
GALAXY EVOLUTION IN THE EARLY 
UNIVERSE WITH THE WFIRST HLS

STEVE FINKELSTEIN 
THE UNIVERSITY OF TEXAS AT AUSTIN

IMAGE CREDIT: JASON JAACKS



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

▸ What can UV emission lines tell us about the evolution of the 
physics of star formation, and AGN activity?

OPEN QUESTIONS FOR WFIRST

GALAXY EVOLUTION IN THE EARLY UNIVERSE WITH THE WFIRST HLS



WHAT WFIRST BRINGS TO THE TABLE: SCIENCE ENABLED BY A ~100X INCREASE IN FOV
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z 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

▸ Predictions assume smoothly evolving 
Schechter UV LF (Finkelstein 16), and 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 deg2 survey is a roughly 500 hr survey 
observing one square degree to m~29.



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 star-formation law 
slope or normalization by a factor of two results in 
large changes at the bright end! 

▸ Current volumes probed do not contain 
enough galaxies to constrain these physics!

The Astrophysical Journal, 799:32 (20pp), 2015 January 20 Behroozi & Silk
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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. 

▸ 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; Finkelstein+15a, Ono+17, Stefanon+17, 
Stevans+18). 

▸ Most of these studies are limited by 
small sample sizes, so conclusions 
remain difficult.

OBSERVATIONAL EVIDENCE?

24 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0

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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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? 

▸ 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).

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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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,
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uncertainty for the total survey volume is calculated by adding
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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.
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▸ 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.

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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HOW DO ENVIRONMENTAL FACTORS AFFECT STAR-FORMATION IN THE EPOCH OF REIONIZATION?

m=26 galaxies
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WHAT CAN WE LEARN SPECTROSCOPICALLY?

▸ Possible with the ATLAS deep survey (~1.2e-18 cgs) or an 
ultra-deep WFIRST 1-2 μm grism observation. 

▸ Topology of reionization via Lyα. 

▸ Physics of star-forming environments. 

▸ Presence of faint AGN.

GALAXY EVOLUTION IN THE EARLY UNIVERSE WITH THE WFIRST HLS



THE LARGE-SCALE TOPOLOGY OF REIONIZATION

▸ 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 (e.g., Miralda-
Escude+98, Malhotra & Rhoads 04, 06; 
Dijkstra+07). 

▸ 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. 

▸ Large areas (1 deg2+) need to be observed to 
overcome CV, and probe multiple ionized 
bubbles. 

▸ Is it worth it?   Deepest ever Keck-MOSFIRE 
integrations (~20 hr, 5σ=5e-18 cgs) detects Lyα in 
2/6 objects (Jung et al in prep), and 40-orbit/
pointing FIGS detects z=7.5 Lyα from HST.

XHI=0.3XHI=0.5XHI=0.7

McQuinn+2007
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Figure 3. Method 1 (Left): Example of an emission line found in 4 position angle spectra (colored) individually for GS2_1406 in the FIGS
data. Individual PA fit results are printed as well as their corresponding SNR measurements. Note that our SNR cut for this method is > 4�
but we are showing all detections above 3� in this plot to further illustrate the significance of this emission line. Method 2 (Right): Example
of an emission line fit (black) to all five position angle spectra (colored) simultaneously for GS2_1406. This emission line has a flux of
(1.75± 0.16)⇥ 10-17 erg s-1 cm-2 and gives a redshift for the galaxy of z = 7.452± 0.003. We use this measurement as the reported line flux
information as it uses all the available spectra and more accurately accounts for potential noise amplification from one PA.

tected by both methods is the known Ly↵ emission line
at z = 7.51 from Finkelstein et al. (2013) and Tilvi et al.
(2016) (FIGS ID: GN1_1292) which is found in our two
methods at > 5� significance: it is found in the two PAs
as reported by Tilvi et al. (2016) and it is also found by
fitting all five PAs simultaneously. Our measured line flux
for this line is (1.10± 0.17)⇥ 10-17 erg s-1 cm-2 which is
consistent with the measured value from Tilvi et al. (2016)
((1.06±0.12)⇥10-17 erg s-1 cm-2) using this same dataset.
As this line was originally identified as Ly↵ from ground-
based Keck MOSFIRE spectra by Finkelstein et al. (2013),
this in part validates our line identification procedure.

For the remainder of this paper we focus on the sec-
ond emission line selected via both methods, which has not
been previously published. This line comes from FIGS ID:
GS2_1406 (ID z7_PAR2_2909 in Finkelstein et al. 2015), at
a position of ↵ =53.288090, � = -27.865408. This galaxy
has a detected emission line at 10280.60 ± 3.94Å with a
line flux of (1.75 ± 0.16) ⇥ 10-17 erg s-1 cm-2, a FWHM
of 65.76± 2.73Å (consistent with an unresolved line), and
a line-flux signal-to-noise of 10.71 (see fitting results from
Method 2 and Figure 3). A summary of the properties of this
emission line can be found in Table 3.

The remaining lines which have been detected in only one
of our two methods (Method 2) or both methods at a lower
significance require further data to confirm their robustness,
thus we are pursing ground-based spectroscopic follow-up to
be discussed in a future paper.

5. DISCUSSION

5.1. Line Identification

As our data set is derived from the high-redshift selected
galaxies from the CANDELS-GOODS fields we have ample
photometry measurements in these fields from Finkelstein
et al. (2015). Our emission-line galaxy, GS2_1406 falls in
the Hubble Ultra Deep Field (HUDF) second parallel field,
referred to as the HUDF09-02 (Bouwens et al. 2011). This
field has deep WFC3 imaging from the HUDF09 survey (PI
Illingworth; e.g. Bouwens et al. 2010; Oesch et al. 2010) and
also has optical imaging with ACS (Beckwith et al. 2006)
from the UDF05 survey (PI: Stiavelli, Oesch et al. 2007).

This field has imaging in the V606, i775, z850, Y105, J125,
and H160 bands, and was also observed with the Spitzer
Space Telescope Infrared Array Camera (IRAC; Fazio et al.
2004) program 70145 (the IRAC Ultra-Deep Field; Labbé
et al. 2013) at 3.6µm and 4.5µm. Postage stamp images
of this galaxy are shown in Figure 4 with the HST images
being 3.7"⇥3.7" (61⇥61 pixels), while Spitzer images are
7.8"⇥7.8" (13⇥13 pixels). The galaxy is marked by a purple
circle to show it being a clear z-band dropout. While the aper-
ture measurement in the z-band shows a ⇠ 2.5� significance
measurement, visual inspection of this region shows no sig-
nificant connected pixels, implying that this measurement is
likely dominated by random noise (as well as a ⇠20% flux
contribution from our detected emission line).

We used non PSF-matched catalogs for re-measuring the
photometry values in elliptical Kron apertures, using the H160
band as the detection image. We used an identical process as
that done in Finkelstein et al. (2015), measuring object colors
in smaller apertures (PHOT_AUTOPARAMS=1.2, 1.7), and

LARSON+18

z=7.5 from space

z=7.6 from 
ground



PHYSICAL CONDITIONS AND AGN
▸ JWST will do this for small samples, but not for large samples or rare sources
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CIII] @ Z=7.5 (HUTCHISON+IN PREP)

All four lines to z~7, bottom axis to z~9
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PHYSICAL CONDITIONS AND AGN

GALAXY EVOLUTION IN THE EARLY UNIVERSE WITH THE WFIRST HLS

Moderate-luminosity AGN may be lurking in most known bright high-redshift 
galaxies, and an AGN-assisted end to reionization is being considered in 

many recent reionization modeling papers.



SUMMARY

GALAXY EVOLUTION IN THE EARLY UNIVERSE WITH THE WFIRST HLS

▸ HST has opened the door on the high-redshift universe, 
and JWST will be amazing in a variety of ways. 

▸ However, the small-field limitations of these facilities 
will leave several critical questions unanswered into the 
era of WFIRST 

▸ Spectroscopic followup of some sort will enable key 
science, including the topology of reionization, probing 
the physics of star-formation to early times, and 
exploring the onset of the first AGNs.


