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WFIRS: Science and Techniques



Scientific Interest #1: 
One of the primary interests in distant galaxies is to understand 

the early growth and build-up of galaxies.	


!
!

What requirements can we set on WFIRST to maximize what we 
learn about galaxy build-up?



Scientific Interest #2: 
One of the primary interests in distant galaxies is to understand 

the contribution of these galaxies to the reionization of the 
universe.	



!
!

What requirements can we set on WFIRST to maximize the 
information we have on ultra-faint galaxies?



What is current observational baseline:

Bouwens+2014 (see also McLure+2013; Finkelstein+2014)
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Do these Luminosity Functions Agree with Other Recent 
Determinations?

Bouwens+2014; Bowler+2015; Finkelstein+2015; Bouwens+2007



Do these Luminosity Functions Agree with Other Recent 
Determinations?

Bouwens+2014; McLure+2013; Schenker+2013; Bouwens+2011; Oesch+2010; McLure+2010



Bouwens+2014; Bowler+2014

Do these Luminosity Functions Agree with Other Recent 
Determinations?



Luminosity Function Steeper at Early Times

Faint-End 
Slope

Bouwens+2014



UV LFs follow a clear power law at the faint end, but 
shows an apparent cut-off at the bright end

Bouwens+2014 (see also Bouwens+2011/Finkelstein+2015)

z~7

faint-end slope

“bright-end 
cut-off”



Bright End cut off (M*) does not evolve rapidly	


(but becomes fainter at high redshift?)

Bouwens+2014
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Fig. 4.— The evolution of the cosmic star-formation rate density at z ⇠ 4 � 11 in galaxies down to the current detection limits in the
HUDF data corresponding to > 0.7 M� yr�1. The dark red circle corresponds to the SFRD constraints from the HFF cluster A2744 and
parallel field derived here. Green squares show previous estimates combining the CANDELS/GOODS data with the ultra-deep imaging
over the HUDF (see Oesch et al. 2014). Blue triangles correspond to previous estimates from CLASH cluster searches (Bouwens et al.
2012a; Zheng et al. 2012; Coe et al. 2013). The lower redshift SFRD estimates are dust corrected LBG UV LFs from Bouwens et al. (2007,
2012b) with 1� uncertainty indicated by the gray band. Their empirical extrapolation is shown as the upper gray dashed line. Overall, the
data are more consistent with a faster decline, as found in Oesch et al. (2014). This is indicated by the lower dashed line. The orange line
shows an average of several theoretical model predictions shown in Figure 11 of Oesch et al. (2014). These include semi-analytical/empirical
models (Trenti et al. 2010; Lacey et al. 2011; Tacchella et al. 2013) and SPH simulations (Finlator et al. 2011; Jaacks et al. 2013). Also
shown is the SFRD of the Illustris simulation (purple line; Vogelsberger et al. 2014; Genel et al. 2014), slightly shifted to account for IMF
di↵erences in converting UV luminosities to SFRs. All these theoretical models agree with each other within ±0.2 dex, and reproduce the
rapid decline in the observed cosmic SFRD at z > 8 very well.

field and 1.1 z ⇠ 10 sources in the parallel. For the best-
fit LF evolving in �⇤ from Oesch et al. (2014), we predict
0.46 images in the cluster and 0.49 sources in the parallel
field.
If these numbers are similar for all the other five HFF

clusters, the Frontier Field program is thus expected to
find between 6 to 14 new z ⇠ 10 galaxy candidates as-
suming the two di↵erent z ⇠ 10 UV LFs of Oesch et al.
(2014) are representative. We stress, that these num-
bers depend strongly on the exact evolution of the UV
LF at z > 8 (see also Coe et al. 2014). Nevertheless, at
z ⇠ 10 alone, the HFFs are likely to more than double
the number of reliable LBG candidates known to date.

4. THE COSMIC SFRD AT Z ⇠ 10

We now combine the first HFF cluster and blank field
around A2744 to derive a new, independent estimate of
the cosmic SFRD. From Figure 3 it is clear that the two
images of JD1 behind A2744 which satisfy our selection
criteria will result in a higher cosmic SFRD at z ⇠ 10
than we previously determined in the CANDELS-Deep
and XDF/HUDF12 data.
We estimate the HFF constraint on the z ⇠ 10 cosmic

SFRD from the total expected number of galaxy images
per WFC3/IR field relative to the earlier z ⇠ 10 UV LF
estimate by Oesch et al. (2014). In particular, we use
their parametrization for �⇤-only evolution and search
for the normalization, which reproduces two predicted
images in the cluster field.

With the assumed Schechter function parameters of
log �⇤ = �4.27 Mpc�3mag�1, M⇤ = �20.12 mag, and
↵ = �2.02, we predict a total of only 0.46 galaxy im-
ages in the cluster field. Considering the cluster field
alone, finding two images therefore requires a higher
normalization, �⇤, by a factor 4.4+5.7

�2.9

compared to the
XDF/HUDF12 LF. Such an increase would, however, re-
sult in a total of 2.2 predicted galaxies in the HFF paral-
lel blank field, which is marginally inconsistent with not
finding any candidate with J

125

� H
160

> 1.2.
We combine the two constraints from the HFF cluster

and parallel field by multiplying the Poissonian proba-
bilities of finding 2 or 0 sources in the two fields, respec-
tively, for a given UV LF normalization �⇤. This results
in a combined best fit of log �⇤ = �3.9+0.3

�0.5

Mpc�3mag�1,
which is completely consistent, but 0.4 ± 0.4 dex higher
than found in the ultra-deep fields.
Using this LF normalization, we estimate a cosmic

SFRD from the A2744 fields of log ⇢̇⇤ = �2.8+0.3

�0.5

M� yr�1 Mpc�3 integrated down to a SFR of 0.7
M� yr�1. This is shown in Figure 4, where we also plot
the previous estimates for comparison.
While the new constraint from the A2744 HFF fields

is clearly higher than the previous ultra-deep field con-
straints, it is consistent with the rapid decline across
z ⇠ 8 to z ⇠ 10 that is predicted by theoretical mod-
els. In particular Fig 4 also shows the average SFRD
evolution of a series of semi-analytical/empirical models
(Trenti et al. 2010; Lacey et al. 2011; Tacchella et al.

Oesch+2014

Accelerated Evolution

Extrapolated Evolution

There is Some Uncertainty in Extrapolating 	


the Evolution to z>8:	



Is the Evolution Faster Per Unit Redshift or Not?



What is current observational baseline:

Bouwens+2014 (see also McLure+2013; Finkelstein+2014)

Bouwens+2014 Luminosity Functions

z>8: Much More 
Uncertain



Three Cycle-22 Programs to Better Constrain 
Prevalence of z~9-10 Galaxies

Frontier Fields Program:

Bouwens+2015 CANDELS 
Follow-Up Program

Frontier

Trenti+2015 BoRG[z910]
(480 orbit program)

Leverage 1000 arcmin2 in search area (full 
CANDELS + 500 arcmin2 in additional search 

area) to search for bright z~9-10 galaxies !

6 bright z~9-10 galaxies (Oesch+2014) 
 ➞ 20 bright z~9-10 galaxies
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Leverage 12 ultra-deep blank + 
cluster HST WFC3/IR fields to 
look for faint z~9-10 galaxies

>20-30 z~9-10 Galaxies



What Implications Do These Results Have for 
Future Programs with WFIRST?



Baseline Surveying Plan for WFIRST
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WFIRST-2.4 Design Reference Mission Capabilities 
Imaging Capability 0.281 deg2 0.11 arcsec/pix 0.6 – 2.0 µm 
Filters Z087 Y106 J129 H158 F184 W149 

Wavelength (µm) 0.760-0.977 0.927-1.192 1.131-1.454 1.380-1.774 1.683-2.000 0.927-2.000 
PSF EE50 (arcsec) 0.11 0.12 0.12 0.14 0.14 0.13 

Spectroscopic 
Capability 

Grism (0.281 deg2) IFU (3.00 x 3.15 arcsec) 
1.35 – 1.95 µm, R = 550-800 0.6 – 2.0 µm, R = ~100 

Baseline Survey Characteristics 
Survey Bandpass Area (deg2) Depth Duration Cadence 
Exoplanet 
Microlensing 

Z, W 2.81 n/a 6 x 72 days 
 

W: 15 min 
Z: 12 hrs 

HLS Imaging Y, J, H, F184 2000 Y = 26.7, J = 26.9 
H = 26.7, F184 = 26.2 1.3 years n/a 

HLS 
Spectroscopy 

1.35 – 1.95 µm 2000 0.5x10-16 erg/s/cm2 
@ 1.65 µm 0.6 years n/a 

SN Survey    0.5 years 
(in a 2-yr interval) 

5 days 
Wide Y, J 27.44 Y = 27.1, J = 27.5 

Medium J, H 8.96 J = 27.6, H = 28.1 
Deep J, H 5.04 J = 29.3, H = 29.4 

IFU Spec 7 exposures with S/N=3/pix, 1 near peak with S/N=10/pix, 1 post-SN reference with S/N=6/pix 
Parallel imaging during deep tier IFU spectroscopy: Z, Y, J, H ~29.5, F184 ~29.0 

Guest Observer Capabilities 
1.4 years of the 5 year prime mission 

 Z087 Y106 J129 H158 F184 W149 
Imaging depth in 
1000 seconds (mAB) 

27.15 27.13 27.14 27.12 26.15 27.67 

texp for σread = σsky 
(secs) 

200 190 180 180 240 90 

Grism depth in 1000 
sec 

S/N=10 per R=~600 element at AB=20.4 (1.45 µm) or 20.5 (1.75 µm) 
texp for σread = σsky: 170 secs 

IFU depth in 1000 
sec 

S/N=10 per R~100 element at AB=24.2 (1.5 µm) 

Slew and settle time chip gap step: 13 sec, full field step: 61 sec, 10 deg step: 178 sec 
Optional Coronagraph Capabilities 

1 year in addition to the 5-year primary mission, interspersed, for a 6-year total mission 
Field of view Annular region around star, with 0.2 to 2.0 arcsec inner and outer radii 
Sensitivity Able to detect gas-giant planets and bright debris disks at the 1 ppb brightness level 
Wavelength range 400 to 1000 nm 
Image mode Images of full annular region with sequential 10% bandpass filters 
Spectroscopy mode Spectra of full annular region with spectral resolution of 70 
Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 
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The high-cadence bulge survey, the high-latitude 
imaging and spectroscopic surveys, and the synoptic, 
deep supernova survey will all support a wide range of 
science investigations beyond dark energy and planet 
discovery. These would be supported by a Guest Inves-
tigator program, analogous to archival programs on 
HST and the other Great Observatories. Investigations 
requiring new observations would come under the 
Guest Observer program. 

The anticipated schedule and cost of WFIRST-2.4 
are discussed in detail in the SDT report. The develop-
ment phase (B/C/D) from mission start through launch is 
79 months, including 7 months of reserve. Consuma-
bles on the spacecraft would be budgeted for a 10-year 
mission life. WFIRST-2.4 is a remarkable facility, a 
Hubble-quality telescope equipped with extremely pow-
erful instruments, so there will be strong science drivers 
for an extended mission. 
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Figure 2: Depth of the WFIRST-2.4 high-latitude imaging 
survey (blue), expressed in AB magnitudes for a 5σ point 
source detection, compared to the expected depth of the 
Euclid (green) and LSST (red) imaging surveys. Labels be-
low each bar indicate the size of the PSF (specifically, the 
EE50 radius) in units of 0.01 arcsec. The near-IR depth of the 
the WFIRST-2.4 HLS is well matched to the optical depth of 
LSST (10-year co-add). 

Figure 3: Emission line sensitivity of the WFIRST-2.4 
high-latitude spectroscopic survey. The blue curve 
shows 7σ  point source sensitivities, and the red curve 
shows extended source (reff = 0.3 arcsec, exponential 
profile) sensitivities. The depth is observed-frame (not 
corrected for Galactic extinction). The depth at a par-
ticular point on the sky depends on the zodiacal light 
level and the number of dithered exposures that cover 
the location without chip gaps or cosmic rays, but 
most of the HLS area will be observed to at least the 
depth shown here. 
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High-Latitude Survey: 
Y,J,H imaging to ~26.7-26.9 mag, 

F184 imaging to ~26.2 mag 
(5σ depth) over ~2000 deg2 

!
Medium/Deep SN Surveys: 

J,H imaging to ~27.6-28.1 mag, 
(5σ depth) over ~9 deg2 

J,H imaging to ~29.3-29.4 mag, 
(5σ depth) over ~5 deg2 

HLS and Deep SN survey are ~0.8 
and ~3.3 mag deeper than with Euclid

This is important, as it will allow us to 
look below the probable knee of the 

luminosity function!
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observations of these candidates just blueward of their Lyman breaks.  These observations are best 
conducted in the WFC3/IR F105W band due to its positioning just on the blue edge of the Lyman 
break for a galaxy at z=9 (Figure 8).   Ideally, we would like to demonstrate that our candidates 
show at least a 2.5 magnitude break in the F105W band at 1 sigma, which would indicate our 
candidates have a redshift greater than 8.6.   We can accomplish this with a 3-orbit integration for 
one candidate and a 2-orbit integration for the other candidate. 
 The non-detection of our two candidates in the F105W band, however, will not provide 
much information on the precise redshift of the source if the candidates are indeed at z>8.5.   In this 
case, we would expect the Lyman break to have shifted part of the way through the F125W band 
(Figure 8). While the current observations already indicate the presence of such a break between the 
bands, the measured S/N on the break size, i.e., 0.4±0.3 mag, is much too low to have a very precise 
measurement of the redshift for these sources.  We can obtain a much improved measurement of the 
approximate position of the break, and hence the redshift of the source, by obtaining even deeper 
observations in the F125W and F140W bands.  Confirming the existence of this break is important, 
since it provides valuable redshift information on our sources, providing additional supporting 
evidence that they are indeed at z~9. 

 
Why are deeper WFC3/IR observations especially valuable for these candidates (given the 
existence of WFC3/IR observations already over each cluster)?  The four z~9-11 candidates in 
our CLASH sample were selected from some 50,000 sources found over 22 cluster fields.  While all 
four of our z~9 candidates are much better fit with a z~9 model SED than a z~2 model SED 
("2(z<5) – "2

min > 2), simulations from Bouwens et al. (2013) suggest that noise could have possibly 
conspired to scatter one of the 50,000 sources from these fields into our z~9 sample.  The selection 
process therefore can result in sizeable measurement biases for our candidates.  Fortunately, having 
already selected the candidates, with our proposed observations, we no longer need to be concerned 
with such issues. As such, if we measure absolutely zero flux in the F105W band and a red F125W-
F160W color, we can be very confident we have a strong z~9-11 candidate. 

Will the scheduled Spitzer/IRAC observations on the candidates be able to robustly 
discriminate between a z~9 solution and a low-redshift solution?  Such a scenario would be 
extremely unlikely.   Moderate depth Spitzer/IRAC observations are already available for both z~9 
candidates we propose to follow up and already demonstrate that the sources are fairly blue redward 
of the apparent Lyman break.   The deeper Spitzer/IRAC observations scheduled are extremely 
unlikely to change this.   What is essential to establish is whether these sources robustly show no 
flux blueward of the break, and for this we require very deep observations in the F105W band. 

 

 

Figure 5.  The left and right panels show the selection criteria that we use to identify z~9-10 candidates within 
the CLASH fields.   The large blue squares indicate the measurements for z~9 candidates in our sample.  The 
small red points show the position of sources that do not satisfy either of our two criteria (while the small blue 
points indicate those that satisfy the criteria from the other panel).    The 4 z~9-11 sources from the CLASH 
samples were selected from ~50,000 sources found over 22 clusters.   Given the large number of sources, there is 
a modest probability that one of the z~9-11 candidates in our sample corresponds to a lower redshift interloper 
(and noise has “conspired” to make it look like a z~9-11 galaxy).   We can rule out this possibility using the 
deeper observations we propose.

5

Fig. 2.— Selection criteria used here to identify z ∼ 9-10 galaxies over the CLASH program. (left) The ((J110 + J125)/2−H160)AB vs.
(JH140 − H160)AB diagram shows the first of our two primary criteria we use to identify z ∼ 9-10 galaxies from the CLASH program.
Selected sources must fall in the gray region defined by two LBG-like color criteria, with a (J110 + J125)/2−H160 > 0.7 criterion defining
the Lyman break and a JH140 − H160 < 0.5 criterion providing a constraint on the spectral slope redward of the break. The large blue
squares show the sources that made it into our z ∼ 9-10 sample. The error bars on these points are the 1σ uncertainties. The blue lines
show the expected colors for star-forming galaxies with varying UV -continuum slopes as a function of redshift while the red lines show the
expected colors for different SED templates at lower redshift (Coleman et al. 1980). The small dark red points show the colors of sources
in our photometric sample where the χ2

opt+Y statistic is > 3.8. The blue points show these colors for sources where the χ2
opt+Y statistic is

< 3.8. See §3.2 (and Bouwens et al. 2011b) for a definition of the χ2
opt+Y statistic, but it roughly includes a stack of all the flux information

in the Y105 band and bluer bands. (right) The ((J110 + J125)/2 − H160)AB vs. χ2
opt+Y diagram shows the second of our two primary

criteria we use to identify z ∼ 9-10 galaxies from the CLASH program. The selected sources must fall in the gray region and therefore
must show no flux in the optical or Y105 bands (i.e., χ2

opt+Y < 3.8). The three selected z ∼ 9 candidates are the blue squares. The dark

red points indicate sources in our photometric sample which are either detected in the Y105 band (>2σ) or where the JH140 −H160 colors
are greater than 0.5. The blue points are those sources where neither condition is satisfied. This figure is similar to Figure 2 of Oesch et
al. (2012b). Using both the two-color criteria and our χ2

opt+Y criteria, we observe a clear separation between our z ∼ 9-10 candidates and
the bulk of our photometric sample.

candidates using the software described in §3.1. None of
the three sources is nearby a bright foreground source
and so all of our IRAC flux measurements should be
reliable. None of the sources are detected at >3σ sig-
nificance in the Spitzer observations, and an average of
the 3.6µm and 4.5µm flux measurements show a range of
measured magnitudes, from ∼25.3 mag for MACS1149-
JD to an upper limit on the IRAC 3.6µ + 4.5µ flux of
MACSJ1115-JD1.
The coordinates and photometry of these candidates

are provided in Table 2, while postage stamp images
of the candidates are shown in Figure 3. In Table 2,
we also present a mean spectral energy distribution for
galaxies at z ∼ 9, which we computed on the basis of
our HST+Spitzer photometry for the three z ∼ 9 candi-
dates. In computing this mean SED, the fluxes of each
source are rescaled such that its average JH140+H160
flux matches the average JH140 +H160 flux for the sam-
ple (prior to rescaling).
As shown in Figure 3, MACS1149-JD is clearly re-

solved (see the Supplementary Information to Z12).
MACS1149-JD also shows distinct elongation along the
shear axis (Figure 1 from Z12) predicted from our grav-

itational lensing model for MACSJ1149.6+2223 (Z12).
The other two plausible z ∼ 9 candidates in our se-
lection are quite small and show no clear evidence for
gravitational shearing in the expected directions. How-
ever, since we would expect faint z ≥ 9 galaxies to be
small and the predicted magnification to be only mod-
est (magnifications of ∼5-9× in total), it is not clear that
the structural properties of the sources teach us anything
definitive.
In Figure 4, we indicate the position of these candi-

dates within the field of view of our MACSJ1149.6+2223,
MACSJ1115.9+0129, and MACSJ1720.3+3536 observa-
tions (magenta circles). On Figure 4, we have also over-
plotted the approximate critical lines for these clusters
based on the lens models we have for these clusters (white
contours: Z12; Zitrin et al. 2012, in preparation; Car-
rasco et al. 2012, in preparation). We caution that
the lens models we have for MACSJ1115.9+0129 and
MACSJ1720.3+3536 are still somewhat preliminary and
are not totally finalized yet. The models are constructed
based on the assumption that mass traces light, with typ-
ically only one lower-redshift system for normalization.
We can use these magnification models to estimate the

Figure 8.   Model SED of a z~9
galaxy and the sensitivity curves
of a few select ACS+WFC3/IR filters.    
This figure motivates our filter choices.   
Deep integrations in the F105W band 
are optimal for ensuring a non-detection 
blueward of the break.   Meanwhile, 
observations in the F125W and F140W 
bands allow us to effectively measure 
the movement of the Lyman break 
through the F125W band.
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observations of these candidates just blueward of their Lyman breaks.  These observations are best 
conducted in the WFC3/IR F105W band due to its positioning just on the blue edge of the Lyman 
break for a galaxy at z=9 (Figure 8).   Ideally, we would like to demonstrate that our candidates 
show at least a 2.5 magnitude break in the F105W band at 1 sigma, which would indicate our 
candidates have a redshift greater than 8.6.   We can accomplish this with a 3-orbit integration for 
one candidate and a 2-orbit integration for the other candidate. 
 The non-detection of our two candidates in the F105W band, however, will not provide 
much information on the precise redshift of the source if the candidates are indeed at z>8.5.   In this 
case, we would expect the Lyman break to have shifted part of the way through the F125W band 
(Figure 8). While the current observations already indicate the presence of such a break between the 
bands, the measured S/N on the break size, i.e., 0.4±0.3 mag, is much too low to have a very precise 
measurement of the redshift for these sources.  We can obtain a much improved measurement of the 
approximate position of the break, and hence the redshift of the source, by obtaining even deeper 
observations in the F125W and F140W bands.  Confirming the existence of this break is important, 
since it provides valuable redshift information on our sources, providing additional supporting 
evidence that they are indeed at z~9. 

 
Why are deeper WFC3/IR observations especially valuable for these candidates (given the 
existence of WFC3/IR observations already over each cluster)?  The four z~9-11 candidates in 
our CLASH sample were selected from some 50,000 sources found over 22 cluster fields.  While all 
four of our z~9 candidates are much better fit with a z~9 model SED than a z~2 model SED 
("2(z<5) – "2

min > 2), simulations from Bouwens et al. (2013) suggest that noise could have possibly 
conspired to scatter one of the 50,000 sources from these fields into our z~9 sample.  The selection 
process therefore can result in sizeable measurement biases for our candidates.  Fortunately, having 
already selected the candidates, with our proposed observations, we no longer need to be concerned 
with such issues. As such, if we measure absolutely zero flux in the F105W band and a red F125W-
F160W color, we can be very confident we have a strong z~9-11 candidate. 

Will the scheduled Spitzer/IRAC observations on the candidates be able to robustly 
discriminate between a z~9 solution and a low-redshift solution?  Such a scenario would be 
extremely unlikely.   Moderate depth Spitzer/IRAC observations are already available for both z~9 
candidates we propose to follow up and already demonstrate that the sources are fairly blue redward 
of the apparent Lyman break.   The deeper Spitzer/IRAC observations scheduled are extremely 
unlikely to change this.   What is essential to establish is whether these sources robustly show no 
flux blueward of the break, and for this we require very deep observations in the F105W band. 

 

 

Figure 5.  The left and right panels show the selection criteria that we use to identify z~9-10 candidates within 
the CLASH fields.   The large blue squares indicate the measurements for z~9 candidates in our sample.  The 
small red points show the position of sources that do not satisfy either of our two criteria (while the small blue 
points indicate those that satisfy the criteria from the other panel).    The 4 z~9-11 sources from the CLASH 
samples were selected from ~50,000 sources found over 22 clusters.   Given the large number of sources, there is 
a modest probability that one of the z~9-11 candidates in our sample corresponds to a lower redshift interloper 
(and noise has “conspired” to make it look like a z~9-11 galaxy).   We can rule out this possibility using the 
deeper observations we propose.
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Fig. 2.— Selection criteria used here to identify z ∼ 9-10 galaxies over the CLASH program. (left) The ((J110 + J125)/2−H160)AB vs.
(JH140 − H160)AB diagram shows the first of our two primary criteria we use to identify z ∼ 9-10 galaxies from the CLASH program.
Selected sources must fall in the gray region defined by two LBG-like color criteria, with a (J110 + J125)/2−H160 > 0.7 criterion defining
the Lyman break and a JH140 − H160 < 0.5 criterion providing a constraint on the spectral slope redward of the break. The large blue
squares show the sources that made it into our z ∼ 9-10 sample. The error bars on these points are the 1σ uncertainties. The blue lines
show the expected colors for star-forming galaxies with varying UV -continuum slopes as a function of redshift while the red lines show the
expected colors for different SED templates at lower redshift (Coleman et al. 1980). The small dark red points show the colors of sources
in our photometric sample where the χ2

opt+Y statistic is > 3.8. The blue points show these colors for sources where the χ2
opt+Y statistic is

< 3.8. See §3.2 (and Bouwens et al. 2011b) for a definition of the χ2
opt+Y statistic, but it roughly includes a stack of all the flux information

in the Y105 band and bluer bands. (right) The ((J110 + J125)/2 − H160)AB vs. χ2
opt+Y diagram shows the second of our two primary

criteria we use to identify z ∼ 9-10 galaxies from the CLASH program. The selected sources must fall in the gray region and therefore
must show no flux in the optical or Y105 bands (i.e., χ2

opt+Y < 3.8). The three selected z ∼ 9 candidates are the blue squares. The dark

red points indicate sources in our photometric sample which are either detected in the Y105 band (>2σ) or where the JH140 −H160 colors
are greater than 0.5. The blue points are those sources where neither condition is satisfied. This figure is similar to Figure 2 of Oesch et
al. (2012b). Using both the two-color criteria and our χ2

opt+Y criteria, we observe a clear separation between our z ∼ 9-10 candidates and
the bulk of our photometric sample.

candidates using the software described in §3.1. None of
the three sources is nearby a bright foreground source
and so all of our IRAC flux measurements should be
reliable. None of the sources are detected at >3σ sig-
nificance in the Spitzer observations, and an average of
the 3.6µm and 4.5µm flux measurements show a range of
measured magnitudes, from ∼25.3 mag for MACS1149-
JD to an upper limit on the IRAC 3.6µ + 4.5µ flux of
MACSJ1115-JD1.
The coordinates and photometry of these candidates

are provided in Table 2, while postage stamp images
of the candidates are shown in Figure 3. In Table 2,
we also present a mean spectral energy distribution for
galaxies at z ∼ 9, which we computed on the basis of
our HST+Spitzer photometry for the three z ∼ 9 candi-
dates. In computing this mean SED, the fluxes of each
source are rescaled such that its average JH140+H160
flux matches the average JH140 +H160 flux for the sam-
ple (prior to rescaling).
As shown in Figure 3, MACS1149-JD is clearly re-

solved (see the Supplementary Information to Z12).
MACS1149-JD also shows distinct elongation along the
shear axis (Figure 1 from Z12) predicted from our grav-

itational lensing model for MACSJ1149.6+2223 (Z12).
The other two plausible z ∼ 9 candidates in our se-
lection are quite small and show no clear evidence for
gravitational shearing in the expected directions. How-
ever, since we would expect faint z ≥ 9 galaxies to be
small and the predicted magnification to be only mod-
est (magnifications of ∼5-9× in total), it is not clear that
the structural properties of the sources teach us anything
definitive.
In Figure 4, we indicate the position of these candi-

dates within the field of view of our MACSJ1149.6+2223,
MACSJ1115.9+0129, and MACSJ1720.3+3536 observa-
tions (magenta circles). On Figure 4, we have also over-
plotted the approximate critical lines for these clusters
based on the lens models we have for these clusters (white
contours: Z12; Zitrin et al. 2012, in preparation; Car-
rasco et al. 2012, in preparation). We caution that
the lens models we have for MACSJ1115.9+0129 and
MACSJ1720.3+3536 are still somewhat preliminary and
are not totally finalized yet. The models are constructed
based on the assumption that mass traces light, with typ-
ically only one lower-redshift system for normalization.
We can use these magnification models to estimate the

Figure 8.   Model SED of a z~9
galaxy and the sensitivity curves
of a few select ACS+WFC3/IR filters.    
This figure motivates our filter choices.   
Deep integrations in the F105W band 
are optimal for ensuring a non-detection 
blueward of the break.   Meanwhile, 
observations in the F125W and F140W 
bands allow us to effectively measure 
the movement of the Lyman break 
through the F125W band.

What can we expect for this baseline plan?

z=10  
galaxy

Need for deep observations blueward of the Lyman-break, i.e., “veto filters,” 
may limit the usefulness of the program for selecting galaxies at z<10 

(unless Z band observations are added to HLS)

Use of Y, J, H, and F184 with WFIRST would allow for the efficient search  
for galaxies at z~8-12 (similar to HST)
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observations of these candidates just blueward of their Lyman breaks.  These observations are best 
conducted in the WFC3/IR F105W band due to its positioning just on the blue edge of the Lyman 
break for a galaxy at z=9 (Figure 8).   Ideally, we would like to demonstrate that our candidates 
show at least a 2.5 magnitude break in the F105W band at 1 sigma, which would indicate our 
candidates have a redshift greater than 8.6.   We can accomplish this with a 3-orbit integration for 
one candidate and a 2-orbit integration for the other candidate. 
 The non-detection of our two candidates in the F105W band, however, will not provide 
much information on the precise redshift of the source if the candidates are indeed at z>8.5.   In this 
case, we would expect the Lyman break to have shifted part of the way through the F125W band 
(Figure 8). While the current observations already indicate the presence of such a break between the 
bands, the measured S/N on the break size, i.e., 0.4±0.3 mag, is much too low to have a very precise 
measurement of the redshift for these sources.  We can obtain a much improved measurement of the 
approximate position of the break, and hence the redshift of the source, by obtaining even deeper 
observations in the F125W and F140W bands.  Confirming the existence of this break is important, 
since it provides valuable redshift information on our sources, providing additional supporting 
evidence that they are indeed at z~9. 

 
Why are deeper WFC3/IR observations especially valuable for these candidates (given the 
existence of WFC3/IR observations already over each cluster)?  The four z~9-11 candidates in 
our CLASH sample were selected from some 50,000 sources found over 22 cluster fields.  While all 
four of our z~9 candidates are much better fit with a z~9 model SED than a z~2 model SED 
("2(z<5) – "2

min > 2), simulations from Bouwens et al. (2013) suggest that noise could have possibly 
conspired to scatter one of the 50,000 sources from these fields into our z~9 sample.  The selection 
process therefore can result in sizeable measurement biases for our candidates.  Fortunately, having 
already selected the candidates, with our proposed observations, we no longer need to be concerned 
with such issues. As such, if we measure absolutely zero flux in the F105W band and a red F125W-
F160W color, we can be very confident we have a strong z~9-11 candidate. 

Will the scheduled Spitzer/IRAC observations on the candidates be able to robustly 
discriminate between a z~9 solution and a low-redshift solution?  Such a scenario would be 
extremely unlikely.   Moderate depth Spitzer/IRAC observations are already available for both z~9 
candidates we propose to follow up and already demonstrate that the sources are fairly blue redward 
of the apparent Lyman break.   The deeper Spitzer/IRAC observations scheduled are extremely 
unlikely to change this.   What is essential to establish is whether these sources robustly show no 
flux blueward of the break, and for this we require very deep observations in the F105W band. 

 

 

Figure 5.  The left and right panels show the selection criteria that we use to identify z~9-10 candidates within 
the CLASH fields.   The large blue squares indicate the measurements for z~9 candidates in our sample.  The 
small red points show the position of sources that do not satisfy either of our two criteria (while the small blue 
points indicate those that satisfy the criteria from the other panel).    The 4 z~9-11 sources from the CLASH 
samples were selected from ~50,000 sources found over 22 clusters.   Given the large number of sources, there is 
a modest probability that one of the z~9-11 candidates in our sample corresponds to a lower redshift interloper 
(and noise has “conspired” to make it look like a z~9-11 galaxy).   We can rule out this possibility using the 
deeper observations we propose.
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Fig. 2.— Selection criteria used here to identify z ∼ 9-10 galaxies over the CLASH program. (left) The ((J110 + J125)/2−H160)AB vs.
(JH140 − H160)AB diagram shows the first of our two primary criteria we use to identify z ∼ 9-10 galaxies from the CLASH program.
Selected sources must fall in the gray region defined by two LBG-like color criteria, with a (J110 + J125)/2−H160 > 0.7 criterion defining
the Lyman break and a JH140 − H160 < 0.5 criterion providing a constraint on the spectral slope redward of the break. The large blue
squares show the sources that made it into our z ∼ 9-10 sample. The error bars on these points are the 1σ uncertainties. The blue lines
show the expected colors for star-forming galaxies with varying UV -continuum slopes as a function of redshift while the red lines show the
expected colors for different SED templates at lower redshift (Coleman et al. 1980). The small dark red points show the colors of sources
in our photometric sample where the χ2

opt+Y statistic is > 3.8. The blue points show these colors for sources where the χ2
opt+Y statistic is

< 3.8. See §3.2 (and Bouwens et al. 2011b) for a definition of the χ2
opt+Y statistic, but it roughly includes a stack of all the flux information

in the Y105 band and bluer bands. (right) The ((J110 + J125)/2 − H160)AB vs. χ2
opt+Y diagram shows the second of our two primary

criteria we use to identify z ∼ 9-10 galaxies from the CLASH program. The selected sources must fall in the gray region and therefore
must show no flux in the optical or Y105 bands (i.e., χ2

opt+Y < 3.8). The three selected z ∼ 9 candidates are the blue squares. The dark

red points indicate sources in our photometric sample which are either detected in the Y105 band (>2σ) or where the JH140 −H160 colors
are greater than 0.5. The blue points are those sources where neither condition is satisfied. This figure is similar to Figure 2 of Oesch et
al. (2012b). Using both the two-color criteria and our χ2

opt+Y criteria, we observe a clear separation between our z ∼ 9-10 candidates and
the bulk of our photometric sample.

candidates using the software described in §3.1. None of
the three sources is nearby a bright foreground source
and so all of our IRAC flux measurements should be
reliable. None of the sources are detected at >3σ sig-
nificance in the Spitzer observations, and an average of
the 3.6µm and 4.5µm flux measurements show a range of
measured magnitudes, from ∼25.3 mag for MACS1149-
JD to an upper limit on the IRAC 3.6µ + 4.5µ flux of
MACSJ1115-JD1.
The coordinates and photometry of these candidates

are provided in Table 2, while postage stamp images
of the candidates are shown in Figure 3. In Table 2,
we also present a mean spectral energy distribution for
galaxies at z ∼ 9, which we computed on the basis of
our HST+Spitzer photometry for the three z ∼ 9 candi-
dates. In computing this mean SED, the fluxes of each
source are rescaled such that its average JH140+H160
flux matches the average JH140 +H160 flux for the sam-
ple (prior to rescaling).
As shown in Figure 3, MACS1149-JD is clearly re-

solved (see the Supplementary Information to Z12).
MACS1149-JD also shows distinct elongation along the
shear axis (Figure 1 from Z12) predicted from our grav-

itational lensing model for MACSJ1149.6+2223 (Z12).
The other two plausible z ∼ 9 candidates in our se-
lection are quite small and show no clear evidence for
gravitational shearing in the expected directions. How-
ever, since we would expect faint z ≥ 9 galaxies to be
small and the predicted magnification to be only mod-
est (magnifications of ∼5-9× in total), it is not clear that
the structural properties of the sources teach us anything
definitive.
In Figure 4, we indicate the position of these candi-

dates within the field of view of our MACSJ1149.6+2223,
MACSJ1115.9+0129, and MACSJ1720.3+3536 observa-
tions (magenta circles). On Figure 4, we have also over-
plotted the approximate critical lines for these clusters
based on the lens models we have for these clusters (white
contours: Z12; Zitrin et al. 2012, in preparation; Car-
rasco et al. 2012, in preparation). We caution that
the lens models we have for MACSJ1115.9+0129 and
MACSJ1720.3+3536 are still somewhat preliminary and
are not totally finalized yet. The models are constructed
based on the assumption that mass traces light, with typ-
ically only one lower-redshift system for normalization.
We can use these magnification models to estimate the

Figure 8.   Model SED of a z~9
galaxy and the sensitivity curves
of a few select ACS+WFC3/IR filters.    
This figure motivates our filter choices.   
Deep integrations in the F105W band 
are optimal for ensuring a non-detection 
blueward of the break.   Meanwhile, 
observations in the F125W and F140W 
bands allow us to effectively measure 
the movement of the Lyman break 
through the F125W band.
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observations of these candidates just blueward of their Lyman breaks.  These observations are best 
conducted in the WFC3/IR F105W band due to its positioning just on the blue edge of the Lyman 
break for a galaxy at z=9 (Figure 8).   Ideally, we would like to demonstrate that our candidates 
show at least a 2.5 magnitude break in the F105W band at 1 sigma, which would indicate our 
candidates have a redshift greater than 8.6.   We can accomplish this with a 3-orbit integration for 
one candidate and a 2-orbit integration for the other candidate. 
 The non-detection of our two candidates in the F105W band, however, will not provide 
much information on the precise redshift of the source if the candidates are indeed at z>8.5.   In this 
case, we would expect the Lyman break to have shifted part of the way through the F125W band 
(Figure 8). While the current observations already indicate the presence of such a break between the 
bands, the measured S/N on the break size, i.e., 0.4±0.3 mag, is much too low to have a very precise 
measurement of the redshift for these sources.  We can obtain a much improved measurement of the 
approximate position of the break, and hence the redshift of the source, by obtaining even deeper 
observations in the F125W and F140W bands.  Confirming the existence of this break is important, 
since it provides valuable redshift information on our sources, providing additional supporting 
evidence that they are indeed at z~9. 

 
Why are deeper WFC3/IR observations especially valuable for these candidates (given the 
existence of WFC3/IR observations already over each cluster)?  The four z~9-11 candidates in 
our CLASH sample were selected from some 50,000 sources found over 22 cluster fields.  While all 
four of our z~9 candidates are much better fit with a z~9 model SED than a z~2 model SED 
("2(z<5) – "2

min > 2), simulations from Bouwens et al. (2013) suggest that noise could have possibly 
conspired to scatter one of the 50,000 sources from these fields into our z~9 sample.  The selection 
process therefore can result in sizeable measurement biases for our candidates.  Fortunately, having 
already selected the candidates, with our proposed observations, we no longer need to be concerned 
with such issues. As such, if we measure absolutely zero flux in the F105W band and a red F125W-
F160W color, we can be very confident we have a strong z~9-11 candidate. 

Will the scheduled Spitzer/IRAC observations on the candidates be able to robustly 
discriminate between a z~9 solution and a low-redshift solution?  Such a scenario would be 
extremely unlikely.   Moderate depth Spitzer/IRAC observations are already available for both z~9 
candidates we propose to follow up and already demonstrate that the sources are fairly blue redward 
of the apparent Lyman break.   The deeper Spitzer/IRAC observations scheduled are extremely 
unlikely to change this.   What is essential to establish is whether these sources robustly show no 
flux blueward of the break, and for this we require very deep observations in the F105W band. 

 

 

Figure 5.  The left and right panels show the selection criteria that we use to identify z~9-10 candidates within 
the CLASH fields.   The large blue squares indicate the measurements for z~9 candidates in our sample.  The 
small red points show the position of sources that do not satisfy either of our two criteria (while the small blue 
points indicate those that satisfy the criteria from the other panel).    The 4 z~9-11 sources from the CLASH 
samples were selected from ~50,000 sources found over 22 clusters.   Given the large number of sources, there is 
a modest probability that one of the z~9-11 candidates in our sample corresponds to a lower redshift interloper 
(and noise has “conspired” to make it look like a z~9-11 galaxy).   We can rule out this possibility using the 
deeper observations we propose.
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Fig. 2.— Selection criteria used here to identify z ∼ 9-10 galaxies over the CLASH program. (left) The ((J110 + J125)/2−H160)AB vs.
(JH140 − H160)AB diagram shows the first of our two primary criteria we use to identify z ∼ 9-10 galaxies from the CLASH program.
Selected sources must fall in the gray region defined by two LBG-like color criteria, with a (J110 + J125)/2−H160 > 0.7 criterion defining
the Lyman break and a JH140 − H160 < 0.5 criterion providing a constraint on the spectral slope redward of the break. The large blue
squares show the sources that made it into our z ∼ 9-10 sample. The error bars on these points are the 1σ uncertainties. The blue lines
show the expected colors for star-forming galaxies with varying UV -continuum slopes as a function of redshift while the red lines show the
expected colors for different SED templates at lower redshift (Coleman et al. 1980). The small dark red points show the colors of sources
in our photometric sample where the χ2

opt+Y statistic is > 3.8. The blue points show these colors for sources where the χ2
opt+Y statistic is

< 3.8. See §3.2 (and Bouwens et al. 2011b) for a definition of the χ2
opt+Y statistic, but it roughly includes a stack of all the flux information

in the Y105 band and bluer bands. (right) The ((J110 + J125)/2 − H160)AB vs. χ2
opt+Y diagram shows the second of our two primary

criteria we use to identify z ∼ 9-10 galaxies from the CLASH program. The selected sources must fall in the gray region and therefore
must show no flux in the optical or Y105 bands (i.e., χ2

opt+Y < 3.8). The three selected z ∼ 9 candidates are the blue squares. The dark

red points indicate sources in our photometric sample which are either detected in the Y105 band (>2σ) or where the JH140 −H160 colors
are greater than 0.5. The blue points are those sources where neither condition is satisfied. This figure is similar to Figure 2 of Oesch et
al. (2012b). Using both the two-color criteria and our χ2

opt+Y criteria, we observe a clear separation between our z ∼ 9-10 candidates and
the bulk of our photometric sample.

candidates using the software described in §3.1. None of
the three sources is nearby a bright foreground source
and so all of our IRAC flux measurements should be
reliable. None of the sources are detected at >3σ sig-
nificance in the Spitzer observations, and an average of
the 3.6µm and 4.5µm flux measurements show a range of
measured magnitudes, from ∼25.3 mag for MACS1149-
JD to an upper limit on the IRAC 3.6µ + 4.5µ flux of
MACSJ1115-JD1.
The coordinates and photometry of these candidates

are provided in Table 2, while postage stamp images
of the candidates are shown in Figure 3. In Table 2,
we also present a mean spectral energy distribution for
galaxies at z ∼ 9, which we computed on the basis of
our HST+Spitzer photometry for the three z ∼ 9 candi-
dates. In computing this mean SED, the fluxes of each
source are rescaled such that its average JH140+H160
flux matches the average JH140 +H160 flux for the sam-
ple (prior to rescaling).
As shown in Figure 3, MACS1149-JD is clearly re-

solved (see the Supplementary Information to Z12).
MACS1149-JD also shows distinct elongation along the
shear axis (Figure 1 from Z12) predicted from our grav-

itational lensing model for MACSJ1149.6+2223 (Z12).
The other two plausible z ∼ 9 candidates in our se-
lection are quite small and show no clear evidence for
gravitational shearing in the expected directions. How-
ever, since we would expect faint z ≥ 9 galaxies to be
small and the predicted magnification to be only mod-
est (magnifications of ∼5-9× in total), it is not clear that
the structural properties of the sources teach us anything
definitive.
In Figure 4, we indicate the position of these candi-

dates within the field of view of our MACSJ1149.6+2223,
MACSJ1115.9+0129, and MACSJ1720.3+3536 observa-
tions (magenta circles). On Figure 4, we have also over-
plotted the approximate critical lines for these clusters
based on the lens models we have for these clusters (white
contours: Z12; Zitrin et al. 2012, in preparation; Car-
rasco et al. 2012, in preparation). We caution that
the lens models we have for MACSJ1115.9+0129 and
MACSJ1720.3+3536 are still somewhat preliminary and
are not totally finalized yet. The models are constructed
based on the assumption that mass traces light, with typ-
ically only one lower-redshift system for normalization.
We can use these magnification models to estimate the

Figure 8.   Model SED of a z~9
galaxy and the sensitivity curves
of a few select ACS+WFC3/IR filters.    
This figure motivates our filter choices.   
Deep integrations in the F105W band 
are optimal for ensuring a non-detection 
blueward of the break.   Meanwhile, 
observations in the F125W and F140W 
bands allow us to effectively measure 
the movement of the Lyman break 
through the F125W band.

z=12  
galaxy

The maximum redshift we could explore with the Y, J, H, and F184 bands are 
probably to z~12 (i.e., the same as with HST)

What can we expect for this baseline plan?
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observations of these candidates just blueward of their Lyman breaks.  These observations are best 
conducted in the WFC3/IR F105W band due to its positioning just on the blue edge of the Lyman 
break for a galaxy at z=9 (Figure 8).   Ideally, we would like to demonstrate that our candidates 
show at least a 2.5 magnitude break in the F105W band at 1 sigma, which would indicate our 
candidates have a redshift greater than 8.6.   We can accomplish this with a 3-orbit integration for 
one candidate and a 2-orbit integration for the other candidate. 
 The non-detection of our two candidates in the F105W band, however, will not provide 
much information on the precise redshift of the source if the candidates are indeed at z>8.5.   In this 
case, we would expect the Lyman break to have shifted part of the way through the F125W band 
(Figure 8). While the current observations already indicate the presence of such a break between the 
bands, the measured S/N on the break size, i.e., 0.4±0.3 mag, is much too low to have a very precise 
measurement of the redshift for these sources.  We can obtain a much improved measurement of the 
approximate position of the break, and hence the redshift of the source, by obtaining even deeper 
observations in the F125W and F140W bands.  Confirming the existence of this break is important, 
since it provides valuable redshift information on our sources, providing additional supporting 
evidence that they are indeed at z~9. 

 
Why are deeper WFC3/IR observations especially valuable for these candidates (given the 
existence of WFC3/IR observations already over each cluster)?  The four z~9-11 candidates in 
our CLASH sample were selected from some 50,000 sources found over 22 cluster fields.  While all 
four of our z~9 candidates are much better fit with a z~9 model SED than a z~2 model SED 
("2(z<5) – "2

min > 2), simulations from Bouwens et al. (2013) suggest that noise could have possibly 
conspired to scatter one of the 50,000 sources from these fields into our z~9 sample.  The selection 
process therefore can result in sizeable measurement biases for our candidates.  Fortunately, having 
already selected the candidates, with our proposed observations, we no longer need to be concerned 
with such issues. As such, if we measure absolutely zero flux in the F105W band and a red F125W-
F160W color, we can be very confident we have a strong z~9-11 candidate. 

Will the scheduled Spitzer/IRAC observations on the candidates be able to robustly 
discriminate between a z~9 solution and a low-redshift solution?  Such a scenario would be 
extremely unlikely.   Moderate depth Spitzer/IRAC observations are already available for both z~9 
candidates we propose to follow up and already demonstrate that the sources are fairly blue redward 
of the apparent Lyman break.   The deeper Spitzer/IRAC observations scheduled are extremely 
unlikely to change this.   What is essential to establish is whether these sources robustly show no 
flux blueward of the break, and for this we require very deep observations in the F105W band. 

 

 

Figure 5.  The left and right panels show the selection criteria that we use to identify z~9-10 candidates within 
the CLASH fields.   The large blue squares indicate the measurements for z~9 candidates in our sample.  The 
small red points show the position of sources that do not satisfy either of our two criteria (while the small blue 
points indicate those that satisfy the criteria from the other panel).    The 4 z~9-11 sources from the CLASH 
samples were selected from ~50,000 sources found over 22 clusters.   Given the large number of sources, there is 
a modest probability that one of the z~9-11 candidates in our sample corresponds to a lower redshift interloper 
(and noise has “conspired” to make it look like a z~9-11 galaxy).   We can rule out this possibility using the 
deeper observations we propose.
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Fig. 2.— Selection criteria used here to identify z ∼ 9-10 galaxies over the CLASH program. (left) The ((J110 + J125)/2−H160)AB vs.
(JH140 − H160)AB diagram shows the first of our two primary criteria we use to identify z ∼ 9-10 galaxies from the CLASH program.
Selected sources must fall in the gray region defined by two LBG-like color criteria, with a (J110 + J125)/2−H160 > 0.7 criterion defining
the Lyman break and a JH140 − H160 < 0.5 criterion providing a constraint on the spectral slope redward of the break. The large blue
squares show the sources that made it into our z ∼ 9-10 sample. The error bars on these points are the 1σ uncertainties. The blue lines
show the expected colors for star-forming galaxies with varying UV -continuum slopes as a function of redshift while the red lines show the
expected colors for different SED templates at lower redshift (Coleman et al. 1980). The small dark red points show the colors of sources
in our photometric sample where the χ2

opt+Y statistic is > 3.8. The blue points show these colors for sources where the χ2
opt+Y statistic is

< 3.8. See §3.2 (and Bouwens et al. 2011b) for a definition of the χ2
opt+Y statistic, but it roughly includes a stack of all the flux information

in the Y105 band and bluer bands. (right) The ((J110 + J125)/2 − H160)AB vs. χ2
opt+Y diagram shows the second of our two primary

criteria we use to identify z ∼ 9-10 galaxies from the CLASH program. The selected sources must fall in the gray region and therefore
must show no flux in the optical or Y105 bands (i.e., χ2

opt+Y < 3.8). The three selected z ∼ 9 candidates are the blue squares. The dark

red points indicate sources in our photometric sample which are either detected in the Y105 band (>2σ) or where the JH140 −H160 colors
are greater than 0.5. The blue points are those sources where neither condition is satisfied. This figure is similar to Figure 2 of Oesch et
al. (2012b). Using both the two-color criteria and our χ2

opt+Y criteria, we observe a clear separation between our z ∼ 9-10 candidates and
the bulk of our photometric sample.

candidates using the software described in §3.1. None of
the three sources is nearby a bright foreground source
and so all of our IRAC flux measurements should be
reliable. None of the sources are detected at >3σ sig-
nificance in the Spitzer observations, and an average of
the 3.6µm and 4.5µm flux measurements show a range of
measured magnitudes, from ∼25.3 mag for MACS1149-
JD to an upper limit on the IRAC 3.6µ + 4.5µ flux of
MACSJ1115-JD1.
The coordinates and photometry of these candidates

are provided in Table 2, while postage stamp images
of the candidates are shown in Figure 3. In Table 2,
we also present a mean spectral energy distribution for
galaxies at z ∼ 9, which we computed on the basis of
our HST+Spitzer photometry for the three z ∼ 9 candi-
dates. In computing this mean SED, the fluxes of each
source are rescaled such that its average JH140+H160
flux matches the average JH140 +H160 flux for the sam-
ple (prior to rescaling).
As shown in Figure 3, MACS1149-JD is clearly re-

solved (see the Supplementary Information to Z12).
MACS1149-JD also shows distinct elongation along the
shear axis (Figure 1 from Z12) predicted from our grav-

itational lensing model for MACSJ1149.6+2223 (Z12).
The other two plausible z ∼ 9 candidates in our se-
lection are quite small and show no clear evidence for
gravitational shearing in the expected directions. How-
ever, since we would expect faint z ≥ 9 galaxies to be
small and the predicted magnification to be only mod-
est (magnifications of ∼5-9× in total), it is not clear that
the structural properties of the sources teach us anything
definitive.
In Figure 4, we indicate the position of these candi-

dates within the field of view of our MACSJ1149.6+2223,
MACSJ1115.9+0129, and MACSJ1720.3+3536 observa-
tions (magenta circles). On Figure 4, we have also over-
plotted the approximate critical lines for these clusters
based on the lens models we have for these clusters (white
contours: Z12; Zitrin et al. 2012, in preparation; Car-
rasco et al. 2012, in preparation). We caution that
the lens models we have for MACSJ1115.9+0129 and
MACSJ1720.3+3536 are still somewhat preliminary and
are not totally finalized yet. The models are constructed
based on the assumption that mass traces light, with typ-
ically only one lower-redshift system for normalization.
We can use these magnification models to estimate the

Figure 8.   Model SED of a z~9
galaxy and the sensitivity curves
of a few select ACS+WFC3/IR filters.    
This figure motivates our filter choices.   
Deep integrations in the F105W band 
are optimal for ensuring a non-detection 
blueward of the break.   Meanwhile, 
observations in the F125W and F140W 
bands allow us to effectively measure 
the movement of the Lyman break 
through the F125W band.
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observations of these candidates just blueward of their Lyman breaks.  These observations are best 
conducted in the WFC3/IR F105W band due to its positioning just on the blue edge of the Lyman 
break for a galaxy at z=9 (Figure 8).   Ideally, we would like to demonstrate that our candidates 
show at least a 2.5 magnitude break in the F105W band at 1 sigma, which would indicate our 
candidates have a redshift greater than 8.6.   We can accomplish this with a 3-orbit integration for 
one candidate and a 2-orbit integration for the other candidate. 
 The non-detection of our two candidates in the F105W band, however, will not provide 
much information on the precise redshift of the source if the candidates are indeed at z>8.5.   In this 
case, we would expect the Lyman break to have shifted part of the way through the F125W band 
(Figure 8). While the current observations already indicate the presence of such a break between the 
bands, the measured S/N on the break size, i.e., 0.4±0.3 mag, is much too low to have a very precise 
measurement of the redshift for these sources.  We can obtain a much improved measurement of the 
approximate position of the break, and hence the redshift of the source, by obtaining even deeper 
observations in the F125W and F140W bands.  Confirming the existence of this break is important, 
since it provides valuable redshift information on our sources, providing additional supporting 
evidence that they are indeed at z~9. 

 
Why are deeper WFC3/IR observations especially valuable for these candidates (given the 
existence of WFC3/IR observations already over each cluster)?  The four z~9-11 candidates in 
our CLASH sample were selected from some 50,000 sources found over 22 cluster fields.  While all 
four of our z~9 candidates are much better fit with a z~9 model SED than a z~2 model SED 
("2(z<5) – "2

min > 2), simulations from Bouwens et al. (2013) suggest that noise could have possibly 
conspired to scatter one of the 50,000 sources from these fields into our z~9 sample.  The selection 
process therefore can result in sizeable measurement biases for our candidates.  Fortunately, having 
already selected the candidates, with our proposed observations, we no longer need to be concerned 
with such issues. As such, if we measure absolutely zero flux in the F105W band and a red F125W-
F160W color, we can be very confident we have a strong z~9-11 candidate. 

Will the scheduled Spitzer/IRAC observations on the candidates be able to robustly 
discriminate between a z~9 solution and a low-redshift solution?  Such a scenario would be 
extremely unlikely.   Moderate depth Spitzer/IRAC observations are already available for both z~9 
candidates we propose to follow up and already demonstrate that the sources are fairly blue redward 
of the apparent Lyman break.   The deeper Spitzer/IRAC observations scheduled are extremely 
unlikely to change this.   What is essential to establish is whether these sources robustly show no 
flux blueward of the break, and for this we require very deep observations in the F105W band. 

 

 

Figure 5.  The left and right panels show the selection criteria that we use to identify z~9-10 candidates within 
the CLASH fields.   The large blue squares indicate the measurements for z~9 candidates in our sample.  The 
small red points show the position of sources that do not satisfy either of our two criteria (while the small blue 
points indicate those that satisfy the criteria from the other panel).    The 4 z~9-11 sources from the CLASH 
samples were selected from ~50,000 sources found over 22 clusters.   Given the large number of sources, there is 
a modest probability that one of the z~9-11 candidates in our sample corresponds to a lower redshift interloper 
(and noise has “conspired” to make it look like a z~9-11 galaxy).   We can rule out this possibility using the 
deeper observations we propose.
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Fig. 2.— Selection criteria used here to identify z ∼ 9-10 galaxies over the CLASH program. (left) The ((J110 + J125)/2−H160)AB vs.
(JH140 − H160)AB diagram shows the first of our two primary criteria we use to identify z ∼ 9-10 galaxies from the CLASH program.
Selected sources must fall in the gray region defined by two LBG-like color criteria, with a (J110 + J125)/2−H160 > 0.7 criterion defining
the Lyman break and a JH140 − H160 < 0.5 criterion providing a constraint on the spectral slope redward of the break. The large blue
squares show the sources that made it into our z ∼ 9-10 sample. The error bars on these points are the 1σ uncertainties. The blue lines
show the expected colors for star-forming galaxies with varying UV -continuum slopes as a function of redshift while the red lines show the
expected colors for different SED templates at lower redshift (Coleman et al. 1980). The small dark red points show the colors of sources
in our photometric sample where the χ2

opt+Y statistic is > 3.8. The blue points show these colors for sources where the χ2
opt+Y statistic is

< 3.8. See §3.2 (and Bouwens et al. 2011b) for a definition of the χ2
opt+Y statistic, but it roughly includes a stack of all the flux information

in the Y105 band and bluer bands. (right) The ((J110 + J125)/2 − H160)AB vs. χ2
opt+Y diagram shows the second of our two primary

criteria we use to identify z ∼ 9-10 galaxies from the CLASH program. The selected sources must fall in the gray region and therefore
must show no flux in the optical or Y105 bands (i.e., χ2

opt+Y < 3.8). The three selected z ∼ 9 candidates are the blue squares. The dark

red points indicate sources in our photometric sample which are either detected in the Y105 band (>2σ) or where the JH140 −H160 colors
are greater than 0.5. The blue points are those sources where neither condition is satisfied. This figure is similar to Figure 2 of Oesch et
al. (2012b). Using both the two-color criteria and our χ2

opt+Y criteria, we observe a clear separation between our z ∼ 9-10 candidates and
the bulk of our photometric sample.

candidates using the software described in §3.1. None of
the three sources is nearby a bright foreground source
and so all of our IRAC flux measurements should be
reliable. None of the sources are detected at >3σ sig-
nificance in the Spitzer observations, and an average of
the 3.6µm and 4.5µm flux measurements show a range of
measured magnitudes, from ∼25.3 mag for MACS1149-
JD to an upper limit on the IRAC 3.6µ + 4.5µ flux of
MACSJ1115-JD1.
The coordinates and photometry of these candidates

are provided in Table 2, while postage stamp images
of the candidates are shown in Figure 3. In Table 2,
we also present a mean spectral energy distribution for
galaxies at z ∼ 9, which we computed on the basis of
our HST+Spitzer photometry for the three z ∼ 9 candi-
dates. In computing this mean SED, the fluxes of each
source are rescaled such that its average JH140+H160
flux matches the average JH140 +H160 flux for the sam-
ple (prior to rescaling).
As shown in Figure 3, MACS1149-JD is clearly re-

solved (see the Supplementary Information to Z12).
MACS1149-JD also shows distinct elongation along the
shear axis (Figure 1 from Z12) predicted from our grav-

itational lensing model for MACSJ1149.6+2223 (Z12).
The other two plausible z ∼ 9 candidates in our se-
lection are quite small and show no clear evidence for
gravitational shearing in the expected directions. How-
ever, since we would expect faint z ≥ 9 galaxies to be
small and the predicted magnification to be only mod-
est (magnifications of ∼5-9× in total), it is not clear that
the structural properties of the sources teach us anything
definitive.
In Figure 4, we indicate the position of these candi-

dates within the field of view of our MACSJ1149.6+2223,
MACSJ1115.9+0129, and MACSJ1720.3+3536 observa-
tions (magenta circles). On Figure 4, we have also over-
plotted the approximate critical lines for these clusters
based on the lens models we have for these clusters (white
contours: Z12; Zitrin et al. 2012, in preparation; Car-
rasco et al. 2012, in preparation). We caution that
the lens models we have for MACSJ1115.9+0129 and
MACSJ1720.3+3536 are still somewhat preliminary and
are not totally finalized yet. The models are constructed
based on the assumption that mass traces light, with typ-
ically only one lower-redshift system for normalization.
We can use these magnification models to estimate the

Figure 8.   Model SED of a z~9
galaxy and the sensitivity curves
of a few select ACS+WFC3/IR filters.    
This figure motivates our filter choices.   
Deep integrations in the F105W band 
are optimal for ensuring a non-detection 
blueward of the break.   Meanwhile, 
observations in the F125W and F140W 
bands allow us to effectively measure 
the movement of the Lyman break 
through the F125W band.

z=12  
galaxy

The availability of the F184 band is essential for probing to the earliest epochs and 
hence doing the most cutting edge science with WFIRST.

What can we expect for this baseline plan?

The maximum redshift we could explore with the Y, J, H, and F184 bands are 
probably to z~12 (i.e., the same as with HST)
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observations of these candidates just blueward of their Lyman breaks.  These observations are best 
conducted in the WFC3/IR F105W band due to its positioning just on the blue edge of the Lyman 
break for a galaxy at z=9 (Figure 8).   Ideally, we would like to demonstrate that our candidates 
show at least a 2.5 magnitude break in the F105W band at 1 sigma, which would indicate our 
candidates have a redshift greater than 8.6.   We can accomplish this with a 3-orbit integration for 
one candidate and a 2-orbit integration for the other candidate. 
 The non-detection of our two candidates in the F105W band, however, will not provide 
much information on the precise redshift of the source if the candidates are indeed at z>8.5.   In this 
case, we would expect the Lyman break to have shifted part of the way through the F125W band 
(Figure 8). While the current observations already indicate the presence of such a break between the 
bands, the measured S/N on the break size, i.e., 0.4±0.3 mag, is much too low to have a very precise 
measurement of the redshift for these sources.  We can obtain a much improved measurement of the 
approximate position of the break, and hence the redshift of the source, by obtaining even deeper 
observations in the F125W and F140W bands.  Confirming the existence of this break is important, 
since it provides valuable redshift information on our sources, providing additional supporting 
evidence that they are indeed at z~9. 

 
Why are deeper WFC3/IR observations especially valuable for these candidates (given the 
existence of WFC3/IR observations already over each cluster)?  The four z~9-11 candidates in 
our CLASH sample were selected from some 50,000 sources found over 22 cluster fields.  While all 
four of our z~9 candidates are much better fit with a z~9 model SED than a z~2 model SED 
("2(z<5) – "2

min > 2), simulations from Bouwens et al. (2013) suggest that noise could have possibly 
conspired to scatter one of the 50,000 sources from these fields into our z~9 sample.  The selection 
process therefore can result in sizeable measurement biases for our candidates.  Fortunately, having 
already selected the candidates, with our proposed observations, we no longer need to be concerned 
with such issues. As such, if we measure absolutely zero flux in the F105W band and a red F125W-
F160W color, we can be very confident we have a strong z~9-11 candidate. 

Will the scheduled Spitzer/IRAC observations on the candidates be able to robustly 
discriminate between a z~9 solution and a low-redshift solution?  Such a scenario would be 
extremely unlikely.   Moderate depth Spitzer/IRAC observations are already available for both z~9 
candidates we propose to follow up and already demonstrate that the sources are fairly blue redward 
of the apparent Lyman break.   The deeper Spitzer/IRAC observations scheduled are extremely 
unlikely to change this.   What is essential to establish is whether these sources robustly show no 
flux blueward of the break, and for this we require very deep observations in the F105W band. 

 

 

Figure 5.  The left and right panels show the selection criteria that we use to identify z~9-10 candidates within 
the CLASH fields.   The large blue squares indicate the measurements for z~9 candidates in our sample.  The 
small red points show the position of sources that do not satisfy either of our two criteria (while the small blue 
points indicate those that satisfy the criteria from the other panel).    The 4 z~9-11 sources from the CLASH 
samples were selected from ~50,000 sources found over 22 clusters.   Given the large number of sources, there is 
a modest probability that one of the z~9-11 candidates in our sample corresponds to a lower redshift interloper 
(and noise has “conspired” to make it look like a z~9-11 galaxy).   We can rule out this possibility using the 
deeper observations we propose.
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Fig. 2.— Selection criteria used here to identify z ∼ 9-10 galaxies over the CLASH program. (left) The ((J110 + J125)/2−H160)AB vs.
(JH140 − H160)AB diagram shows the first of our two primary criteria we use to identify z ∼ 9-10 galaxies from the CLASH program.
Selected sources must fall in the gray region defined by two LBG-like color criteria, with a (J110 + J125)/2−H160 > 0.7 criterion defining
the Lyman break and a JH140 − H160 < 0.5 criterion providing a constraint on the spectral slope redward of the break. The large blue
squares show the sources that made it into our z ∼ 9-10 sample. The error bars on these points are the 1σ uncertainties. The blue lines
show the expected colors for star-forming galaxies with varying UV -continuum slopes as a function of redshift while the red lines show the
expected colors for different SED templates at lower redshift (Coleman et al. 1980). The small dark red points show the colors of sources
in our photometric sample where the χ2

opt+Y statistic is > 3.8. The blue points show these colors for sources where the χ2
opt+Y statistic is

< 3.8. See §3.2 (and Bouwens et al. 2011b) for a definition of the χ2
opt+Y statistic, but it roughly includes a stack of all the flux information

in the Y105 band and bluer bands. (right) The ((J110 + J125)/2 − H160)AB vs. χ2
opt+Y diagram shows the second of our two primary

criteria we use to identify z ∼ 9-10 galaxies from the CLASH program. The selected sources must fall in the gray region and therefore
must show no flux in the optical or Y105 bands (i.e., χ2

opt+Y < 3.8). The three selected z ∼ 9 candidates are the blue squares. The dark

red points indicate sources in our photometric sample which are either detected in the Y105 band (>2σ) or where the JH140 −H160 colors
are greater than 0.5. The blue points are those sources where neither condition is satisfied. This figure is similar to Figure 2 of Oesch et
al. (2012b). Using both the two-color criteria and our χ2

opt+Y criteria, we observe a clear separation between our z ∼ 9-10 candidates and
the bulk of our photometric sample.

candidates using the software described in §3.1. None of
the three sources is nearby a bright foreground source
and so all of our IRAC flux measurements should be
reliable. None of the sources are detected at >3σ sig-
nificance in the Spitzer observations, and an average of
the 3.6µm and 4.5µm flux measurements show a range of
measured magnitudes, from ∼25.3 mag for MACS1149-
JD to an upper limit on the IRAC 3.6µ + 4.5µ flux of
MACSJ1115-JD1.
The coordinates and photometry of these candidates

are provided in Table 2, while postage stamp images
of the candidates are shown in Figure 3. In Table 2,
we also present a mean spectral energy distribution for
galaxies at z ∼ 9, which we computed on the basis of
our HST+Spitzer photometry for the three z ∼ 9 candi-
dates. In computing this mean SED, the fluxes of each
source are rescaled such that its average JH140+H160
flux matches the average JH140 +H160 flux for the sam-
ple (prior to rescaling).
As shown in Figure 3, MACS1149-JD is clearly re-

solved (see the Supplementary Information to Z12).
MACS1149-JD also shows distinct elongation along the
shear axis (Figure 1 from Z12) predicted from our grav-

itational lensing model for MACSJ1149.6+2223 (Z12).
The other two plausible z ∼ 9 candidates in our se-
lection are quite small and show no clear evidence for
gravitational shearing in the expected directions. How-
ever, since we would expect faint z ≥ 9 galaxies to be
small and the predicted magnification to be only mod-
est (magnifications of ∼5-9× in total), it is not clear that
the structural properties of the sources teach us anything
definitive.
In Figure 4, we indicate the position of these candi-

dates within the field of view of our MACSJ1149.6+2223,
MACSJ1115.9+0129, and MACSJ1720.3+3536 observa-
tions (magenta circles). On Figure 4, we have also over-
plotted the approximate critical lines for these clusters
based on the lens models we have for these clusters (white
contours: Z12; Zitrin et al. 2012, in preparation; Car-
rasco et al. 2012, in preparation). We caution that
the lens models we have for MACSJ1115.9+0129 and
MACSJ1720.3+3536 are still somewhat preliminary and
are not totally finalized yet. The models are constructed
based on the assumption that mass traces light, with typ-
ically only one lower-redshift system for normalization.
We can use these magnification models to estimate the

Figure 8.   Model SED of a z~9
galaxy and the sensitivity curves
of a few select ACS+WFC3/IR filters.    
This figure motivates our filter choices.   
Deep integrations in the F105W band 
are optimal for ensuring a non-detection 
blueward of the break.   Meanwhile, 
observations in the F125W and F140W 
bands allow us to effectively measure 
the movement of the Lyman break 
through the F125W band.
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observations of these candidates just blueward of their Lyman breaks.  These observations are best 
conducted in the WFC3/IR F105W band due to its positioning just on the blue edge of the Lyman 
break for a galaxy at z=9 (Figure 8).   Ideally, we would like to demonstrate that our candidates 
show at least a 2.5 magnitude break in the F105W band at 1 sigma, which would indicate our 
candidates have a redshift greater than 8.6.   We can accomplish this with a 3-orbit integration for 
one candidate and a 2-orbit integration for the other candidate. 
 The non-detection of our two candidates in the F105W band, however, will not provide 
much information on the precise redshift of the source if the candidates are indeed at z>8.5.   In this 
case, we would expect the Lyman break to have shifted part of the way through the F125W band 
(Figure 8). While the current observations already indicate the presence of such a break between the 
bands, the measured S/N on the break size, i.e., 0.4±0.3 mag, is much too low to have a very precise 
measurement of the redshift for these sources.  We can obtain a much improved measurement of the 
approximate position of the break, and hence the redshift of the source, by obtaining even deeper 
observations in the F125W and F140W bands.  Confirming the existence of this break is important, 
since it provides valuable redshift information on our sources, providing additional supporting 
evidence that they are indeed at z~9. 

 
Why are deeper WFC3/IR observations especially valuable for these candidates (given the 
existence of WFC3/IR observations already over each cluster)?  The four z~9-11 candidates in 
our CLASH sample were selected from some 50,000 sources found over 22 cluster fields.  While all 
four of our z~9 candidates are much better fit with a z~9 model SED than a z~2 model SED 
("2(z<5) – "2

min > 2), simulations from Bouwens et al. (2013) suggest that noise could have possibly 
conspired to scatter one of the 50,000 sources from these fields into our z~9 sample.  The selection 
process therefore can result in sizeable measurement biases for our candidates.  Fortunately, having 
already selected the candidates, with our proposed observations, we no longer need to be concerned 
with such issues. As such, if we measure absolutely zero flux in the F105W band and a red F125W-
F160W color, we can be very confident we have a strong z~9-11 candidate. 

Will the scheduled Spitzer/IRAC observations on the candidates be able to robustly 
discriminate between a z~9 solution and a low-redshift solution?  Such a scenario would be 
extremely unlikely.   Moderate depth Spitzer/IRAC observations are already available for both z~9 
candidates we propose to follow up and already demonstrate that the sources are fairly blue redward 
of the apparent Lyman break.   The deeper Spitzer/IRAC observations scheduled are extremely 
unlikely to change this.   What is essential to establish is whether these sources robustly show no 
flux blueward of the break, and for this we require very deep observations in the F105W band. 

 

 

Figure 5.  The left and right panels show the selection criteria that we use to identify z~9-10 candidates within 
the CLASH fields.   The large blue squares indicate the measurements for z~9 candidates in our sample.  The 
small red points show the position of sources that do not satisfy either of our two criteria (while the small blue 
points indicate those that satisfy the criteria from the other panel).    The 4 z~9-11 sources from the CLASH 
samples were selected from ~50,000 sources found over 22 clusters.   Given the large number of sources, there is 
a modest probability that one of the z~9-11 candidates in our sample corresponds to a lower redshift interloper 
(and noise has “conspired” to make it look like a z~9-11 galaxy).   We can rule out this possibility using the 
deeper observations we propose.
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Fig. 2.— Selection criteria used here to identify z ∼ 9-10 galaxies over the CLASH program. (left) The ((J110 + J125)/2−H160)AB vs.
(JH140 − H160)AB diagram shows the first of our two primary criteria we use to identify z ∼ 9-10 galaxies from the CLASH program.
Selected sources must fall in the gray region defined by two LBG-like color criteria, with a (J110 + J125)/2−H160 > 0.7 criterion defining
the Lyman break and a JH140 − H160 < 0.5 criterion providing a constraint on the spectral slope redward of the break. The large blue
squares show the sources that made it into our z ∼ 9-10 sample. The error bars on these points are the 1σ uncertainties. The blue lines
show the expected colors for star-forming galaxies with varying UV -continuum slopes as a function of redshift while the red lines show the
expected colors for different SED templates at lower redshift (Coleman et al. 1980). The small dark red points show the colors of sources
in our photometric sample where the χ2

opt+Y statistic is > 3.8. The blue points show these colors for sources where the χ2
opt+Y statistic is

< 3.8. See §3.2 (and Bouwens et al. 2011b) for a definition of the χ2
opt+Y statistic, but it roughly includes a stack of all the flux information

in the Y105 band and bluer bands. (right) The ((J110 + J125)/2 − H160)AB vs. χ2
opt+Y diagram shows the second of our two primary

criteria we use to identify z ∼ 9-10 galaxies from the CLASH program. The selected sources must fall in the gray region and therefore
must show no flux in the optical or Y105 bands (i.e., χ2

opt+Y < 3.8). The three selected z ∼ 9 candidates are the blue squares. The dark

red points indicate sources in our photometric sample which are either detected in the Y105 band (>2σ) or where the JH140 −H160 colors
are greater than 0.5. The blue points are those sources where neither condition is satisfied. This figure is similar to Figure 2 of Oesch et
al. (2012b). Using both the two-color criteria and our χ2

opt+Y criteria, we observe a clear separation between our z ∼ 9-10 candidates and
the bulk of our photometric sample.

candidates using the software described in §3.1. None of
the three sources is nearby a bright foreground source
and so all of our IRAC flux measurements should be
reliable. None of the sources are detected at >3σ sig-
nificance in the Spitzer observations, and an average of
the 3.6µm and 4.5µm flux measurements show a range of
measured magnitudes, from ∼25.3 mag for MACS1149-
JD to an upper limit on the IRAC 3.6µ + 4.5µ flux of
MACSJ1115-JD1.
The coordinates and photometry of these candidates

are provided in Table 2, while postage stamp images
of the candidates are shown in Figure 3. In Table 2,
we also present a mean spectral energy distribution for
galaxies at z ∼ 9, which we computed on the basis of
our HST+Spitzer photometry for the three z ∼ 9 candi-
dates. In computing this mean SED, the fluxes of each
source are rescaled such that its average JH140+H160
flux matches the average JH140 +H160 flux for the sam-
ple (prior to rescaling).
As shown in Figure 3, MACS1149-JD is clearly re-

solved (see the Supplementary Information to Z12).
MACS1149-JD also shows distinct elongation along the
shear axis (Figure 1 from Z12) predicted from our grav-

itational lensing model for MACSJ1149.6+2223 (Z12).
The other two plausible z ∼ 9 candidates in our se-
lection are quite small and show no clear evidence for
gravitational shearing in the expected directions. How-
ever, since we would expect faint z ≥ 9 galaxies to be
small and the predicted magnification to be only mod-
est (magnifications of ∼5-9× in total), it is not clear that
the structural properties of the sources teach us anything
definitive.
In Figure 4, we indicate the position of these candi-

dates within the field of view of our MACSJ1149.6+2223,
MACSJ1115.9+0129, and MACSJ1720.3+3536 observa-
tions (magenta circles). On Figure 4, we have also over-
plotted the approximate critical lines for these clusters
based on the lens models we have for these clusters (white
contours: Z12; Zitrin et al. 2012, in preparation; Car-
rasco et al. 2012, in preparation). We caution that
the lens models we have for MACSJ1115.9+0129 and
MACSJ1720.3+3536 are still somewhat preliminary and
are not totally finalized yet. The models are constructed
based on the assumption that mass traces light, with typ-
ically only one lower-redshift system for normalization.
We can use these magnification models to estimate the

Figure 8.   Model SED of a z~9
galaxy and the sensitivity curves
of a few select ACS+WFC3/IR filters.    
This figure motivates our filter choices.   
Deep integrations in the F105W band 
are optimal for ensuring a non-detection 
blueward of the break.   Meanwhile, 
observations in the F125W and F140W 
bands allow us to effectively measure 
the movement of the Lyman break 
through the F125W band.

z=14  
galaxy

The availability of the F184 band is essential for probing to the earliest epochs and 
hence doing the most cutting edge science with WFIRST.

What can we expect for this baseline plan?

The maximum redshift we could explore with the Y, J, H, and F184 bands are 
probably to z~12 (i.e., the same as with HST)

Selections to z~14 are probably possible albeit with substantial amounts of 
contamination



If we assume no acceleration in the evolution, 
here are the predicted LFs...



If we assume accelerated evolution (pessimistic 
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!
These probes directly benefit galaxy build-up studies by 
providing us with a direct probe of volume density of 

faint galaxies at z>=10

!
These probes of bright galaxies provide useful 

information on the role of galaxies in reionizing the 
universe by allowing for robust measurements of the 

faint-end slope of the UV LF
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WFIRST-2.4 Design Reference Mission Capabilities 
Imaging Capability 0.281 deg2 0.11 arcsec/pix 0.6 – 2.0 µm 
Filters Z087 Y106 J129 H158 F184 W149 

Wavelength (µm) 0.760-0.977 0.927-1.192 1.131-1.454 1.380-1.774 1.683-2.000 0.927-2.000 
PSF EE50 (arcsec) 0.11 0.12 0.12 0.14 0.14 0.13 

Spectroscopic 
Capability 

Grism (0.281 deg2) IFU (3.00 x 3.15 arcsec) 
1.35 – 1.95 µm, R = 550-800 0.6 – 2.0 µm, R = ~100 

Baseline Survey Characteristics 
Survey Bandpass Area (deg2) Depth Duration Cadence 
Exoplanet 
Microlensing 

Z, W 2.81 n/a 6 x 72 days 
 

W: 15 min 
Z: 12 hrs 

HLS Imaging Y, J, H, F184 2000 Y = 26.7, J = 26.9 
H = 26.7, F184 = 26.2 1.3 years n/a 

HLS 
Spectroscopy 

1.35 – 1.95 µm 2000 0.5x10-16 erg/s/cm2 
@ 1.65 µm 0.6 years n/a 

SN Survey    0.5 years 
(in a 2-yr interval) 

5 days 
Wide Y, J 27.44 Y = 27.1, J = 27.5 

Medium J, H 8.96 J = 27.6, H = 28.1 
Deep J, H 5.04 J = 29.3, H = 29.4 

IFU Spec 7 exposures with S/N=3/pix, 1 near peak with S/N=10/pix, 1 post-SN reference with S/N=6/pix 
Parallel imaging during deep tier IFU spectroscopy: Z, Y, J, H ~29.5, F184 ~29.0 

Guest Observer Capabilities 
1.4 years of the 5 year prime mission 

 Z087 Y106 J129 H158 F184 W149 
Imaging depth in 
1000 seconds (mAB) 

27.15 27.13 27.14 27.12 26.15 27.67 

texp for σread = σsky 
(secs) 

200 190 180 180 240 90 

Grism depth in 1000 
sec 

S/N=10 per R=~600 element at AB=20.4 (1.45 µm) or 20.5 (1.75 µm) 
texp for σread = σsky: 170 secs 

IFU depth in 1000 
sec 

S/N=10 per R~100 element at AB=24.2 (1.5 µm) 

Slew and settle time chip gap step: 13 sec, full field step: 61 sec, 10 deg step: 178 sec 
Optional Coronagraph Capabilities 

1 year in addition to the 5-year primary mission, interspersed, for a 6-year total mission 
Field of view Annular region around star, with 0.2 to 2.0 arcsec inner and outer radii 
Sensitivity Able to detect gas-giant planets and bright debris disks at the 1 ppb brightness level 
Wavelength range 400 to 1000 nm 
Image mode Images of full annular region with sequential 10% bandpass filters 
Spectroscopy mode Spectra of full annular region with spectral resolution of 70 
Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 

High-Latitude Survey: 
Y,J,H imaging to ~26.7-26.9 mag, 

F184 imaging to ~26.2 mag 
(5σ depth) over ~2000 deg2 

!
Medium/Deep SN Surveys: 

J,H imaging to ~27.6-28.1 mag, 
(5σ depth) over ~9 deg2 

J,H imaging to ~29.3-29.4 mag, 
(5σ depth) over ~5 deg2 

Deep F184 Observations Should be Added to Deep SN Survey:

Likely allow for the discovery of faint z~12-14 galaxies in deep SN Survey

Cost ~300 hours [18 pointings x 216 x 240 seconds] to obtain ~29 mag 
depth in F184 filter

This is in addition to deep Y-band data which should be added to 
serve as a “veto filter”



Sensitivity at even redder wavelengths (> 2 microns) would also provide 
very useful constraints on even higher redshift galaxies:
With redder filters, could plausibly find galaxies to z~15

Or could work in synergy with future facilities like 
WISH which should have sensitivity at > 2 microns



If we assume no acceleration in the evolution, 
here are the predicted LFs...

2000 
deg2

5 deg2
JWST 
Deep 
Field



If we assume accelerated evolution (pessimistic 
scenario), here are the predicted LFs...

2000 
deg2

5 deg2
JWST 
Deep 
Field



Gravitational lensing by foreground galaxies could help 
WFIRST to find large numbers of highly magnified 

z>~10 galaxies.
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Figure 3. Gravitational lens induced modification of the bright end of the high redshift galaxy

luminosity function to be observed with JWST. Thin curves present the intrinsic LF ( ), and solid

curves the observed LF following modification from gravitational lensing. For simplicity, a uniform magnifi-

cation was assumed outside regions of sky that are multiply-imaged, with a value such that flux is conserved

over the whole sky. The parameters describing the LF are extrapolated to high redshift, where data does not

yet exist, assuming fitting formulae based on data from the HUDF 1,25. Of particular relevance are the values

of M?, which are listed. The solid and open points show the luminosities and densities of the faintest galaxies

to be observed with JWST, assuming limiting magnitudes appropriate for both an ultra-deep JWST survey

(mAB < 31.4 mag), and a medium-deep JWST survey (mAB < 29.4 mag). The probability for gravitational

lensing will become of order unity in the steep exponential parts of the LF at su�ciently high redshifts. This

gravitational forest should not to be confused with the purely mathematical e↵ects of image crowding that

makes the detection and de-blending of faint objects harder at progressively fainter fluxes30. These latter

e↵ects are referred to as either the instrumental confusion limit — when the instrumental resolution is not

good enough to statistically distinguish all faint background objects from brighter foreground objects — or the

natural confusion limit — when the instrumental resolution is good enough to distinguish faint background

objects from brighter foreground objects, but the images are so deep that objects start overlapping because of

their own intrinsic sizes. The HUDF and JWST images are in the latter regime30, and as argued in this Let-

ter, likely have the additional fundamental limitation that gravitational lensing will magnify a non-negligible

fraction of faint objects into the sample.
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Wyithe+2011; Baron-Nugent 2014
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Scientific Interest #3:  
There is also significant interest in the determination of the 

physical properties of galaxies and ionization state of the universe 
from a study of the emission lines and from precise redshift 



Can we make progress on these questions using 
spectroscopy with WFIRST?

6 Stark et al.

1400 1500 1600 1700 1800 1900
Rest Wavelength (Å)

0

2

4

6

8

10

F λ
 (1

0−1
8  e

rg
 c

m
−2

 s
−1

 Å
−1

) 863_348
z=1.834

OIII]CIV CIII]

1400 1500 1600 1700 1800 1900
Rest Wavelength (Å)

−5

0

5

10

F λ
 (1

0−1
8  e

rg
 c

m
−2

 s
−1

 Å
−1

)

OIII] CIII]
He II876_330

z=1.833

1400 1500 1600 1700 1800 1900
Rest Wavelength (Å)

−1
0

1

2

3

4

5

6

F λ
 (1

0−1
8  e

rg
 c

m
−2

 s
−1

 Å
−1

)

OIII]CIV

CIII]

860_359
z=1.702

1500 1600 1700 1800 1900
Rest Wavelength (Å)

0

5

10

15

F λ
 (1

0−1
8  e

rg
 c

m
−2

 s
−1

 Å
−1

) CIII]

Lyα

883_357
z=1.702

1400 1600 1800 2000 2200 2400
Rest Wavelength (Å)

−5

0

5

10

15

F λ
 (1

0−1
8  e

rg
 c

m
−2

 s
−1

 Å
−1

)

Al II

He II

CIV

CIII]

SII

MACS0451−1.1
z=2.061

1500 1600 1700 1800 1900 2000
Rest Wavelength (Å)

−1

0

1

2

3

4

5

F λ
 (1

0−1
8  e

rg
 c

m
−2

 s
−1

 Å
−1

)

CIV

CIII]
881_329
z=1.833

Figure 2. Prominent emission lines in rest-UV spectra of intrinsically faint gravitationally-lensed galaxies. The strongest line is typically the blended
CIII]λ1908 doublet, but we often note emission from the blended CIVλ1549 doublet, He IIλ1640, OIII]λλ1661,1666, and Si III]λλ1883,1892. The fluxes
are as observed, with no adjustment for lensing magnification. Vertical grey swaths in MACS 0451-1.1 correspond to wavelengths with strong sky residuals.

the XSHOOTER spectrograph (Vernet et al. 2011) on the VLT as
part of ESO program 085.A-0909 (PI: Watson). Details on the ob-
servational setup can be found in Amanullah et al. (2011).

A summary of the FIRE observations is presented in Table 3.
Magellan/FIRE data were collected UT 16 Feb 2012, 29 Oct 2012,
and 01 May 2013. The typical seeing during the observations con-
ducted on 2012 Feb 15 and 2012 Oct 28 was 0.′′5 and 0.′′8, respec-
tively. Conditions were variable on 01 May 2013 with seeing vary-
ing between 0.′′6 and 1.′′3. We used the echelle mode throughout
both nights, providing spectral coverage between 0.8 and 2.4 µm.
We used an 0.′′75 slit on 16 Feb 2012 and 01 May 2013, delivering a

resolving power of R=4800. Skylines in the February 2012 data are
measured to have a Gaussian σ of 0.9 Å and 1.9 Å at 1.1 µm and
2.2 µm, respectively. In the May 2013 data, we measure σ ≃1.3 Å
and 2.2 Å at 1.1 µm and 2.2 µm. The spectra collected on 28 Oct
2012 were obtained with a 1.′′0 slit width, providing a somewhat
coarser spectral resolution ranging between σ ≃ 1.5 Å and 2.5 Å
between 1.1 and 2.2 µm.

Reduction of the Magellan/FIRE spectra was performed using
the FIREHOSE IDL pipeline developed for FIRE.Wavelength cali-
bration was achieved using Th+Ar reference arc lamps. For telluric
absorption and relative flux calibration, we used spectral observa-

c⃝ 2013 RAS, MNRAS 000, 1–22

Lyman alpha
CIII] emission line1216 A
1907, 1909 A

Relevant Lines Include

Iye+2006; Ono+2012; Schenker+2012; Finkelstein+2013



What can be done here with spectroscopy?
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WFIRST-2.4 Design Reference Mission Capabilities 
Imaging Capability 0.281 deg2 0.11 arcsec/pix 0.6 – 2.0 µm 
Filters Z087 Y106 J129 H158 F184 W149 

Wavelength (µm) 0.760-0.977 0.927-1.192 1.131-1.454 1.380-1.774 1.683-2.000 0.927-2.000 
PSF EE50 (arcsec) 0.11 0.12 0.12 0.14 0.14 0.13 

Spectroscopic 
Capability 

Grism (0.281 deg2) IFU (3.00 x 3.15 arcsec) 
1.35 – 1.95 µm, R = 550-800 0.6 – 2.0 µm, R = ~100 

Baseline Survey Characteristics 
Survey Bandpass Area (deg2) Depth Duration Cadence 
Exoplanet 
Microlensing 

Z, W 2.81 n/a 6 x 72 days 
 

W: 15 min 
Z: 12 hrs 

HLS Imaging Y, J, H, F184 2000 Y = 26.7, J = 26.9 
H = 26.7, F184 = 26.2 1.3 years n/a 

HLS 
Spectroscopy 

1.35 – 1.95 µm 2000 0.5x10-16 erg/s/cm2 
@ 1.65 µm 0.6 years n/a 

SN Survey    0.5 years 
(in a 2-yr interval) 

5 days 
Wide Y, J 27.44 Y = 27.1, J = 27.5 

Medium J, H 8.96 J = 27.6, H = 28.1 
Deep J, H 5.04 J = 29.3, H = 29.4 

IFU Spec 7 exposures with S/N=3/pix, 1 near peak with S/N=10/pix, 1 post-SN reference with S/N=6/pix 
Parallel imaging during deep tier IFU spectroscopy: Z, Y, J, H ~29.5, F184 ~29.0 

Guest Observer Capabilities 
1.4 years of the 5 year prime mission 

 Z087 Y106 J129 H158 F184 W149 
Imaging depth in 
1000 seconds (mAB) 

27.15 27.13 27.14 27.12 26.15 27.67 

texp for σread = σsky 
(secs) 

200 190 180 180 240 90 

Grism depth in 1000 
sec 

S/N=10 per R=~600 element at AB=20.4 (1.45 µm) or 20.5 (1.75 µm) 
texp for σread = σsky: 170 secs 

IFU depth in 1000 
sec 

S/N=10 per R~100 element at AB=24.2 (1.5 µm) 

Slew and settle time chip gap step: 13 sec, full field step: 61 sec, 10 deg step: 178 sec 
Optional Coronagraph Capabilities 

1 year in addition to the 5-year primary mission, interspersed, for a 6-year total mission 
Field of view Annular region around star, with 0.2 to 2.0 arcsec inner and outer radii 
Sensitivity Able to detect gas-giant planets and bright debris disks at the 1 ppb brightness level 
Wavelength range 400 to 1000 nm 
Image mode Images of full annular region with sequential 10% bandpass filters 
Spectroscopy mode Spectra of full annular region with spectral resolution of 70 
Polarization mode Imaging in 10% filters with full Stokes polarization 
Stretch goals 0.1 arcsec inner annulus radius, and super-Earth planets 

Table 1: WFIRST-2.4 design reference mission observing program. The quoted magnitude/flux limits are for point 
sources, 5σ  for imaging, 7σ  for HLS spectroscopy. 

Lyα (in principle visible z=10.1-15.0):   Given that the scarcity of Lyα 
emission from galaxies at z>6.5, only likely to be useful if spectroscopy 

extended below 1.1 microns, with a 5x increase in sensitivity.

CIII] (visible z=6.1-9.2):   HLS spectroscopy would need to be 20x 
more sensitive to detect this line for the brightest z~6-9 galaxies.   

Detections of individual galaxies possible in 100 hour integrations, but 
much more practical to follow up sources with JWST.



What about with JWST?

Spectroscopic follow-up of z>10 sources with JWST 
should work very well.    It will be important for 

WFIRST to make significant progress on its observing 
program while JWST is still obtaining observations.



What about from the ground?

Placement of the HLS in the South should make the 
candidates identified by WFIRST ideal for follow-up with 

the E-ELT and GMT, but not with TMT.

What about with JWST?

Spectroscopic follow-up of z>10 sources with JWST 
should work very well.    It will be important for 

WFIRST to make significant progress on its observing 
program while JWST is still obtaining observations.



While uncertain, extrapolations of current results suggest that non-negligible 
numbers of z~12-14 galaxies will be found in the planned WFIRST HLS.

Summary

WFIRST should provide us with exceptional leverage in quantifying the build-up 
of all but the faintest galaxies in the early universe and quantifying their 

contribution to reionization.

Current z~4-10 LFs derived from HST -- derived from >10,000 galaxies over 5 
independent sight lines -- provide us with a reasonable baseline for establishing 

expectations for future WFIRST results at z>=10

The WFIRST deep SN survey can also provide strong constraints on the volume 
density on much fainter galaxies at z~12-14, but deep observations with F184 will 

be required (~300 hour cost). 

The WFIRST survey area and depth are such that it could also identify an 
“interesting” number of z~14-16 galaxies, if its sensitivity could be extended to > 

2 microns.

The current spectroscopic facilities on WFIRST do not seem likely to provide 
useful information on first-light (z>6) galaxies, unless the capabilities are 

significantly upgraded or extended.



CANDELS WIDE fields provide very similar constraints 
on the UV LFs as the CANDELS GOODS-S+N fields



Independent Search Fields allow us to Overcome Large 
Field-to-Field Variance Observed at High Redshift

Bouwens+2014

Estimated field-to-
field variance for 
z~4-8 samples.

Field-to-field 
variance is 
substantial,  

especially at high 
redshifts and at 
the bright end of 

the LF.



Of particular interest for the new WISH surveys are 
the prevalence of z~9-10 galaxies

Volume Density of Bright z~9-10 Galaxies

What work has been done on this?

UV luminosity function at z~4-10

Oesch et al. 2014

UV Luminosity Function (LF) - rapid build-up 
during the first 3 Gyr of cosmic time
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CANDELS Observations completed August 2013 

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

EGS  
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Grogin+ 11

Koekemoer+ 11


Oesch+2014

Explored in new 
cycle 22 HST 

program


