see clear evidence for evolution in the mean β’s for faint (MUV,AB > −18.8)
galaxies (see also Figure 4).
(A color version of this figure is available in the online journal.)

Figure 4. Biweight mean UV-continuum slope β observed for faint galaxies in
our XDF + HUDF09-Ps z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7, and z ∼ 8 samples (red
solid circles). Only sources in the luminosity range −19.0 < MUV,AB < −17.0
are included in computing the means for the z ∼ 4, z ∼ 5, and z ∼ 6
samples. For our z ∼ 7 selection, sources in the somewhat more extended
luminosity range −19.3 < MUV,AB < −16.7 are considered (to increase the
signal-to-noise on our measurement somewhat). 1σ uncertainties on each of the
determinations are also shown, for the statistical uncertainties alone (including
hashes at the ends) and including the systematic uncertainties (not including
hashes). The z ∼ 8 results that are presented are based on an extrapolation of
the β–MUV relationship that we determine (see Table 3). The blue open circles
show our biweight mean β determinations from the XDF data set alone. The
expectations from hydrodynamical simulations (Finlator et al. 2011) are shown
for comparison with the thick light-blue line. !60% of the evolution in β in the
Finlator et al. (2011) simulations occurs due to changes in the dust extinction
(Bouwens et al. 2012a; Finkelstein et al. 2012).
(A color version of this figure is available in the online journal.)

The z ∼ 4–6 β results provide us with a solid baseline
on which to establish expectations for the β distribution at
even higher redshifts. An important question from the previous
sections regards the mean value of β for lower-luminosity
galaxies in the z ∼ 7–8 universe. For our z ∼ 4, z ∼ 5, and
z ∼ 6 samples, we can set strong constraints on the mean β’s
using existing observations. In Figure 4, we present the biweight

mean β’s we derive as a function of redshift from our z ∼ 4,
z ∼ 5, and z ∼ 6 XDF+HUDF09-Ps samples.

Only galaxies in the luminosity range −19 < MUV,AB <
−17 are considered in these comparisons for our z ∼ 4–6
samples. Also shown on Figure 4 are the expectations from
the hydrodynamical simulations of Finlator et al. (2011). The
best-fit trend we find at z ! 4 for the biweight mean β for faint
(−19 < MUV,AB < −17) galaxies is −2.14 ± 0.06 − (0.10 ±
0.06)(z − 4.9). Here we include in our error budget both the
statistical errors and our conservative systematic error estimates.
Extrapolating the results from our z ∼ 4–6 samples to z > 6,
we predict the mean β for lower-luminosity galaxies at z ∼ 7
and z ∼ 8 to be −2.35 ± 0.16 and −2.45 ± 0.23, respectively
(conservatively accounting for possible systematic errors on our
β determinations). The mean β’s we derive for faint z ∼ 7–8
galaxies in Sections 4 and 6 are in excellent agreement with
these extrapolations.

4. β RESULTS FOR z ∼ 7 SAMPLES

A key part of the discussion regarding β measurements has
concerned the extent to which β measurements may or may
not be subject to biases. While this question is not new (e.g.,
see Meurer et al. 1999; Figure 4 from Bouwens et al. 2009),
essentially all studies of β at high redshift have fallen short in
some regard in their handling of systematic errors.

We begin this section with a brief motivation and summary of
our procedure for obtaining a measurement of the β distribution
for z ∼ 7 galaxies, over a wide range in UV luminosity while
remaining free of systematic errors (we use the word “bias”
here for simplicity). We use the phrase “noise-driven biases”
to describe systematic biases that result from the impact of
noise on two or more coupled quantities (such as when the
same noise fluctuations can affect both source selection and
the measurement of β). Then, we describe our selection and
measurement procedures for z ∼ 7 galaxies and give our results.
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Figure 1, given our simple assumptions for the escape fraction
fesc, early stellar populations, and the clumpiness of the IGM.
Importantly, the reduction in τ by Planck (compared to
WMAP) largely eliminates the tension between r z( )SFR and τ
that was discussed by many authors, including Robertson et al.
(2013). That an SFR history consistent with the r z( )SFR data
easily reproduces the Planck τ strengthens the conclusions of
Robertson et al. (2013) that the bulk of the ionizing photons
emerged from galaxies. Figure 2 shows that the observed
galaxy population at <z 10 can easily reach the 68%
credibility intervals of τ with plausible assumptions about fesc
and Lmin. As a consequence, the reduced τ eliminates the need
for very high-redshift ( �z 10) star formation (see Section 3).
We note the dust correction used in computing rSFR at ~z 6
permits an equivalently lower fesc without significant change in
the derived τ. We note that to reach t 2 0.08 given the r z( )SFR
constraints requires 2f 0.3esc or 1C 1HII .
Figure 2 also shows t z( ) computed with the 9 yr WMAP τ

marginalized likelihood as a constraint on the high-redshift
SFR density (blue region; Robertson et al. 2013), which
favored a relatively low t ~ 0.07. If, instead, the SFR density
rapidly declines as r µ + -z(1 )SFR

10.9 beyond ~z 8 as
suggested by, e.g., Oesch et al. (2014), the Planck τ is not
reached (light blue region). Finally, if we force the model to
reproduce the best-fit WMAP τ (orange region), the increased
ionization at high redshifts requires a dramatic increase in the
>z 7.5 SFR (see Figure 1) and poses difficulties in matching

other data on the IGM ionization state, as we discuss next.

2.3. Ionization History

Similarly, we can update our understanding of the evolving
ionization fraction Q z( )HII computed during the integration of
Equation (4). Valuable observational progress in this area
made in recent years exploits the fraction of star-forming
galaxies showing Lyα emission (e.g., Stark et al. 2010) now
extended to z ∼ 7 − 8 from Treu et al. (2013), Pentericci et al.
(2014), and Schenker et al. (2014); the Lyα damping wing
absorption constraints from GRB host galaxies by Chornock
et al. (2013); and the number of dark pixels in Lyα forest
observations of background quasars (McGreer et al. 2015).
While most of these results require model-dependent inferences
to relate observables to QHII, they collectively give strong
support for reionization ending rapidly near �z 6.
Figure 3 shows these constraints, along with the inferred

68% credibility interval (red region; ML model shown in
white) on the marginalized distribution of the neutral fraction
- Q1 HII from the SFR histories shown in Figure 1 and the

Planck constraints on τ. Although our model did not use these
observations to constrain the computed reionization history, we
nonetheless find good agreement.6

Figure 3 also shows the earlier model of Robertson et al.
(2013; blue region) that completes reionization at a slightly
lower redshift and displays a more prolonged ionization
history. This model was in some tension with the WMAP τ
(Figure 2). If we force the model to reproduce the WMAP τ
(orange region), reionization ends by ~z 7.5, which is quite
inconsistent with several observations that indicate neutral gas
within IGM over the range 1 1z6 8 (Figure 3).

Figure 1. Star formation rate density rSFR with redshift. Shown are the SFR
densities from Madau & Dickinson (2014) determined from infrared (dark red
points) and ultraviolet (blue points) luminosity densities, updated for recent
results and extrapolated to a minimum luminosity = �L L0.001min . A
parameterized model for the evolving SFR density (Equation (2)) is fit to
the data under the constraint that the Thomson optical depth τ to electron
scattering measured by Planck is reproduced. The maximum likelihood model
(white line) and 68% credibility interval on rSFR (red region) are shown. A
consistent SFR density history is found even if the Planck τ constraint is
ignored (dotted black line). These inferences can be compared with a model
forced to reproduce the previous WMAP τ (orange region), which requires a
much larger rSFR at redshifts >z 5.

Figure 2. Thomson optical depth to electron scattering τ, integrated over
redshift. Shown is the Planck constraint t = 0.066 0.012 (gray area), along
with the marginalized 68% credibility interval (red region) computed from the
SFR histories rSFR shown in Figure 1. The corresponding inferences of t z( )
from Robertson et al. (2013; dark blue region), a model forced to reproduce the
9 yr WMAP τ constraints (orange region), and a model with rSFR truncated at
>z 8 (light blue region) following Oesch et al. (2014) are shown for

comparison. 6 The model does not fare well in comparison to Lyα forest measurements
when ~Q 1HII because of our simplified treatment of the ionization process
(see the discussion in Robertson et al. 2013).
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QUESTIONS WE HOPE TO ANSWER WITH JWST

▸ When is the epoch of the first galaxies?

▸ What is the evolution of the cosmic SFR density at 
z > 8?

▸ Are the galaxies we can see enriched by 
Population II star-formation?

▸ Have we missed anything with our UV-only view of 
the distant universe?

▸ How do the conditions for star-formation 
and black hole growth evolve with cosmic 
time (e.g., spectroscopic studies)?

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE

Extended Data Figure 1. Imaging in the visible and near-infrared of ZF-COSMOS-20115. The

left, large, panel shows a close-up view with Hubble (0.2 arcsec spatial resolution) and the right

column shows wider-field and lower-resolution images from ground-based telescopes. The legend

on each panel shows the mapping of blue, green and red colour channels to the named filters. The

galaxy’s flux rises strongly in the near-infrared, peaking at 2µm wavelength (left and top right —

a strong red source), and is undetected in the visible below a wavelength of 0.8µm (bottom right).
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Figure 9. Redshift evolution of the cosmic star-formation rate density (SFRD)
ρ̇∗ above a star-formation limit >0.7 M⊙ yr−1 including the new GOODS
z ∼ 10 galaxy candidates. The lower redshift SFRD estimates are based on
LBG UV LFs from Bouwens et al. (2007, 2012b) including dust corrections.
The gray band represents their 1σ uncertainty. The new measurement from
the five detected candidates in the combined CANDELS GOODS-N/S and the
HUDF09/12/XDF data set is shown as the dark red square. The individual
SFRD with error bars were computed from the UV LD of the individually
detected sources. Open diamonds connected with a vertical line represent the
SFRDs as estimated based on integrating the best-fit UV LFs down to the
corresponding luminosity limit of MUV = −17.7 (see Table 4). The upper
diamond represents M∗ evolution, and the lower diamond is derived from
φ∗ evolution. These estimates are offset to z = 10.25 for clarity. Previous
measurements of the SFRD at z > 8 are shown from a combination of HUDF09/
12+GOODS-S (pale red; Oesch et al. 2013a) as well as from CLASH cluster
detections (blue triangles; Bouwens et al. 2012a; Coe et al. 2013; Zheng et al.
2012). Additionally, we also show the results of the HUDF12 field only from
Ellis et al. (2013; green circles). We corrected down their z ∼ 10 point by a factor
2× to account for our removal of a source that was shown to be a diffraction
spike (see Oesch et al. 2013a). When combining all the measurements of the
SFRD at z ! 8 from different fields we find log ρ̇∗ ∝ (1 + z)−10.9±2.5 (black
solid line), significantly steeper than the lower redshift trends which only fall
off as (1 + z)−3.6 (gray line). The current data at z > 8 show that the cosmic
SFRD is very likely to increase dramatically, by roughly an order of magnitude,
in the 170 Myr from z ∼ 10 to z ∼ 8.
(A color version of this figure is available in the online journal.)

function.14 Since the HUDF12/XDF data reaches down to
MUV = −17.7 mag, the derived SFRD is limited at SFR >
0.7 M⊙ yr−1. For the z > 8 points, we did not perform any
dust correction, because it is expected to be negligible based on
the evolution of the UV continuum slope distribution at lower
redshift (e.g., Bouwens et al. 2012c, 2013b; Dunlop et al. 2013;
Finkelstein et al. 2012; Wilkins et al. 2011).

The direct SFRD from the five observed candidates is
log10 ρ̇∗ = −3.25 ± 0.35 M⊙ yr−1 Mpc−3. As can be seen
from the summary in Table 4, this is a factor 0.45 dex
higher compared to our previous estimate using only the one
HUDF12/XDF candidate. However, it remains quite consistent
with our previous estimate that a very large change occurs in the
SFRD in the 170 Myr from z ∼ 10 to z ∼ 8. With the new data,
the build-up remains strong at 1.05 ± 0.38 dex from z ∼ 10 to
z ∼ 8, i.e., by an order of magnitude.

Together with the direct SFRD as measured from the five
detected sources in the XDF and GOODS-N+S, Figure 9 also
shows the SFR densities of the two best-fit UV LFs we derived
in the previous section (for a summary see also Table 4). In
particular, the best-fit M∗ evolution results in a significantly
higher SFRD, essentially equal to the current z ∼ 9 estimates.

14 SFR(M⊙ yr−1) = 1.4 × 10−28 L1500 (erg s−1 Hz−1) (Kennicutt 1998).
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Figure 10. A comparison of the observed SFRD evolution (limited at >0.7 M⊙/
yr) with model predictions. Here we combined all the measurements from our
analysis with the CLASH results (Bouwens et al. 2012a; Coe et al. 2013; Zheng
et al. 2012) at z ∼ 9 and z ∼ 10 (dark red squares). The lower redshift
points (dark blue) are the same as in the previous figure. The model curves
are based on semi-analytical/empirical modeling (Trenti et al. 2010; Lacey
et al. 2011; Tacchella et al. 2013) and on SPH simulations (Finlator et al.
2011; Jaacks et al. 2013). The simulation curves were converted from UV
luminosity densities and corrected for dust extinction by the same amount as
the observational measurements (where necessary). All of these models predict
a significant downturn in the observed SFRD at z ∼ 8, consistent with the
observations.
(A color version of this figure is available in the online journal.)

However, we stress again that M∗ evolution should have resulted
in nine detected z ∼ 10 candidates in our search fields and
should therefore be considered an upper limit.

Combining our updated SFRD estimate with previous analy-
ses from different data sets in the literature at z > 9 (Bouwens
et al. 2012a; Coe et al. 2013; Zheng et al. 2012), the new
best-fit evolution of the cosmic SFRD at z ! 8 is log ρ̇∗ ∝
(1 +z)10.9±2.5, which is almost unchanged from our previous de-
termination without the new luminous sources in GOODS-N and
GOODS-S ((1+z)11.4±3.1; Oesch et al. 2013b). The small change
is mostly due to the fact that our new, combined SFRD mea-
surement from all the CANDELS-Deep and HUDF09/XDF
data almost exactly falls on the previously estimated trend and
that the LF is so steep that the integrated flux is dominated still
by the lower luminosity sources.

As we show in Figure 10, the rapid decline at z > 8 is not
completely unexpected. It seems to be a very generic prediction
of a wide range of theoretical models, which reproduce the
UV LF evolution across z ∼ 4–7. These models include semi-
empirical estimates of the SFRD evolution (Trenti et al. 2010;
Tacchella et al. 2013), semi-analytical models (Lacey et al.
2011), as well as hydrodynamic simulations (Finlator et al. 2011;
Salvaterra et al. 2011; Dayal et al. 2013; Jaacks et al. 2013).
Given that these models all use very different prescriptions and
techniques, it is likely that this rapid decline is mostly driven by
the underlying evolution of the dark matter halo mass function,
which is also evolving very rapidly at z > 8.

5. ROBUST REST-FRAME OPTICAL DETECTIONS OF
z ∼ 10 GALAXIES: NEBULAR EMISSION LINES AND

STELLAR MASSES

The most important result from our IRAC analysis in the
previous sections is that for all three sources in GOODS-N
for which the neighbor subtraction was successful, we detect
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WHAT WFIRST BRINGS TO THE TABLE:  

SCIENCE ENABLED BY A ~100X INCREASE IN FOV

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE
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THE KINDS OF NUMBERS WE’RE DEALING WITH
▸ Predictions assume smoothly evolving 

Schechter UV LF (Finkelstein 16). 

▸ Limiting magnitudes = 26.5 for HLS (except for 
z=7, which is limited by z’LSST=26.2 depth), 
with empirically derived (from HST) 
magnitude-dependent completeness applied. 

▸ GO deg
2
 survey is a roughly 500 hr survey 

observing one square degree to m~29. 

▸ To survey a sq. deg. with JWST to this 
depth would take several 1000’s of hours 
of integration, plus extensive overheads.

Redshift Expected # 
(HLS)

Expected # 
(deg2 GO)

6 ~3,300,000 ~21,000

7 ~530,000 ~9200

8 ~280,000 ~4000

9 ~75,000 ~1700

10 ~19,000 ~700

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE
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▸ HST and JWST are severely limited in volumes that they can simultaneously 
probe.  The following are some high priority questions likely to remain open 
in ~a decade:

▸ How do the physics which regulate star-formation evolve with cosmic 
time?

▸ How has cosmic variance affected our current results, particularly at faint 
luminosities? 

▸ What is the impact of environment on reionization and galaxy evolution?

▸ What is the large-scale distribution of the detectability of Lyα emission in 
the epoch of reionization?

▸ What is the contribution of AGNs to reionization?

OPEN QUESTIONS FOR WFIRST
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OPEN QUESTIONS FOR WFIRST
▸ How do the physics which regulate star-formation 

evolve with cosmic time?

▸ A phenomenological model which assumes that the 
star-formation rate tracks the halo mass accretion 
rate predict that the ratio of stellar-mass formed to 
halo mass (SMHM) increases with increasing redshift 
at z > 4 (Behroozi+13, Behroozi & Silk+15).

▸ This implies that galaxies are perhaps better at 
converting gas into stars at higher redshifts, counter 
to a variety of theoretical predictions (e.g., lower-Z 
should reduce SF efficiency).  Other factors, such as 
reduced negative feedback effects, could be at play.

▸ One example - changing the timescale for 
converting gas into stars (Somerville+12) by a factor 
of four results in large changes at the bright end!

▸ Current volumes probed do not contain 
enough galaxies to constrain these physics!
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Figure 8. SMHM ratios for z = 9.6–15, predicted using Equations (2) and (4). The black, red, blue, and green lines show predicted evolution assuming that the ratio
of galaxy SSFRs to halo SMARs is fixed at z = 4, 5, 6, and 7, respectively. The brown line shows the median of these predictions; the error bars give the expected
68% uncertainties on the prediction from the error analysis in Section 4.1.
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Figure 9. Evolution of median prediction for the SMHM ratio from Figure 8 for
z = 9–15. Significant evolution in the efficiency at fixed halo mass is evident.

including ±0.25 dex systematic biases in recovering stellar
masses (Behroozi et al. 2013c; Curtis-Lake et al. 2013), sample
variance from small survey volumes (±0.1 dex for the z > 7
SMFs; Trenti & Stiavelli 2008), and low-redshift interlopers at
the massive end of the SMF.

We cannot directly resolve interloper contamination, so we
avoid presenting results from the bright end of the SMF,
where such contamination is most an issue (e.g., galaxy stellar
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Figure 10. Evolution of the halo mass (Mh) at which the stellar mass (M∗) first
reaches 1% of Mh. The black solid line shows the constraints from Behroozi
et al. (2013c); the black dots show results from this work according to Figure 9.
For comparison, lines of constant mass (Mh = 1011.5 M⊙) and constant vmax
(vmax = 175 km s−1) are shown; these values are chosen to match the “1%” halo
mass at z = 4. While the constant mass line describes the evolution reasonably
well for z < 4, neither constant mass nor constant vmax tracks the mass evolution
for z > 4. Instead, the evolution is much closer to the average mass accretion
histories of halos, suggesting that high-redshift star formation efficiency may
be more influenced by environmental factors (e.g., mass accretion rates) than at
lower redshifts.
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▸ Galaxy clustering results have observationally found a 
similar trend - higher SMHM at fixed halo mass 
(Harikane+16,17).

▸ A similar result was found via abundance matching the 
UV luminosity function, and looking at evolution at 
fixed UV magnitude (~fixed stellar mass; 
Finkelstein+15b), though this is subject to UV scatter, 
and nebular contamination in M* estimates.

▸ Stefanon+17 found less evolution via 
rest-z’ luminosity function abundance 
matching, though they were exploring 
progenitors/descendants, and had small 
numbers at z > 5.

▸ Most of these studies are limited by small 
sample sizes (the clustering study used 
HSC, so had large samples, but potentially 
much higher sample contamination), so 
conclusions remain difficult.

OBSERVATIONAL EVIDENCE?
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using clustering analysis and abundance matching methods.
Ishikawa et al. (2016b) estimate SHMRs by clustering analysis
at z � 3 � 5 using the CFHTLS data. The SHMRs in Ishikawa
et al. (2016b) are higher than ours at z � 4 and 5, because
Ishikawa et al. (2016b) overestimate the stellar mass compared
to ours (see Figure 17). The SHMRs at z � 4 are compara-
ble to those at z � 3 in Durkalec et al. (2017), who use clus-
tering analysis with � 3000 spectroscopic galaxies. Stefanon
et al. (2016) estimate the SHMRs at z � 4 � 7 by the abun-
dance matching with the rest-frame optical galaxy luminosity
functions. We find that their estimates agree with ours at z � 4

within their 1� error, and are slightly higher than ours at � 2�

levels at z � 5 and 6. Our estimates are lower than those of
the abundance matching study of Finkelstein et al. (2015), be-
cause they use the median stellar mass to estimate the SHMR
instead of the threshold stellar mass. Our SHMRs agree well
with those of Moster et al. (2013) at z � 4 within their uncer-
tainty (� 0.4 dex in the SHMR). SHMRs of Behroozi et al.
(2013b) are comparable with ours at z � 4 and 5 in the massive
halo of Mh >2�1012 M�. Their estimates are higher than ours
in the mass range of Mh < 2� 1012 M� by a factor of � 2, but
still within their 2� errors.

To discuss the redshift evolution, we present our SHMRs
at z � 4 � 7 in Figure 20, with that at z � 0 in Behroozi
et al. (2013b) for comparison. We plot two cases for the z � 7

SHMRs using the z � 7 and z � 6 num-match relations, to un-
derstand the uncertainty in the stellar mass estimate at z � 7. At
Mh �1�1011 M�, the SHMR decreases from z �0 to z �4 by
a factor of � 4, and increases from z � 4 to z � 7 by a factor of
>� 4, despite the uncertainties in the z � 7 stellar mass estimates.
The SHMR at Mh � 1 � 1012 M� also decreases from z � 0

to z � 4 by a factor of � 3, but does not evolve significantly
from z � 4 to z � 6, similar to the abundance matching result of
Stefanon et al. (2016). We will compare these SHMR redshift
evolutions with theoretical studies in Section 5.2.

4.4 SFR/Ṁh � Mh Relation at z � 4 � 7

We estimate SFR/Ṁh which is a ratio of the star formation
rate to the dark accretion rate. We derive the dust-uncorrected
SFR (SFRuncorr) from M th

UV using the following calibration
(Kennicutt 1998):

SFRuncorr (M� yr�1)=1.4�10�28LUV (erg s�1 Hz�1).(23)

We correct the star formation rate for the dust extinction
(SFRcorr) using an attenuation-UV slope (�UV) relation
(Meurer et al. 1999) and �UV � MUV relations (Bouwens et al.
2014). The estimated star formation rates are presented in Table
4. We calculate Ṁh as a function of halo mass and redshift us-
ing an analytic formula obtained from N-body simulation re-
sults (Behroozi et al. 2013b).

We plot the ratio of SFRcorr/Ṁh at z � 4 � 7 as a function

Fig. 20. SHMR evolution with redshift. The blue, green, orange, and red
diamonds (circles) are the results in this work (Harikane et al. 2016), and
the curves represent Equation (22), at z � 4, 5, 6, and 7, respectively. The
statistical error bars for our data are smaller than the symbols (diamonds).
The red filled circles denote the SHMRs from the z � 7 num-match relation,
while the open red circles from the z � 6 relation, as Harikane et al. (2016).
The black curve represents the SHMR of Behroozi et al. (2013b) at z � 0,
which is computed with the same cosmological parameters and halo mass
definition as in our analysis.

of the halo mass in Figure 21. The black solid curve in Figure
21 represents the following SFR/Ṁh � Mh relation:

SFR

Ṁh

=
2 � 1.7 � 10�2

(Mh/1011.35)�1.1 + (Mh/1011.35)0.3
. (24)

Interestingly, we do not find any significant redshift evolutions
of SFR/Ṁh beyond 0.15 dex (the gray shade in Figure 21) at
z >�4. Behroozi et al. (2013a) discuss that the ratio of the SFR to
the baryon accretion rate change very little at z = 0�4 by their
abundance matching. Bian et al. (2013) also report similar red-
shift independence at z �3�5 by clustering. We confirm it with
the large and homogeneous sample at z �4�7 by the clustering
analysis in the wide dynamical range of 4 � 1010 M� < Mh <

4 � 1012 M�. We will discuss the implications of this constant
(redshift-independent) SFR/Ṁh � Mh relation in Section 5.4.

4.5 Satellite fraction

We plot the estimated satellite fractions as a function of the stel-
lar mass threshold, M th

� , in Figure 22. The best-fit satellite frac-
tion ranges from 2�10�3 to 8�10�2 at z � 4�5, and the sub-
samples with high M th

� tend to have lower satellite fractions.
In addition, the satellite fractions of the z � 5 subsamples are
tentatively smaller than those of z � 4 ones at fixed stellar mass.
Our satellite fractions at z � 4 � 5 are in good agreement with
those of Ishikawa et al. (2016b) at M th

�
<� 1010 M�, but lower

than Ishikawa et al. (2016b) at M th
�

>� 1010 M�, probably due
to the overestimate of the stellar mass in Ishikawa et al. (2016b)
compared to ours (see Figure 17).

We compare the satellite fractions at z � 4 � 5 with those
of 0 < z < 2.5 galaxies. The satellite fractions at z � 0 � 2
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Figure 1: Left) The evolution of the observable dust-corrected cosmic SFR density
(Finkelstein 2016). While observations at z=4–8 exhibit smooth evolution, studies at z≥9
tell a divergent story. Studies which include deep F140W find a continued smooth decline,
while others (based predominantly on one-band detections) prefer a steeper decline. Our
more complete selection of candidate z = 9–11 galaxies, combined with the F140W followup
proposed here, will resolve this debate prior to the launch of JWST. Right) The SMHM of
bright galaxies (data from F15b, predictions from Behroozi & Silk 2015). There is a trend
(∼2–3σ) of a rising SMHM from z = 4 to 7 (darker shaded region). However, fitting the
evolution only at z ≥ 6, the evolution to higher redshift is less clear, and the current data
are consistent with a flattening, or even a decrease in the SMHM towards higher redshifts.
If the majority of our candidates are validated with our proposed imaging, it will constrain
the SMHM to be strongly evolving to z ≥ 9, while if we find most candidates are spurious,
it implies that any SMHM evolution is shallow.

Description of the Observations

Initial Sample Selection: We seek to compose a sample of robust, two-band detected

candidate galaxies at z = 9–11. To select our sample, we used the CANDELS-team mosaics of
HST imaging in the CANDELS fields, which includes: VF606W, IF814W, JF125W, and HF160W in
the COSMOS, EGS and UDS fields (we also included the small amount of single YF105W tiles),
and BF435W, VF606W, iF775W, IF814W, zF850LP, YF105W, JF125W, and HF160W in the GOODS-S
and GOODS-N fields (we also include the current JHF140W data, which are very shallow
compared to the other WFC3 and ACS data). We created HF160W-selected catalogs in
each of these five fields using Source Extractor (Bertin & Arnouts 1996), measuring colors
in small Kron apertures (see F15a for our photometric procedure, which is very similar
to what we performed here). Total magnitudes were measured in the HF160W-band via the
default MAG AUTO aperture. To include IRAC, we used the official CANDELS photometric
catalogs, which have performed deblended photometry on the IRAC mosaics in these fields
using TPHOT (see catalog papers by Galametz et al. 2013; Guo et al. 2013, Nayyeri et al.
2017 and Stefanon et al. 2017 for details). We included IRAC photometry for sources in our
catalog if there was a match in the CANDELS catalogs within 0.2′′.

We measured photometric redshifts using all available photometry (7-8 filters in the
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Figure 12. Left panel: Ratio between the luminosity and the halo mass from abundance matching at 1) constant cumulative
number density (blue squares with errorbars) and 2) cumulative number density evolving following Behroozi et al. (2013a, red
circles with errorbars). The red points have been arbitrarily shifted by δz = 0.2 to improve readability. The points show a
mild indication of increase with redshift of the Lz′/Mh ratio, although the large uncertainties make it also consistent with
no evolution. Right panel: Stellar-to-halo mass ratios (Chabrier 2003 IMF), recovered from the values presented in the left
panel, by applying the M∗/Lz′ relation in Sect. 3.2 (same plotting conventions of the left panel). The grey points present
stellar-to-halo mass ratios from the literature: Durkalec et al. (2015, open upward triangles); Finkelstein et al. (2015a, open
downward triangles, converted to Chabrier 2003 IMF) and Harikane et al. (2016, open diamonds). We warn the reader that all
these estimates refer to different Mh, making straight comparisons difficult to interpret (see text for more details). The y-axis
on the right presents the integrated star-formation efficiency (ISFE - also called the stellar baryon fraction), i.e., M∗/Mh in
units of Ωb/Ωm. No clear evidence is found for an evolution of the ISFE with redshift.

sponds to the cumulative number density of M∗
z′ galax-

ies at z ∼ 4 (Mz′ = −23.38 mag) and it allows us to re-
cover the corresponding absolute magnitude up to z ∼ 7
with strongly reduced dependence (i.e., ! 0.5 mag) on
the extrapolation of the LFs to magnitudes fainter than
actually observed. Table 4 lists a compilation of the val-
ues of the main parameters recovered with our analysis.
The abundance matching performed through cumu-

lative number density implicitly assumes that each
halo contains one and only one galaxy and that ha-
los of the same mass contain galaxies of the same
z′ luminosity (∼stellar mass). Indeed, recent mea-
surements have shown that the scatter between halo
mass-stellar mass relation is quite small, ∼ 0.15 −
0.20 dex (e.g., Conroy & Wechsler 2009; Moster et al.
2010; Tinker et al. 2016, but see also Gu et al. (2016)
who found scatter of up to 0.32 dex).
The cumulative number densities of the LFs were

computed adopting the Schechter parameterization pre-
sented in Sect. 3.5. For the LFs at z ≥ 5, we adopted
the best-fit Schechter functions obtained when the char-
acteristic magnitude was assumed to be the only free
parameter of the fit, coinciding with the case of pure
luminosity evolution.
The values of the absolute magnitudes

we obtain from our procedure are Mz′ ∼
−23.39,−22.63,−22.09,−21.82 mag for the z ∼ 4,
z ∼ 5, z ∼ 6 and z ∼ 7 cases, respectively. These
values are consistent within 1σ with the characteristic
magnitudes of our Schechter fit. This is not surpris-

ing, considering the pure luminosity evolution of the
Schechter fits themselves.
The matches to the cumulative number density

performed on the HMFs resulted in halo masses
log(Mh/M⊙) = 12.32, 11.91, 11.67, 11.40 for the z ∼ 4,
z ∼ 5, z ∼ 6 and z ∼ 7 cases, respectively. These dis-
placements correspond to an evolution in the halo mass
of M∗

z′ galaxies of ∼ 0.9,∼ 0.6, and ∼ 0.3 dex from
z ∼ 7, 6, 5 to z ∼ 4, respectively. We note, however,
that a rigid displacement in mass of the HMF is suffi-
cient to reproduce the HMF evolution at these redshifts
only for halo masses log(Mh/M⊙) " 12; at lower halo
masses, the displacement in mass must be coupled to a
steepening with redshift of the low-mass end slope.
We can now use the above results on the evolution of

the luminosity and of the halo mass to recover the evo-
lution with redshift of the light-to-halo mass for galaxies
at fixed cumulative number density. Combining the two
we obtain Lz′/Mh ∼ 0.069, 0.089, 0.095, 0.138 in units
of L⊙/M⊙. These values are also presented in the left
panel of Figure 12 and suggest a mild increase with red-
shift (a factor ! 2×), although the large uncertainties
make them consistent with a constant value across the
800 Myr of cosmic time from z ∼ 4 to z ∼ 7.
Using the results on the M∗/Lz′ from Sect. 3.2,

we can convert the Lz′/Mh into M∗/Mh. The re-
sult of this is shown in the right panel of Figure 12.
The corresponding values are listed in Table 4. The
stellar-to-halo mass ratio does not present any signif-
icant evolution with redshift. In the same panel we

ST
EF

A
N

O
N

+1
7



▸ There is now some evidence 
that the bright end of the UV 
luminosity function may be 
“super”-Schechter, e.g., a 
double power law (e.g., 
Bowler+14, 15; Ono+17, 
Stefanon+17, Stevans in prep).

▸ Interesting physics?  
Dust attenuation?  
Contamination by 
AGNs?

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE

z=4 UV luminosity function BY UT 
student Matt Stevans, using ~20 deg2 

SHELA survey data, and 
simultaneously fitting AGN and star-
forming galaxy luminosity functions.

FURTHER OBSERVATIONAL EVIDENCE?

Stevans+17



COSMIC VARIANCE

▸ Fractional uncertainty due to cosmic 
variance is ~40% in the HUDF.

▸ Will be similar in a JWST UDF-
style observation due to small 
volume probed.

▸ How much are our conclusions on 
faint galaxies biased by cosmic 
variance?

▸ Lensing helps provide 
independent lines-of-slight, 
though volumes are tiny, so still 
CV issues.

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE

calculation, we estimated the fractional error separately for
GOODS-S, GOODS-N, MACS-0416 parallel, and Abell 2744
parallel fields, adding the variances in quadrature to derive a
final value of CVs for a given redshift bin. In the GOODS-S
field, we included the area from the three HUDF09 fields,
because even the parallel fields are separated by only a few
arcmin from the GOODS-S proper. For the input survey
geometries, we estimate rectangular regions of the approximate
shape of the GOODS fields, with an enclosed area equal to the
GOODS-S Deep+Wide+ERS+HUDF09 fields for GOODS-S,
and the GOODS-N Deep+Wide for GOODS-N. The field
geometries were thus 10.2¢ × 15 ′. 03 for GOODS-S, 9. 51
× 14″. 65 for GOODS-N, and 2.1¢ × 2 ′. 1 for each of the HFF
parallel fields. However, at faint magnitudes, our galaxy sample
primarily comes from the HUDF, thus we also estimated the
QUICKCV-derived cosmic variance uncertainty with the
HUDF area only, with a geometry of 2.26¢ × 2 ′. 26. To convert
these unbiased estimates of cosmic variance to values
appropriate to our galaxy sample, we use the recently published
clustering-based bias measurements from Barone-Nugent et al.
(2014), who used the galaxy sample of Bouwens et al. (2015)
for their calculation (because they did not measure the
clustering at z = 8, we use the z = 7 bias values for our
z = 8 cosmic variance estimate). They estimated the bias for
both bright and faint galaxies, splitting their sample at
M 19.4UV = - at each redshift. Our estimates of the fractional
uncertainty on galaxy counts due to cosmic variance from this
method are shown as the gray bars in Figure 17, where we
show values of this quantity for both bright and faint galaxies.

For our semi-analytic cosmic variance estimate, we used
mock catalogs of the Somerville et al. (2012) SAMs, which
cover an area ∼40× larger than that of the combined
CANDELS/GOODS fields. We extract independant,
GOODS-sided volumes from these catalogs, exploring the
variation in number counts in the independant volumes as a
function of UV absolute magnitude. At magnitudes brighter
than −18.5 at z = 4–6 (−19 at z = 7; −19.5 at z = 8) we
estimated our survey as being two 10 16¢ ´ ¢ fields, represent-
ing a combination of the CANDELS/GOODS fields with the
five single-WFC3 pointing fields (HUDF09 and HFF). At
fainter magnitudes, where the majority of our objects come
from the HUDF, we assume a single 2 ′. 26 × 2 ′. 26 field. We
calculate the 1σ fractional uncertainty on the number density,

Ncvs , by bootstrap resampling galaxies in a given MUV bin at
each redshift. This 1-sigma fractional uncertainty includes the
Poisson noise, thus we subtract the Poisson errors using the
recipe of Gehrels (1986) to calculate the fractional uncertainty
on the number density due to cosmic variance only. The
uncertainty for the total survey volume is calculated by adding
the variance for two GOODS-sized fields in quadrature for
bright bins (and the HUDF-only for faint bins), and is shown in
Figure 17.
Comparing the SAM-derived cosmic variance values to

those from QUICKCV, we find generally excellent agreement.
The SAM method predicts, as expected, a larger cosmic
variance uncertainty for the brightest galaxies, although this is
understood as the Barone-Nugent et al. (2014) “bright” sample
encompassed galaxies down to MUV = -19.4, and thus likely
has a relatively faint median magnitude. Future measurements

Figure 17. Comparison between the fractional uncertainty due to Poisson noise and that due to cosmic variance. We estimate the cosmic variance in two ways. First, we use
a semi-empirical method, combining the cosmic variance estimates for an unbiased tracer of mass from QUICKCV with the clustering-based bias measurements of Barone-
Nugent et al. (2014), as shown by the gray bars (for bright and faint galaxies). Second, we estimate cosmic variance uncertainties by examining the variation in the number of
galaxies as a function of rest-frame absolute UV magnitude from a set of semi-analytic models (discussed in Section 7), with the volume approximated as that of the two
CANDELS/GOODS fields, except at faint magnitudes, where we use a HUDF-sized volume. The Poisson values shown come from the uncertainties on the number
densities shown in Figure 10. The circles and squares denote magnitudes where the majority of our galaxies come from the CANDELS fields and HUDF field, respectively.
The two estimates of the cosmic variance uncertainty show very good agreement. In nearly all cases, the cosmic variance uncertainty is greater than the Poisson uncertainty,
thus cosmic variance is likely not the dominant source of uncertainty in our measured luminosity functions.

25

The Astrophysical Journal, 810:71 (35pp), 2015 September 1 Finkelstein et al.

calculation, we estimated the fractional error separately for
GOODS-S, GOODS-N, MACS-0416 parallel, and Abell 2744
parallel fields, adding the variances in quadrature to derive a
final value of CVs for a given redshift bin. In the GOODS-S
field, we included the area from the three HUDF09 fields,
because even the parallel fields are separated by only a few
arcmin from the GOODS-S proper. For the input survey
geometries, we estimate rectangular regions of the approximate
shape of the GOODS fields, with an enclosed area equal to the
GOODS-S Deep+Wide+ERS+HUDF09 fields for GOODS-S,
and the GOODS-N Deep+Wide for GOODS-N. The field
geometries were thus 10.2¢ × 15 ′. 03 for GOODS-S, 9. 51
× 14″. 65 for GOODS-N, and 2.1¢ × 2 ′. 1 for each of the HFF
parallel fields. However, at faint magnitudes, our galaxy sample
primarily comes from the HUDF, thus we also estimated the
QUICKCV-derived cosmic variance uncertainty with the
HUDF area only, with a geometry of 2.26¢ × 2 ′. 26. To convert
these unbiased estimates of cosmic variance to values
appropriate to our galaxy sample, we use the recently published
clustering-based bias measurements from Barone-Nugent et al.
(2014), who used the galaxy sample of Bouwens et al. (2015)
for their calculation (because they did not measure the
clustering at z = 8, we use the z = 7 bias values for our
z = 8 cosmic variance estimate). They estimated the bias for
both bright and faint galaxies, splitting their sample at
M 19.4UV = - at each redshift. Our estimates of the fractional
uncertainty on galaxy counts due to cosmic variance from this
method are shown as the gray bars in Figure 17, where we
show values of this quantity for both bright and faint galaxies.

For our semi-analytic cosmic variance estimate, we used
mock catalogs of the Somerville et al. (2012) SAMs, which
cover an area ∼40× larger than that of the combined
CANDELS/GOODS fields. We extract independant,
GOODS-sided volumes from these catalogs, exploring the
variation in number counts in the independant volumes as a
function of UV absolute magnitude. At magnitudes brighter
than −18.5 at z = 4–6 (−19 at z = 7; −19.5 at z = 8) we
estimated our survey as being two 10 16¢ ´ ¢ fields, represent-
ing a combination of the CANDELS/GOODS fields with the
five single-WFC3 pointing fields (HUDF09 and HFF). At
fainter magnitudes, where the majority of our objects come
from the HUDF, we assume a single 2 ′. 26 × 2 ′. 26 field. We
calculate the 1σ fractional uncertainty on the number density,

Ncvs , by bootstrap resampling galaxies in a given MUV bin at
each redshift. This 1-sigma fractional uncertainty includes the
Poisson noise, thus we subtract the Poisson errors using the
recipe of Gehrels (1986) to calculate the fractional uncertainty
on the number density due to cosmic variance only. The
uncertainty for the total survey volume is calculated by adding
the variance for two GOODS-sized fields in quadrature for
bright bins (and the HUDF-only for faint bins), and is shown in
Figure 17.
Comparing the SAM-derived cosmic variance values to

those from QUICKCV, we find generally excellent agreement.
The SAM method predicts, as expected, a larger cosmic
variance uncertainty for the brightest galaxies, although this is
understood as the Barone-Nugent et al. (2014) “bright” sample
encompassed galaxies down to MUV = -19.4, and thus likely
has a relatively faint median magnitude. Future measurements

Figure 17. Comparison between the fractional uncertainty due to Poisson noise and that due to cosmic variance. We estimate the cosmic variance in two ways. First, we use
a semi-empirical method, combining the cosmic variance estimates for an unbiased tracer of mass from QUICKCV with the clustering-based bias measurements of Barone-
Nugent et al. (2014), as shown by the gray bars (for bright and faint galaxies). Second, we estimate cosmic variance uncertainties by examining the variation in the number of
galaxies as a function of rest-frame absolute UV magnitude from a set of semi-analytic models (discussed in Section 7), with the volume approximated as that of the two
CANDELS/GOODS fields, except at faint magnitudes, where we use a HUDF-sized volume. The Poisson values shown come from the uncertainties on the number
densities shown in Figure 10. The circles and squares denote magnitudes where the majority of our galaxies come from the CANDELS fields and HUDF field, respectively.
The two estimates of the cosmic variance uncertainty show very good agreement. In nearly all cases, the cosmic variance uncertainty is greater than the Poisson uncertainty,
thus cosmic variance is likely not the dominant source of uncertainty in our measured luminosity functions.
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ROBUSTNESS OF BRIGHT-END ABUNDANCES TO COSMIC VARIANCE
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A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE

CV estimated by combining observed biases (Barone-
Nugent+14) with dark matter CV estimates 

(Newman+Davis  02, Moster+11).

▸ WFIRST HLS will 
allow measurements 
of the abundance of 
bright galaxies at 
z=6-8 with S/N > 100 
(S/N > 10 at z=9-10).

z=7



▸ How do environmental factors 
affect star-formation in the epoch 
of reionization? 

▸ Current volumes probed at z > 
6 do not yet allow robust 
measures of environment to be 
made.

▸ The WFIRST HLS will probe 10-20 
cGpc3 volumes in unit-redshift 
bins at z=10-6, observing galaxies 
in the full range of cosmic 
environments. 

▸ Will also allow measurements 
of the cosmic SFR density both 
robust against CV, and as a 
function of environment.

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE

Figure 6: Relative sizes of the regions on the sky observed in several important surveys of the distant Uni-
verse. The two Great Observatories Origins Deep Survey (GOODS) fields, the Subaru Deep Field (SDF)
and the Extended Chandra Deep Field South (ECDFS), are shown on the left. Very-deep surveys such as
the Hubble Deep Field North (HDF-N) and the Hubble Ultradeep Field (HUDF) [Advanced Camera for
Surveys (ACS) area shown], which are embedded within the GOODS fields, can detect fainter galaxies,
but cover only very tiny regions on the sky. Other surveys such as the Cosmic Evolution Survey (COS-
MOS), the UK Infrared Deep Sky Survey (UKIDSS), the Ultradeep Survey (UDS), the All-Wavelength
Extended Groth Strip International Survey (AEGIS) and the National Optical Astronomy Observatory
(NOAO) Deep Wide Field Survey cover wider regions of the sky, usually to shallower depths, i.e., with
less sensitivity to very faint galaxies. However, they encompass larger and perhaps more statistically rep-
resentative volumes of the Universe. The yellow boxes indicate the five fields from the Cosmic Assembly
Near-Infrared Deep Extragalactic Legacy Survey (CANDELS), each of which is embedded within another
famous survey area. The image in the background shows a cosmological N-body simulation performed
within the MultiDark project (see http://www.multidark.org/MultiDark/), viewed at z = 2, more than
10 Gyr ago. The colors represent the matter density distribution in a slice 43-Mpc thick, or ∆(z) = 0.03
at that redshift, and all lengths are given in comoving units for h = 0.7. Small surveys may sample under-
or over-dense regions, whereas larger surveys can average over density variations, but may not be sensitive
to the ordinary, relatively faint galaxies that are most numerous in the Universe. Averaging over redshift
intervals that are greater than that shown in the background figure will smooth over density variations,
but for any redshift binsize cosmic variance will be smaller for wider surveys or when a survey is divided
into fields sampling multiple, independent sightlines.

several different rest-frame wavelengths, including the rest-frame UV. The Canada-France

Redshift Survey (CFRS) was carried out using the 4-m Canada-France-Hawaii Telescope

and mainly surveyed the Universe out to z < 1. The available BV IK-band photometry
permitted direct measurement of 2,800-Å rest-frame luminosities at z > 0.5, and down to

z ≈ 0.3 with modest spectral extrapolation. Lilly et al. found that the 2,800-Å luminosity
density declined by approximately one order of magnitude from z = 1 to the present, which

they interpreted as a steep decline in the SFRD.

Madau et al. (1996) used the then-new HDF observations to extend this analysis to much
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ENVIRONMENT AND REIONIZATION

▸ Environment is likely linked to 
reionization - the most overdense regions 
formed stars first, and likely ionized first. 

▸ SKA 21cm line tomography should be 
able to resolve neutral/ionized regions 
on the order of a few pMpc, 
comparable to the expected size of 
ionized bubbles in the early universe 
(e.g., Furlanetto 06; Iliev+14). 

▸ Could then target ionized regions with a 
deeper GO survey to explore whether 
reionization “feedback” is suppressing 
star formation (though this may be more 
applicable to a LUVOIR-type mission).

 

 2 

innovation, and contribute to a strong national economy.” Our team’s efforts to involve 
undergraduates will specifically improve retention of students in STEM disciplines by providing 
opportunities along the full length of the education pipeline (sub-goal 6.1). 

Based on the science goals and figures of merit outlined in the proposal, our primary aim is to 
construct the design reference mission for reionization, given the stated objective of NWNH that 
reionization be included among the five frontier discovery areas for WFIRST (Section 1.2 on pages 
D.11-4 and -5). This will then lead to the complete set of requirements, a threshold science case, and 
the margins relative to the threshold case. In Section 7 we also summarize leveraging of NASA and 
other funds available to the team members on existing initiatives related to reionization and student 
participation in NASA research. 

 
3. Introduction 
Sometime between 200 and 800 Myrs after the Big Bang (redshifts 6-20), the first collapsed 

objects formed in dark matter halos and eventually produced enough Lyman continuum photons to 
reionize all of the surrounding hydrogen gas (Figure 1; Becker et al. 2001; Fan et al. 2006). This 
epoch of reionization (EoR) marked the end of the dark ages, and is the first chapter in the history of 
galaxies and heavy elements (Barkana & Loeb 2001). Large-angle CMB polarization suggests an 
optical depth to reionization of 0.066 ± 0.012 (Planck LFI; Ade et al. 2015), corresponding to an 
instantaneous reionization redshift of 8.8 ± 1.2. It is likely that in reality the reionization history is 
extended and inhomogeneous (Fan, Carilli & Keating 2006).   

A combination of the first metal-free stars (Bromm & Larson 2004), the subsequent generations 
of stars, and accretion onto remnant black holes (such as mini-quasars; Venkatesan, Giroux & Shull  
2001) are believed to have contributed enough UV photons to reionize the universe. Given the 
existing estimates of the UV luminosity functions (LFs) at z > 6 (Bouwens et al. 2015; Finkelstein et 
al. 2015), reionization is clearly dominated by lower mass, lower luminosity systems (Salvaterra et al. 
2011). Existing models for reionization allowing galaxies alone require escape fractions at the level 
of 20% (Robertson et al. 2015). Such a high escape fraction is inconsistent with direct measurements, 
which are at the level of a few percent (Hayes et al. 2011; Vanzella et al. 2012). For this reason, and 
others, quasars may also contribute a significant amount of the energy required to reionize the 

 
Figure 1. Epoch of Reionization  (EoR). WFIRST is capable of enabling a clear breakthrough in our understanding of 
physics during reionization. These include: (a) robust statistics on z=6 to 10 galaxy counts, luminosity functions, 
clustering and other statistics; (b) cosmic variance and magnification-free statistics on quasars and quasar contribution 
to reionization; (c) the event rate of rare shock breakout and massive blackhole formation signatures from time-domain 
astronomy; and (d) diffuse signatures in the infrared background through detailed studies of the intensity fluctuations 
(which will set the strongest requirements on detector characteristics, use of dark filter and dark current, stray-light, 
and especially dithering for self-calibration of the HLS mosaic over 2000 deg2). The figure is reproduced and updated 
from Loeb, A. The Dark Ages, Scientific American (2006). 

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE

High spatial resolution will 
also allow improved searches 
for AGNs at high redshift, 
better constraining their 

contribution to reionization.



PROBING REIONIZATION WITH LYMAN ALPHA EMISSION

▸ Lyα is resonantly scattered by neutral hydrogen, 
so if it is emitted from a galaxy with a 
surrounding neutral IGM, it will be significantly 
spatially diffused, well beyond detectable levels.

▸ Also, it is relatively “abundant” at z=6, just 
after the end of reionization.

▸ Simulations show that a patchy IGM should be 
directly traceable by the patchiness of Lya 
emission.

▸ Real galaxies make this more complicated, as 
they create HII regions, and they can impart a 
kinematic offset to Lyα photons, escaping 
from even modestly neutral regions.

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE

XHI=0.3XHI=0.5XHI=0.7

McQuinn+2007
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▸ This has led to a booming industry of attempted Lya measurements at z > 6.5, with 
some notable successes (e.g., Shibuya+12, Finkelstein+13, Oesch+15, Zitrin+15, 
Roberts-Borsani+16, Song+16, LaPorte+17).

LETTER
doi:10.1038/nature12657

A galaxy rapidly forming stars 700 million years after
the Big Bang at redshift 7.51
S. L. Finkelstein1, C. Papovich2, M. Dickinson3, M. Song1, V. Tilvi2, A. M. Koekemoer4, K. D. Finkelstein1, B. Mobasher5,
H. C. Ferguson4, M. Giavalisco6, N. Reddy5, M. L. N. Ashby7, A. Dekel8, G. G. Fazio7, A. Fontana9, N. A. Grogin4, J.-S. Huang7,
D. Kocevski10, M. Rafelski11, B. J. Weiner12 & S. P. Willner7

Of several dozen galaxies observed spectroscopically that are candi-
dates for having a redshift (z) in excess of seven, only five have had
their redshifts confirmed via Lyman a emission, at z 5 7.008, 7.045,
7.109, 7.213 and 7.215 (refs 1–4). The small fraction of confirmed
galaxies may indicate that the neutral fraction in the intergalactic
medium rises quickly at z . 6.5, given that Lyman a is resonantly
scattered by neutral gas3,5–8. The small samples and limited depth of
previous observations, however, makes these conclusions tentative.
Here we report a deep near-infrared spectroscopic survey of
43 photometrically-selected galaxies with z . 6.5. We detect a
near-infrared emission line from only a single galaxy, confirming
that some process is making Lyman a difficult to detect. The
detected emission line at a wavelength of 1.0343 micrometres is
likely to be Lyman a emission, placing this galaxy at a redshift
z 5 7.51, an epoch 700 million years after the Big Bang. This
galaxy’s colours are consistent with significant metal content,
implying that galaxies become enriched rapidly. We calculate a
surprisingly high star-formation rate of about 330 solar masses
per year, which is more than a factor of 100 greater than that seen
in the Milky Way. Such a galaxy is unexpected in a survey of our
size9, suggesting that the early Universe may harbour a larger
number of intense sites of star formation than expected.

We obtained near-infrared (NIR) spectroscopy of galaxies originally
discovered in the Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey (CANDELS)10,11 with the newly commissioned NIR
spectrograph MOSFIRE12 on the Keck I 10-m telescope. From a parent
sample of over 100 galaxy candidates at z . 7 in the GOODS-North
field selected via their Hubble Space Telescope (HST) colours through
the photometric redshift technique13–16, we observed 43 candidate high-
redshift galaxies over two MOSFIRE pointings with exposure times of
5.6 and 4.5 h, respectively. Our observations covered Lyman a (Lya)
emission at redshifts of 7.0–8.2. We visually inspected the reduced data
at the expected slit positions for our 43 observed sources and found
plausible emission lines in eight objects, with only one line detected
at .5s significance. The detected emission line is at a wavelength of
1.0343mm with an integrated signal-to-noise ratio of 7.8 (Fig. 1) and
comes from the object designated z8_GND_5296 in our sample (right
ascension 12 h 36 min 37.90 s, declination 62u 189 8.50, J2000). On the
basis of arguments outlined below (and discussed extensively in the
Supplementary Information), we identify this line as the Lya transi-
tion of hydrogen at a line-peak redshift of z 5 7.5078 6 0.0004; this is
consistent with our photometric redshift 95% confidence range of
7.3 , z , 8.1 for z8_GND_5296.

As expected for a galaxy at z 5 7.51, z8_GND_5296 is undetected in
the HST optical bands, including an extremely deep 0.8mm image
(Fig. 2). The galaxy is bright in the HST NIR bands, becoming brighter

with increasing wavelength, implying that the Lyman break lies near
1mm and that the galaxy has a moderately red rest-frame ultraviolet
colour. The galaxy is well-detected in both Spitzer/IRAC bands (3.6mm
and 4.5mm wavelength) and is much brighter at IRAC 4.5mm than at
IRAC 3.6mm. The strong break at observed 1mm restricts the observed
emission line to be either Lya at z 5 7.51 (near the Lyman break) or
[O II] 3,726 and 3,729 Å (a doublet) at z 5 1.78 (near the rest-frame
Balmer/4,000 Å break). We investigated these two possibilities by com-
paring our observed photometry to a suite of stellar population models
at both redshifts (Fig. 3). A much better fit to the data is obtained when

1The University of Texas at Austin, 2515 Speedway, Stop C1400, Austin, Texas 78712, USA. 2George P. and Cynthia Woods Mitchell Institute for Fundamental Physics and Astronomy, Texas A&M University,
4242 TAMU, College Station, Texas 78743, USA. 3National Optical Astronomy Observatory, Tucson, Arizona 85719, USA. 4Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, Maryland
21218, USA. 5University of California, Riverside, California 92521, USA. 6University of Massachusetts, Amherst, Massachusetts 01003, USA. 7Harvard-Smithsonian Center for Astrophysics, 60 Garden
Street, Cambridge, Massachusetts 02138, USA. 8Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel. 9INAF-Osservatorio di Roma, II-00040, Monteporzio, Italy. 10University of
Kentucky, Lexington, Kentucky 40506, USA. 11Infrared Processing and Analysis Center, MS 100-22, Caltech, Pasadena, California 91125, USA. 12Steward Observatory, University of Arizona, 933 North
Cherry Avenue, Tucson, Arizona 85721, USA.
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Figure 1 | The observed NIR spectrum of the galaxy z8_GND_5296. a, The
reduced two-dimensional spectrum. An emission line is clearly seen as a
positive signal (white) in the centre, with the negative signals (black) above and
below being a result of our ‘dithering’ pattern in the spatial direction along the
slit; this is a pattern only exhibited for real objects. b, The extracted
one-dimensional spectrum (black, smoothed to the spectral resolution; grey,
not smoothed). The sky spectrum is shown as the filled grey curve with the scale
reduced greatly compared to that of the data. We measure the line to have a
signal-to-noise (S/N) of 7.8, and it is also clearly detected in separate reductions
of the first and second halves of the data with signal-to-noise ratios of 6.4 and
5.2, respectively. The line has a full-width at half-maximum (FWHM) of 7.7 Å
and is clearly resolved compared to nearby sky emission lines, which have
FWHM 5 2.7 Å. The red line denotes the peak flux of the detected emission
line, which corresponds to a redshifted Lya line at z 5 7.507860.0004. All other
strongly positive or negative features are subtraction residuals due to strong
night sky emission. Although the line appears symmetric, there is a sky line
residual just to the red of our detected emission line, which makes a
measurement of our line’s asymmetry difficult.
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PROBING REIONIZATION WITH LYMAN ALPHA EMISSION

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE

▸ However, the majority of galaxies go 
undetected with spectroscopic followup, 
leading to the inference that the IGM at z 
≥ 7 is highly neutral (e.g., Pentericci+11, 
14, Treu+13, Fontana+10, Tilvi+14).

The Astrophysical Journal, 793:113 (10pp), 2014 October 1 Pentericci et al.

Figure 4. Expected cumulative distribution of Lyα detections as a function of
rest-frame EWs for z ∼ 7 faint LBGs, under the assumption that the observed
LAE fraction at z ∼ 7 is different from z ∼ 6 only because of the IGM. The
different lines correspond to a universe that was respectively ∼0.0, 0.23, 0.51,
0.74, 0.89, and 0.94 neutral by volume (from top to bottom) at z = 7. The line
for χH i = 0.0 is the same as at z = 6. The lines correspond to the model with
NH i = 1020 cm−2 and vwind = 200 km s−1. The red (blue) circles and limits
are our results assuming that 0 (20)% of the undetected galaxies are interlopers,
respectively (from Table 2).
(A color version of this figure is available in the online journal.)

spatial fluctuations depending on the degree of homogeneity/
inhomogeneity of the reionization process. Because existing
measurements of the Lyα fraction span relatively small regions
on the sky and sample these regions only sparsely (typically only
a few dropouts are observed per field), they might by chance
probe mostly galaxies with above-average Lyα attenuation and
therefore point to higher neutral hydrogen fractions compared to
the average values. It is therefore important to include the effect
of cosmic variance for different sight lines within our survey. In
their work, Taylor & Lidz found that the sample variance is non-
negligible for existing surveys, and it does somewhat mitigate
the required neutral fraction at z ∼ 7.

Compared to previous studies and to the surveys analyzed by
Taylor & Lidz, this work presents more independent fields of
view: even considering as single pointing those in adjacent areas
(e.g., the GOODS-South/ERS areas and the two SDF pointings
in Ono et al. 2012), we are now sampling eight independent
lines of sight, with areas varying between 50–100 arcmin2 in
each field. We have verified what is the uncertainty in our results
that might be derived from the cosmic variance.

We have tried to quantify what is the variance in the opacity
(e−τ

reion) in the simulations due to the limited number of fields
analyzed. In the simulations we take eight random regions with
areas corresponding to our observed fields, and in each field we
sample a reasonable number of lines of sight (corresponding to
the average number of candidates spectroscopically observed).
We then compute the pointing-to-pointing (cosmic) standard
deviation σFOV(e−τ ), which for eight fields is on the order
of 6%. The variance is so small because the total volume
sampled is quite large. We also varied the number of candidate
galaxies probing the reionization per each pointing: indeed the
discreteness in sampling the reionization morphology becomes
an issue, especially for large neutral fractions because in this
case the lesser number of would-be LAEs can miss the relatively
rare regions in a given pointing that have a high transmission.
However, even considering a small sampling (only five emitters

per pointing), σFOV(e−τ ) is still around 10%. Note that this
computation just uses the opacity at a single wavelength, roughly
200 km s−1 redward of the line center, where most of the intrinsic
emission is expected to lie. This is not really the variance in
the Lyα fraction because the latter requires some more detailed
modeling, but it gives a crude idea of what is the expected cosmic
variance from reionization. Therefore we are quite confident that
for our sample, which has a large number of independent fields
and a reasonable number of candidates observed per pointing,
the field-to-field fluctuations are not very large and would not
affect sensibly the results of Figure 4.

4.3. A Patchy Reionization Process?

Applying the simple phenomenological models developed by
Treu et al. (2012) to describe the evolution of the distribution
of Lyα EWs, we can now use the Lyα detections and nonde-
tections to make some inferences about the complex topology
of reionization. This model starts from the intrinsic rest-frame
distribution in terms of the one measured at z ∼ 6 by Stark
et al. (2011). It then considers two extreme cases that should
bracket the range of possible scenarios for the reionization mor-
phology: in the first (“patchy”) model, no Lyα is received from
a fraction ϵp of the sources, while the rest are unaffected. In
the second (“smooth”) model, the Lyα emission is attenuated
in every galaxy in the same way, by a factor ϵs . These two
models can be thought of respectively as simple idealizations
of smooth and patchy reionization: although very simple and
somewhat unphysical (especially the smooth one), these two
models should bracket the expected behavior of the IGM near
the epoch of reionization (see Treu et al. 2012 and Treu et al.
2013 for a more detailed explanation).

For each object in our sample, Bayes’ rule gives the posterior
probability of ϵp and ϵs (which we collectively indicate as ϵ) and
redshift given the observed spectrum and the continuum magni-
tude. The likelihood is as usual the probability of obtaining the
data for any given value of the parameter. The model adopts a
uniform prior p(ϵ) between zero and unity, while the prior for
the redshift p(z) is obtained from the redshift probability distri-
bution (as described in Section 3 for each of the different parent
samples). We use the implementation of the method that takes
as input the line-EWs or EW limits, in order to incorporate all
of the available information even when a noise spectrum is not
available (Treu et al. 2012).

One of the outputs of the model is the normalization constant
Z, known as the Bayesian evidence and which quantifies how
well each of the two models matches the data. The evidence ratio
is a powerful way to perform model selection, e.g., comparing
the patchy and smooth models, and eventually discriminate
between the two.

Treu et al. 2012 applied their model to the sample presented
by Ono et al. (2012), which also included data from P11
and V11. The data clearly preferred an attenuation factor of
ϵ < 1 (0.65–0.68), independent of the model considered, but
the evidence ratio indicated no significant preference for either
of the two models.

We have repeated the exercise for our new enlarged sample,
which is almost double compared to the previous one and most
importantly contains a larger fraction of very faint galaxies,
(thanks for example to the inclusion of the lensed galaxies of
the Bradac et al. sample and several other faint targets from
UDS and the archival data). With the new sample we obtain
ϵp = 0.46 ± 0.12 and ϵs = 0.60 ± 0.09, respectively, for
the patchy and smooth models, as shown in Figure 5: this

7
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WORKING ON IMPROVEMENTS FROM THE GROUND AND SPACE
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zLyα=7.5073 
S/N=9.1

zLyα=7.6013 
S/N=5.6

zLyα=8.2336 
S/N=4.7

• We in the midst of a multi-pronged survey for Lyα in the epoch 
of reionization, using ~300 HST orbits (FIGS: PI Malhotra; CLEAR: 
PI Papovich), and 20+ nights of Keck DEIMOS+MOSFIRE 
observations (PI Finkelstein, primarily through NASA).

• Work currently being led by UT student Intae Jung, first 
paper out by end of summer on our optical dataset.
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Ground-based near-IR spectroscopy is hard!  
The night sky lines block ~half of our 

accessible wavelength range, and atmospheric 
absorption windows prevent probing the full 
likely redshift range for a given object.

Rebecca Larson

Likely Lyα emission at 
z=7.4 from the HST FIGS 

grism survey (see also 
Tilvi+16) 

Proof of concept 
for Lyα detections 

with WFIRST!



WFIRST CAN PROVIDE THE ABILITY TO PROBE LYA 
EMISSION OVER LARGE SCALES

▸ JWST will make progress, but the 
small FoV of NIRSpec/NIRISS and 
relatively low sensitivity at λ < 1.3 
μm will limit results.

▸ Our Cosmic Dawn SIT (PI Rhoads) 
has been advocating for extending 
the WFIRST grism spectral range 
down to 0.9/1.0 μm (from baseline 
1.3 μm) to allow wide-field Lya 
studies throughout the EoR.

▸ We’re working now to spec out 
potential GO spectroscopic 
programs spanning 10’s-100 
arcmin in length (exploring 
issues such as depth, # of PAs, 
etc.)

W 
F 
I 
R 
S 
T

D A W N
A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE

Simulated WFIRST 
0.9-1.3μm grism data

Lyα from data-cube 
reconstruction

Simulations led by 
postdocs Vithal Tilvi 

(ASU) and Isak Wold (UT)

See poster by Tilvi



WFIRST/HST JWST LUVOIR WFIRST Lyα SKA/21 cm

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE



THANK YOU!

A LARGE-SCALE VIEW OF THE DISTANT UNIVERSE

Questions?


