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The End of the Dark Ages: 
First Light and Reionization The Assembly of Galaxies

• When did the first stars, galaxies and black holes form?

• What are the properties of the first galaxies?

• When and how did reionization occur? 

• How do galaxies change as the universe evolves?

• How do galaxies interact with their surroundings?

• What effect do black holes and stars have on galaxies? 

Science Motivation
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Galaxy Assembly (1<z<7)

Science Motivation
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• Search for extreme stellar pop spectra (Pop III, top-heavy IMF), UV slope at 
z>4 + HeII line at z>5

• Spatially-resolved emission lines:
✦ H alpha for SFR maps

✴ vs stellar mass (NIRCam) - where is SF distributed,
✴ vs UV - where is dust located/SFH?,
✴ vs ALMA/radio, diff indicator of SF.

✦ H alpha / H beta - where is dust located
✦ Metallicity - resolved   

• Halpha LF at 1<z<2 - low lum SF LF - feedback in low-mass DM halos

• Mass-metallicity relation at 1<z<3 

• Quenching - environment (concordance - quenched gals have quenched 
satellites?) - E+A gals - can we do Hdelta? maybe only by stacking

• Merger rate from physical pairs - if need more volume could add in archival

• Clumps in strongly-lensed resolved galaxies - globular clusters, SF clumps

• High SFR galaxies from ALMA

• AGN - X-ray, radio, heavily obscured

• Transients at all redshifts - SNe identified either by photometric variation or 
unusual spectra

Theme is low-mass/dwarf 
galaxies, low-z analogues of 
reionizing galaxies  



• Redshifts and confirmation of high-z photo-z candidates

• Lya disappearance and the IGM - NIRSpec can likely do a better job of this, 
but we may be able to make a start

• Lya sizes

• UV spectral slopes of high-z galaxies (evolution, inc data at 4<z<7)

• Small-scale clustering of high-z galaxies - groups, filaments

• Direct imaging - sizes and shapes

Science Motivation
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First Light (z>7)

Cosmology  
(Strong Lensing)

Massive clusters

• Hundreds of redshifts of lensed galaxies

• Identification/confirmation of multiple images

• Cosmological parameter constraints from lens modelling

• Dark matter substructure (and cluster merger history?) from detailed lens 
modelling

• What are strongest emission lines at cluster redshift (Halpha in F115W or not?)?

• Stack low mass cluster galaxy spectra by type/location etc.

• Stripped remnants in cluster - GCs, streams, ICL



 Observables: 

• Redshift -> distance, geometry, mergers, environment

• Emission line luminosity -> star formation rate, IGM absorption

• Absorption line strength -> age, SFH - more difficult, can be done if bright or in a stack.

• Emission line map -> star formation map

• Emission line ratios -> ionization, metallicity, dust

• Continuum spectral shape -> stellar population
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The WFSS Advantage

 What is NIRISS Wide-Field Slitless Spectroscopy capable of?

Wuyts et al. 2013

The Astrophysical Journal, 779:135 (16pp), 2013 December 20 Wuyts et al.

Figure 4. Gallery of case examples from the massive z ∼ 1 SFG sample. PSF-matched three-color postage stamps sized 3.′′4 × 3.′′4 are composed of i775J125H160
for galaxies from the GOODS fields, and I814J125H160 for galaxies in EGS/UDS/COSMOS. Below, we show the surface brightness distributions in I, H, and Hα,
respectively (at natural resolution, with a slight smoothing applied to the Hα maps for visualization purposes). Blue, star-forming regions present in the I band generally
dominate the Hα emission as well. Central peaks in surface brightness (i.e., “bulges”) appear more prominently in the H band.
(A color version of this figure is available in the online journal.)

astrometric frame of the CANDELS broadband images. This
accounts for uncertainties in the position of the grism spectra
on the detector and degeneracies between on the one hand
the systemic redshift and on the other hand morphological k-
corrections between the Hα line map and the galaxy’s F140W
light distribution that was used as template in the redshift
determination. For each band, we adopted the shift leading
to the largest correlation coefficient, in most cases limited to
0–3 pixels.16 The ratio of I-to-H band correlation coefficients
then serves as a quantitative measure of how much better the

16 One pixel corresponds to 23 Å in wavelength, and 0.′′06 spatially.

Hα morphology corresponds to the I-band light distribution
compared to the H band. Figure 5 demonstrates what we inferred
by eye: a majority (65%) of galaxies in our sample shows a
stronger cross-correlation between the I and Hα morphologies
than between the H and Hα morphologies. This difference
is most pronounced among the more extended systems. For
galaxies with semimajor axis lengths larger than 3 kpc (as
measured with GALFIT by van der Wel et al. 2012), more
than 75% shows a better match between Hα and the I band than
between Hα and the H band. GN_96, GN_373, and GN_4952
in Figure 4 serve as examples of 3–5 kpc sized sources with
log(cross I × Hα/cross H × Hα) ∼ 0.05–0.07. For the largest
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The WFSS Advantage

 What is NIRISS Wide-Field Slitless Spectroscopy capable of?

Rest-frame equivalent width 
of emission lines increases 

rapidly at higher redshift due 
to higher specific star 

formation rate
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Fig. 2.— Evolution of EW(Hα) (top) and sSFR(Hα) (bottom) with redshift, in different mass bins, for SFGs (left) and all objects (right).
Errors on the average EWs have been evaluating through bootstrapping. Dotted lines are the best fit power laws EW(z) ∼ (1+z)p . At fixed
mass the average EW(Hα) and sSFR(Hα) increase with redshift, with a power law of EW (Hα) ∼ (1 + z)1.8 and sSFR(Hα) ∼ (1 + z)3.3

with little mass dependence.

[NII] lines are blended together. In this work EW(Hα)
therefore includes the contribution from [NII]. For the
other datasets, which have higher spectral resolution, we
combine Hα and [NII] for consistency with 3D-HST.

2.2. SDSS

We retrieve masses and EW(Hα) for the SDSS galaxies
from the MPA-JHU catalogue of the SDSS DR7. Masses
are computed based on fits to the photometry, following
the method of Kauffmann et al. (2003) and Salim et
al. (2007). In the redshift range 0.03 < z < 0.06, for

masses higher than M∗ = 1010M⊙, the SDSS sample is
spectroscopically complete in stellar mass (Jarle Brinch-
mann, private communication). We consider as detec-
tions only measurements greater than 3 Å, as the ones
with EW < 3Å are affected by uncertainties in the stellar
continuum subtraction (Jarle Brinchmann, private com-
munication).
In the redshift range 0.03 < z < 0.06, the spectroscopic

fiber of SDSS does not cover the entirety of most galaxies.
As a consequence sSFR are evaluated with emission line
fluxes and masses from the fiber alone.

6 Mattia Fumagalli et al.

Fig. 4.— Comparison of observed EW(Hα) with predictions from a simple observational supported model, at different redshifts. (a)
Input SFH, and Hα Luminosity (b) Luminosities at 6563 Å, from the Bruzual & Charlot 2003 code. (c) Mass growth. (d) Evolution of
EW(Hα) with redshift. (e) Evolution of sSFR with redshift. Data points are mean EW(Hα)/sSFR of observed galaxies with mass in a 0.3
dex bin around the typical mass of the model at a given redshift.

with mass (at constant redshift). The increase with red-
shift demonstrates the strong evolution of star forming
galaxies, using a consistent and completely model inde-
pendent indicator. We explore briefly the implied sSFR
evolution, ignoring dust extinction. We find that the
evolution with redshift is strong (sSFR ∼ (1 + z)3.2).
This stronger evolution is expected as the mass-to-light
ratio of galaxies evolves with time, and this enters the
correction from EW to sSFR. The increase with redshift
is faster that predicted by semi-analytical models (e.g.,
Guo and White 2008), consistent with earlier results.
We construct a simple star formation history model

of a 1011M⊙ galaxy. This simple model reproduces the
observed evolution of the EW(Hα) to z=2.5, and even to
z=4. It implies that the EW(Hα) continue to increase
to higher redshifts, up to 400 Å at z=8. This has a

significant impact for the photometry and spectroscopy
of these high redshift sources.
The study can be expanded in the future when the

entire 3D-HST survey will be available, doubling the
sample and including the ACS grism. In addition to in-
creased statistics, the ACS grism will allow evaluation of
the Balmer decrement and therefore a precise dust cor-
rected evaluation of SFR. Moreover, a statistically signif-
icant Hα sample at z ∼ 1 will be central to understand
the composition, the scatter and the physical origin of
the so called ’star-forming-main sequence’.
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[OIII] lines increase with decreased metallicity.

Fumagalli et al. 2012

Our simulated NIRISS observations show emission 
lines in a large fraction of galaxies. 

Potentially thousands of redshifts per field - huge multiplexing.
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The WFSS Advantage

3D-HST, Momcheva+15
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The WFSS Advantage

3D-HST, Momcheva+15

UDS field

Grism redshifts accurate to ~0.003×(1+z) ➤ Environment
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The WFSS Advantage

GLASS, Jones+15

Use gravitational lensing to 
determine spatially-resolved 

metallicity distribution in low-
mass dwarf galaxies



Simulations

Simulations of  WFSS in Frontier Field MACS0416 now complete

Aims of simulations: 

• Verify choice of integration times (direct and grism) per filter

• Finalize choice of filters - F115W, F140M, F150W, F158M and F200W

• Identify complementary data essential or helpful

• Determine redshift accuracy, line and continuum break

• Determine contamination rates - is blank field better option?

• Sample quality of spectra

• Plan data analysis - prep in advance for GTO data 

• Define science projects
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Simulations

GR150R/GR150C simulations done in all filters

Details of simulations: 

• Based on HFF F814W images and ACS/WFC3IR photometry

• Detected objects assigned likely redshifts and SEDs 

• Emission lines included based on correlations with z, M*

• No spatial variation of continuum/emission lines per object

• Extra z>6 objects added and extra faint objects to match F160W number counts.

• IntraCluster Light (ICL) added based on F814W image.

• Zodiacal background + (white) detector noise added.

• No dithering, bad pixels, non-Gaussian noise, cosmic rays, crosstalk, flat fielding, non-
linearity, stray light, …
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Simulations

Initial definition of observations

Total integration times per filter (4) per grism (2):

• F115W ~8 hrs (30,560s) 

• F140M ~4 hrs (15,280s) 
  
• F158M ~4 hrs (15,280s) 

• F200W ~6 hrs (22,920s) 

• Total 46 hrs grism integration per cluster

• Each filter total direct image for 2448 seconds 
(4% - 8% of grism exposure time).

Add overheads (direct and indirect) makes ~200 
hrs total.

Targets: best 3 clusters or blank fields based on latest HST data available in late 2016.
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Initial definition of observations

Observe all dithers, then both grisms, then all filters (better because direct images 
to be combined observed in same sequence - accuracy of sub-pixel dithers).
Alternative is all dithers, then all filters, then both grisms.

612s+75s

53s

248s

1800sSlew

53s

46s

955s+75s

25s

0s

955s+75s

Repeat 8, 4,4, 6 times 
with secondary dithers

612s+75s

JWST-STScI-003262

New 
grism

New 
filter End

Simulations



Simulations

We are using the threedhst and aXe software to simulate NIRISS observations
F200W + CLEAR F200W + GR150R
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Simulations

   Zoom-in to 1% of the field shows many faint galaxies with emission lines 

F150W + CLEAR F150W + GR150C
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Simulations

   Zoom-in to 1% of the field shows many faint galaxies with emission lines 

F115W, F150W, F200W + GR150C

 z=1.594
 z=2.976

 z=1.673

 z=1.745

 z=1.778
 z=8.132
 z=1.295
 z=2.162

 z=2.138
 z=1.331 
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Simulations
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Simulations
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Major Unresolved Questions for GTO

1. Decide on top science priorities - where will we have greatest impact?

2. Flow down from science to survey plan

• depth vs area

• filters

• fields.

3. Consider collaboration with other GTOs, more HST data required?

4. Effective use of parallels (or not).

5. How well can we subtract contamination?

6. Publication (data+papers) timeline and policy.
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Major Unresolved Questions for GTO

Depth vs Area
Baseline GTO plan is 3 fields with depth of 46 hrs grism integration per cluster

What is the widest area we could cover with our observing sequence?

 Total integration times per filter (3, F150W instead of F140M&F158M) per grism (2):

• F115W ~1.06 hrs (3,820s) 
• F150W ~1.06 hrs (3,820s) 
• F200W ~1.06 hrs (3,820s) 

• Total 6.6 hrs grism integration per cluster (1 mag brighter than baseline and simulations).

• Each filter total direct image for 1500 seconds (20% of grism exposure time). Imaging 
sensitivity, 10 sigma: F115W 28.2, F150W 28.5, F200W 28.7.

• Direct overheads per field are 4900s.

• Total time per field is 9hrs, so after indirect overheads of 16% could observe 19 fields (80 sq 
arcmin) in ~200 hrs. c.f. one full GOODS field is 160 sq arcmin and CANDELS-Deep is 120 sq 
arcmin (60 in each GOODS field).
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Major Unresolved Questions for GTO

Depth vs Area

Deep 

• Lower luminosity/mass of galaxies

• Further from HST depth, more unique

• More detailed data at given depth

• Good for steep luminosity function, α<-2

• Higher median redshift 

• Better for eliminating detector cosmetics

• Slightly more efficient

Wide 

• Rarer, high luminosity/mass galaxies

• Good for flat luminosity function, α>-2

• Higher yield of objects (most have α>-2)

• More chance for parallel data overlap

• Contiguous survey gives edge contam model

• Lower spectral contamination 

 

Could do some Deep and Wide (mini Wedding cake). 
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Major Unresolved Questions for GTO

Blank vs Clusters

Blank 

• Good for flat luminosity function, α>-2

• Less contamination from bright galaxies

• Less ICL (varying background)

• Better observability and lower zodi/background

• Better, more homogeneous, multi-wavelength 

data (X-ray, radio)

• Collaboration with other GTOs

Clusters 

• Good for steep luminosity function, α<-2 

• Gravitational lensing science - cosmology

• Lensing assist to lower mass, maybe higher z

• Lensing assist of spatial resolution
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Major Unresolved Questions for GTO

Need to build 2D model of target and contaminating objects and fit to data.
Multiple iterations to fit more complex spectra where appropriate.

3D-HST, Momcheva+15

Contamination
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Major Unresolved Questions for GTO

Contamination subtraction can be very effective if done properly.

3D-HST, Momcheva+15
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Major Unresolved Questions for GTO

Contamination subtraction can be very effective if done properly.

GLASS (Deep), Brammer

MACS-1149

F814W F105W F160W

G141
15 orbits

Model residuals
SN Refsdal

 (z =1.49; Kelly+2015)

N
E

10ʺ
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Major Unresolved Questions for GTO

Contamination subtraction can be very effective if done properly.

GLASS (Deep), Brammer
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Major Unresolved Questions for GTO

Need to incorporate other information into analysis, e.g. HST, Spitzer, NIRCam photometry.

NIRISS
WFSS

Raw Flux cal Photo-z SED

Data Analysis

Extended wavelength range with NIRISS (c.f. WFC3IR) means more likely to find two 
emission lines, but gaps remain and some galaxies have weak or absent lines.

ACS NIRCam MIRI

3D-HST, Brammer+12
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Major Unresolved Questions for GTO

1. Decide on top science priorities - where will we have greatest impact?

2. Flow down from science to survey plan

• depth

• filters

• fields.

3. Consider collaboration with other GTOs, more HST data required?

4. Effective use of parallels (or not).

5. Publication (data+papers) timeline and policy.

Urgent issues (finalise by Apr 2017):

Other issues:

1. Begin to think about tools required to be put in place between now and 2019

2. Begin to think about human resources required for now and the future



Backup slides
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Fields, Observability and Backgrounds

Minimum zodiacal background (at 3.6 microns in MJy/sr).

0.066

0.037

0.089 0.097

0.045

0.052

0.091

0.058

0.085

0.086

0.052

Anti-GC

Scattered light worst towards GC and anti-GC.
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Fields, Observability and Backgrounds

Observing!
with!JWST!–!
SpacecraK!
Poin6ng!

JWST’s!Field!Of!Regard!
is!45!degrees!wide,!it!

can’t!point!an6L
sunward!!
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Fields, Observability and Backgrounds

Observing!with!JWST!–!!
Sky!Viewing!Coverage!

JWST!has!
100%!
coverage!
of!the!sky!
for!at!
least!51!
days,!but!
only!a!
very!small!
region!
(the!CVZ)!
is!
viewable!
all!the!
6me!
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Fields, Observability and Backgrounds

Observing!with!JWST!–!!
SpacecraK!Poin6ng!

•  &!As!a!result,!MANY!
poin6ngs!with!JWST!
will!have!restricted!
Orient!availability!

•  The!Two!extremes:!
L  At!the!eclip6c!poles!

(0.4%!of!the!sky),!ALL!
orients!are!available,!
but!a!specific!orient!is!
schedulable!for!only!
~10!days.!!

L  In!the!eclip6c!plane,!
only!specific!orient!
ranges!are!possible,!
those!are!available!
for!~50!day!windows.!
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Fields, Observability and Backgrounds

GOODS-S
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Fields, Observability and Backgrounds

MACSJ0717.5+3745
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Parallels

Zodi background

180 deg parallel flip

Fields at low ecliptic 
latitude have much 
higher worst/best zodi 
background ratios.

MACSJ0416.1-2403

180 degree flip parallels 
hard to schedule and 
have higher background

Observing at edges of 
observability period 
gives 40-100% higher 
zodi
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Major Unresolved Questions for GTO

Questions for science team (June 2014)

What are the top science goals of the observations? How do these drive the data requirements?

Blank fields vs lensing fields as targets. 

Which filters are optimal for the science?

Is the total integration time appropriate?

What is the niche for NIRISS compared to NIRCam and NIRSpec?

What supporting/followup observations are essential or useful?

Should supporting observations be done ourselves or in collaboration?

Can we identify parallel observing opportunities in GTO time?

Are we interested in coordinating a large pure parallel NIRISS WFSS program?

When should we allow the data to become public? When do we provide a reduced data release?

How do we get enough manpower for data analysis, science and publishing in a short time frame?



 What is NIRISS Wide-Field Slitless Spectroscopy capable of?

• Spectra of all objects in the field. In a “blank” field there are ~3000 galaxies brighter than mag=28.

• Almost complete wavelength coverage from 0.9 to 2.2 microns.  

• At least one strong emission line from z=0.5 to z=4.9. Lyman alpha if present at 6<z<17.

• Resolving power of 100 to 200. Most lines spectrally unresolved, so a map of line emission. 

• Spatial resolution of 0.06” ~ 0.5 kpc.

• Cross-dispersed grisms to mitigate contamination.

• Point-and-shoot observing - no target acquisition.

JWST-STScI-00XXXX 
SM-12 

 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

 - 3 - 

 
The data were corrected for amplifier bias using reference pixels, and then processed by 
subtracting a ``super’’ dark frame which helped to also remove most of the bad pixels. 
The trace was measured using two methods – (1) a simple centroid measurement using 
the imexam task stepping in box sizes of 5x5 pixels, and (2) using the task apall under the 
spectroscopy reduction package specred in IRAF. The trace was determined using ten 
pixels sampling along the dispersion direction. The measured trace parameters from the 
two methods were found to agree well with each other within the errors. For the purpose 
of this report we only use the parameters measured using the specred/apall task and the 
details are presented in Table 1.  The trace measurement has a starting dispersion line that 
is user-defined in apall and is perpendicular to the dispersion axis. The position along the 
spectrum is then determined using a 1-D centering algorithm. The measurements are 
repeated at other points along the spectrum in steps specified by the user. The step-size 
was chosen to be 10 pixels along the dispersion direction so as to improve the signal-to-
noise for center determination.       
  

                 
 
Fig. 2: The GR150R provides a spectrum of a source dispersed along the rows, while the GR150C 
grism disperses light in the orthogonal direction or along the columns as viewed in DS9.  The above 
image is a combination of the direct image of the source and the two grism exposures without using 
any blocking filter. The source position in the direct image is shown by the blue circle. The zeroth 
order spectra are indicated using the red circles.  The blue arrows are shown as a guide to the 
expected orthogonal dispersion directions for the GR150R/C grisms.  
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Major Unresolved Questions for GTO

Gravitational lensing

• Light rays bent by gravitational fields

• Effects
✴ Magnification
✴ Stretching 
✴ Multiple images 
✴ Reduction in search area

• Frontier Fields - six clusters selected to have   
large areas with high magnification to search 
for very high-redshift galaxies.
 

MACSJ0416
Jauzac et al. 2014
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Figure 3. Examples of delensed z = 9 magnifications maps (according to the CATS models) of the WFC3/IR fields (red outlines
13600 ⇥ 12300) to be imaged for each Frontier Fields cluster. In each panel, north is up and east is left.

Figure 4. Co-moving volume per unit redshift as a function of
redshift for a range of cosmologies in a flat universe, provided for
reference.

This corresponds to retaining only the brightest of each
multiply-imaged galaxy. Figure 3 shows our result for
the delensed CATS z = 9 magnification maps as an il-
lustrative example.
We then summed over all source pixels j, brightening

the luminosity function by the magnifications (but not
reducing the areas since we are already working in the
delensed source plane) to yield lensed number counts of

gles ensures unique delensed regions in the source plane. Squares
could get twisted upon delensing. Alternatively, we could have
skipped the initial rebinning and simply measured each triangle’s
magnification as the ratio of its lensed and delensed areas. This
yields nearly identical results.

unique background galaxies:

N
galaxies

(L
obs

) =
X

j

�(µ
j

L)A
s

. (4)

4.3. Source Plane Search Volumes

Based on the delensed magnification maps from CATS,
Sharon, and Zitrin, we can estimate the total source
plane search areas as a function of magnification. These
search areas correspond to search volumes within, say,
�z = 1 of a given redshift as plotted for reference in
Figure 4 (e.g., Hogg 1999). In Figure 5, we plot the cu-
mulative search area (and z ⇠ 9 volume) as a function of
magnification for all six clusters according to the CATS
and Zitrin-LTM models. (T. Johnson et al., 2014, in
preparation, present a corresponding plot for the Sharon
models.) We also show the strong general agreement be-
tween the total lensed areas according to CATS, Sharon,
and Zitrin-LTM. Based on these models, the full sur-
vey should yield ⇠5 arcmin2 (⇠9,000 Mpc3 at z ⇠ 9) of
source plane search area in the 6 lensed WFC3/IR fields.
About 10% of that should be magnified by a factor of
6 (⇠2 magnitudes) or greater. The blank parallel fields
will yield about 5–6 times the search area of the lensed
fields (⇠28 arcmin2, or ⇠50,000 Mpc3 at z ⇠ 9). We
stress these are upper limits as we have not accounted
for search area lost due to foreground objects.

4.4. Predicted Number Counts

Figure 6 shows our “optimistic” z ⇠ 9 LF (the Bradley
et al. 2012 LF withM⇤ fainter by 0.36 mag) lensed by ev-
ery submitted lens model, yielding estimated numbers of
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Frontier Fields
Effective area

Coe et al. 2014
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Figure 1. The Frontier Fields are being observed with these seven
Hubble ACS and WFC3/IR filters. Response curves are plotted
versus wavelength (�) with the corresponding Lyman-↵ redshift
(z) given along the top axis (� = 0.1216µm (1 + z)). F105W and
F140W are o↵set vertically for clarity. Dots mark the e↵ective
“pivot” wavelengths (Tokunaga & Vacca 2005) of the filters.

strong lensing cluster WFC3/IR imaging. Improved con-
straints on faint number counts (which rise steeply with
magnitude at high redshifts; e.g., Bradley et al. 2012)
will further constrain the ability of faint galaxies to reion-
ize the early universe (e.g., Bouwens et al. 2012b). And
where the Ultra Deep Field may, by chance, be over-
dense or underdense at a given redshift, the six Frontier
Fields sightlines significantly reduce uncertainties due to
cosmic variance (e.g., Trenti & Stiavelli 2008; Bouwens
et al. 2014).
To date, the Frontier Fields program has obtained

half of the Hubble observations of four fields: the
galaxy cluster Abell 2744, its blank parallel field, cluster
MACSJ0416.1-2403, and its blank parallel field. Previ-
ous works presented high-redshift candidates lensed by
Abell 2744, based on the deep infrared Hubble imaging
and the first half of deep Spitzer imaging (Atek et al.
2013; Laporte et al. 2014; Zheng et al. 2014).
In this paper, we identify new high-redshift candidates

in the field lensed by MACSJ0416.1-2403 and its blank
parallel field. We also present, for the first time, predic-
tions of lensed high-redshift number counts from the full
Frontier Fields program based on public lensing models
of the clusters submitted by multiple teams.
Below we briefly describe the Frontier Fields program

(§2) and the gravitational lensing models submitted by
the community (§3). We use these lens models along
with extrapolated luminosity functions to predict high-
redshift galaxy yields from the program (§4). Based on
the Hubble Frontier Fields observations to date (§5), we
identify high-redshift candidates (§6) and conclude by
discussing our results (§7).
We assume a flat concordance ⇤CDM cosmology with

h = 0.7, ⌦
m

= 0.3, and ⌦
⇤

= 0.7, where H
0

= 100h km
s�1 Mpc�1.

2. FRONTIER FIELDS

The Frontier Fields5 (PI Lotz) is a Hubble and Spitzer
Space Telescope program to obtain deep images of six
strongly lensing clusters and six nearby “blank” fields
60 from the cluster cores. After deliberating over white
papers submitted by the community, the Hubble Deep
Fields Initiative (HDFI) science working group unani-
mously recommended this program6 to the directors of
the Space Telescope Science Institute (STScI) and the
Spitzer Science Center (SSC). The directors approved

5 http://www.stsci.edu/hst/campaigns/frontier-fields/
6 http://www.stsci.edu/hst/campaigns/frontier-fields/

HDFI SWGReport2012.pdf

Table 1
Exposure Times and Expected Depths

�a Depthb Sens.c

Camera Filter (µm) Exposure (AB) (nJy)

HST ACS/WFC F435W 0.43 18 orbits 28.8 2.2
HST ACS/WFC F606W 0.59 10 orbits 28.8 2.2
HST ACS/WFC F814W 0.81 42 orbits 29.1 1.7
HST WFC3/IR F105W 1.06 24 orbits 28.9 2.0
HST WFC3/IR F125W 1.25 12 orbits 28.6 2.6
HST WFC3/IR F140W 1.39 10 orbits 28.6 2.6
HST WFC3/IR F160W 1.54 24 orbits 28.7 2.4
SST IRAC ch1 3.6 50 hours 26.6 16.6
SST IRAC ch2 4.5 50 hours 26.0 28.9
1 E↵ective “pivot” wavelength (Tokunaga & Vacca 2005)
2 5� point source AB magnitude limit (within a 0.400 diameter
aperture for HST)
3 1� point source sensitivity (nJy) within the same apertures

observations of the first four pairs of clusters and blank
fields with approval for the final two pairs pending an
early interim review. The complete Hubble program
would span three years (Cycles 21–23).
The six galaxy clusters to be observed are, in order,

Abell 2744 (z = 0.308), MACSJ0416.1-2403 (z = 0.396),
MACSJ0717.5+3745 (z = 0.545), MACSJ1149.5+2223
(z = 0.543), Abell S1063 (z = 0.348), and Abell 370
(z = 0.375). These clusters were discovered by Abell
(1958), Abell et al. (1989), and the Massive Cluster Sur-
vey (MACS; Ebeling et al. 2007, Mann & Ebeling 2012).
Hubble is imaging each cluster and “blank” field for 140

orbits with the Advanced Camera for Surveys (ACS) and
the Wide Field Camera 3 (WFC3) IR channel working in
parallel with seven filters spanning 0.4–1.7µm. The 5�
detection limit for point sources is roughly 29th magni-
tude AB in each filter (Table 1). Spitzer is imaging each
field for 100 hours total with the Infrared Array Camera
(IRAC) in channels 1 and 2 spanning 3–5µm.7 The 50-
hour 3.6µm and 4.5µm images are expected to reach AB
mag 26.6 and 26.0, respectively (5� point source).

3. GRAVITATIONAL LENSING MODELS

Based on further recommendations from the HDFI sci-
ence working group, STScI commissioned five teams to
produce gravitational lensing models for all six Frontier
Fields clusters to be made available to the community.
All teams shared the latest observational constraints, in-
cluding positions and redshifts of galaxies strongly lensed
to form multiple images, before working independently
on the lensing models. Some teams also included weak
lensing constraints in their modeling. For each cluster,
the teams altogether submitted seven or eight models
they deemed “best” as well as ranges of models yielding
the uncertainties for each method. All of these models
are available to the public along with tools to facilitate
their use.8

In Figure 2, we show high-redshift (z = 9) magni-
fication maps from the seven “best” models submitted
for Abell 2744. The various methodologies are summa-
rized online9 and described in more detail in each team’s

7 http://ssc.spitzer.caltech.edu/warmmission/scheduling/
approvedprograms/ddt/frontier/

8 http://archive.stsci.edu/prepds/frontier/lensmodels/
9 http://www.stsci.edu/hst/campaigns/frontier-fields/Lensing-

Models
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would span three years (Cycles 21–23).
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Relative merits of lensed or blank fields depend on unknown luminosity function.

 For density evolution the effect is less important. 

Bouwens et al. 2014
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Fig. 5.— The 68% and 95% confidence intervals on the Schechter parameters M∗, φ∗, and α we derive for the UV LFs at z ∼ 4 (dark blue
contours), z ∼ 5 (green contours), z ∼ 6 (blue contours), z ∼ 7 (black contours), and z ∼ 8 (red contours) using an STY-like procedure
(§4.2). These confidence intervals show evidence for an evolution in the faint-end slope α and φ∗ with redshift. Evolution in both φ∗ and
α looks very similar to an evolution in the characteristic luminosity M∗ (previously proposed by Bouwens et al. 2007 and Bouwens et al.
2008) with cosmic time, except at the bright end of the LF (see Figure 7).

quantity nobserved,i is derived using the apparent mag-
nitude of the source closest to 1600Å, which occurs in
the i775 band for sources in our z ∼ 4 samples, in the
Y105 band for our z ∼ 5 and z ∼ 6 samples,17 in the
J125 band for our z ∼ 7 samples, and in the H160 band
for our z ∼ 8 samples. For the ERS and CANDELS
UDS/COSMOS/EGS wide-area samples where no Y105
coverage is available, we make use of the Y098-band and
J125 magnitudes, respectively, instead for our z ∼ 5 and
z ∼ 6 samples. We apply a small correction to the ap-
parent magnitude of individual sources (typically !0.1
mag) so that it corresponds to an effective rest-frame
wavelength 1600Å. The correction we apply is based on
the biweight mean β Bouwens et al. (2013) derive for
galaxies with a given absolute magnitude and redshift.
The quantity nobserved,i is also corrected for contamina-
tion using the simulations we describe in §3.5.5.
Similar to our previous work, we compute the num-

ber of sources expected in a given magnitude interval i
assuming a model LF as

nexpected,j = ΣkφkVj,k (4)

where Vj,k is effective volume over which one could ex-
pect to find a source of absolute magnitude k in the ob-
served magnitude interval j. We estimate Vj,k for a given
search field using an extensive suite of Monte-Carlo sim-
ulations where we add sources with an absolute magni-
tude k to the different search fields and then see if we
select a source with apparent magnitude j. The Vj,k fac-
tors implicitly correct for flux-boosting type effects that
are important near the detection limits of our samples,
whereby faint sources scatter to brighter apparent fluxes
and thus into our samples.
Computing the relevant Vj,k’s for all of our samples

and search fields required our running an extensive suite
of Monte-Carlo simulations. In these simulations, large
numbers of artificial sources were inserted into the input
data (typically ∼50 arcmin−2 in each simulation). Cat-

17 Even though the z850-band magnitude of sources in our z ∼ 5
sample is nominally closer to 1600Å rest frame, we elected to use
the Y105 band flux due to the greater overall depth of these data
in many of our data sets (particularly the XDF)

alogs were then constructed from the data and sources
selected. To ensure that the candidate galaxies in these
simulations had realistic sizes and morphologies, we ran-
domly selected similar-luminosity z ∼ 4 galaxies from the
Hubble Ultra-Deep Field to use as a template to model
the two-dimensional spatial profile for individual sources.
We assigned each galaxy in our simulations a UV color
using the β vs. MUV determinations of Bouwens et al.
(2013), with an intrinsic scatter in β of 0.3. Finally,
the templates were artificially redshifted to the redshift
in the catalog using our well-tested “cloning” software
(Bouwens et al. 1998; Bouwens et al. 2003a) and inserted
these sources into the real observations. In projecting
galaxies to higher redshift, we scaled source size approx-
imately as (1 + z)−1.2 to match that seen in the obser-
vations (Oesch et al. 2010a; Grazian et al. 2012; Ono et
al. 2013). We verified through a series of careful com-
parisons that the source sizes we utilized were similar
to those in the real observations, both as a function of
redshift and luminosity (Appendix E).
Given our use of photometric redshift estimates to

move sources between our z ∼ 5, z ∼ 6, and z ∼ 7 sam-
ples over our CANDELS-UDS, CANDELS-COSMOS,
and CANDELS-EGS fields (Appendix B.1), we derived
the selection volumes for these samples in a similar man-
ner. Sources selected according to our z ∼ 5-8 color
criteria that lie in the redshift range z ≤ 5.4, z = 5.4-
6.4, z = 6.4-7.4, and z ≥ 7.4 are used in estimating the
selection volume at z ∼ 5, z ∼ 6, z ∼ 7, and z ∼ 8.
Our selection volume simulations also accounted for in-
completeness that resulted when sources over these fields
showed spurious >2.5σ optical detections and thus were
excluded from our catalogs. From our simulations, we
found that spurious detections cause our CANDELS-
UDS/COSMOS/EGS samples to be incomplete at the
10-25% level.
After deriving the shape of the LF at each redshift us-

ing this procedure, we set the normalization by requiring
that the total number of sources predicted on the basis
of our LF be equal to the total number of sources ob-
served over our search fields. Applying the above SWML
procedure to the observed surface densities of sources in
our different search fields, we determined the maximum-

Faint end slope α ~ -2 at high redshift. 21

Fig. 14.— Current determinations of the faint-end slope to the
UV LF (solid red squares) versus redshift. Also shown are the
faint-end slope determinations from Treyer et al. (1998: black open
circle) at z ∼ 0, from Arnouts et al. (2005) at z ∼ 0-2 (blue
crosses), and from Reddy et al. (2009) at z ∼ 2-3 (green squares).
The solid line is a fit of the z ∼ 4-8 faint-end slope determinations
to a line, with the 1σ errors (gray area: calculated by marginalizing
over the likelihood for all slopes and intercepts). The best-fit trend
with redshift is dα/dz = −0.09± 0.02 (§5.1). If we keep M∗ fixed,
the trend is an even steeper dα/dz = −0.130 ± 0.014 (§5.1). The
overplotted arrows indicate the predicted change in the slope of the
LF per unit redshift, dα/dz, from the evolution of the halo mass
function based on the conditional LF model from §5.5 and from
the Tacchella et al. (2013) model (see §5.5.1). We observe strong
evidence for a steepening of the UV LF from z ∼ 8 to z ∼ 4 (§5.1).

M∗ equal to −20.36 and the faint-end slope α to −2.25,
consistent with the approximate characteristic luminos-
ity M∗ and faint-end slope α we estimate based on the
LF fitting formula we present in §5.1.
The best-fit φ∗ we estimate using our z ∼ 10

search over all of our search fields is 0.024+0.012
−0.008

Mpc−3. We tabulate this value of φ∗ in Ta-
ble 4. As we will discuss in Appendix G.5, the
best-fit parameters we derive here are consistent
with what Oesch et al. (2014) derived previously
from a search over the CANDELS-North+CANDELS-
South+XDF+HUDF09-Ps fields. These parameters are
also consistent with the 10× evolution in volume density
that Oesch et al. (2013, 2014) find from z ∼ 10 to z ∼ 8.

5. DISCUSSION

5.1. Empirical Fitting Formula for Interpolating and
Extrapolating our LF Results to z > 8

As in previous work (e.g., Bouwens et al. 2008), it is
useful to take the present constraints on the UV LF and
condense them into a fitting formula for describing the
evolution of the UV LF with cosmic time. This enter-
prise has utility not only for extrapolating the present
results to z > 8, but also for interpolating between the
present LF determinations at z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7,
and z ∼ 8 when making use of a semi-empirical model.
We will assume that each of the three Schechter param-
eter (M∗, α, log10 φ

∗) depends linearly on redshift when
deriving this formula. The resultant fitting formula is as

Fig. 15.— (upper) The UV luminosities we estimate for galaxies
from our derived LFs taking galaxies at a fixed cumulative num-
ber density, i.e., n(> LUV ) = 2 × 10−4 Mpc−3 (identical to the
criterion employed by Papovich et al. 2011 and Smit et al. 2012:
§5.3). Interestingly enough, the best-fit evolution in UV luminosity
we estimate at a fixed cumulative number density (solid red line)
is quite similar to what Bouwens et al. (2011) estimated for the
evolution in the characteristic luminosity M∗ (dotted black line),
before strong constraints were available on the bright end of the
UV LF at z ! 6. (lower) The star formation rate we estimate for
galaxies from our derived LFs to the same cumulative number den-
sity as in the upper panel. Results from the literature are corrected
to assume the same Salpeter IMF assumed for our own determi-
nations. The z ∼ 2 results are based on the mid-IR and Hα LF
results (Reddy et al. 2008; Magnelli et al. 2011; Sobral et al. 2013).
The best fit SFR versus redshift relation is shown with the black
line and can be described as follows (15.8M⊙/yr)10−0.24(z−6) . By
selecting galaxies that lie at a fixed cumulative number density at
many distinct points in cosmic time, we can plausibly trace the
evolution in the SFRs of individual galaxies with cosmic time.

follows:

M∗
UV = (−20.89± 0.09) + (0.12± 0.05)(z − 6)

φ∗ =(0.48+0.10
−0.08)10

(−0.19±0.04)(z−6)10−3Mpc−3

α = (−1.85± 0.04) + (−0.09± 0.02)(z − 6)

Constraints from Reddy & Steidel (2009) on the faint-
end slope of the LF at z ∼ 3 were included in deriving
the above best-fit relations. As is evident from these rela-
tions, the evolution in the faint-end slope α is significant
at 4.5σ. The evolution in the normalization φ∗ of the LF
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Fig. 14.— Current determinations of the faint-end slope to the
UV LF (solid red squares) versus redshift. Also shown are the
faint-end slope determinations from Treyer et al. (1998: black open
circle) at z ∼ 0, from Arnouts et al. (2005) at z ∼ 0-2 (blue
crosses), and from Reddy et al. (2009) at z ∼ 2-3 (green squares).
The solid line is a fit of the z ∼ 4-8 faint-end slope determinations
to a line, with the 1σ errors (gray area: calculated by marginalizing
over the likelihood for all slopes and intercepts). The best-fit trend
with redshift is dα/dz = −0.09± 0.02 (§5.1). If we keep M∗ fixed,
the trend is an even steeper dα/dz = −0.130 ± 0.014 (§5.1). The
overplotted arrows indicate the predicted change in the slope of the
LF per unit redshift, dα/dz, from the evolution of the halo mass
function based on the conditional LF model from §5.5 and from
the Tacchella et al. (2013) model (see §5.5.1). We observe strong
evidence for a steepening of the UV LF from z ∼ 8 to z ∼ 4 (§5.1).

M∗ equal to −20.36 and the faint-end slope α to −2.25,
consistent with the approximate characteristic luminos-
ity M∗ and faint-end slope α we estimate based on the
LF fitting formula we present in §5.1.
The best-fit φ∗ we estimate using our z ∼ 10

search over all of our search fields is 0.024+0.012
−0.008

Mpc−3. We tabulate this value of φ∗ in Ta-
ble 4. As we will discuss in Appendix G.5, the
best-fit parameters we derive here are consistent
with what Oesch et al. (2014) derived previously
from a search over the CANDELS-North+CANDELS-
South+XDF+HUDF09-Ps fields. These parameters are
also consistent with the 10× evolution in volume density
that Oesch et al. (2013, 2014) find from z ∼ 10 to z ∼ 8.

5. DISCUSSION

5.1. Empirical Fitting Formula for Interpolating and
Extrapolating our LF Results to z > 8

As in previous work (e.g., Bouwens et al. 2008), it is
useful to take the present constraints on the UV LF and
condense them into a fitting formula for describing the
evolution of the UV LF with cosmic time. This enter-
prise has utility not only for extrapolating the present
results to z > 8, but also for interpolating between the
present LF determinations at z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7,
and z ∼ 8 when making use of a semi-empirical model.
We will assume that each of the three Schechter param-
eter (M∗, α, log10 φ

∗) depends linearly on redshift when
deriving this formula. The resultant fitting formula is as

Fig. 15.— (upper) The UV luminosities we estimate for galaxies
from our derived LFs taking galaxies at a fixed cumulative num-
ber density, i.e., n(> LUV ) = 2 × 10−4 Mpc−3 (identical to the
criterion employed by Papovich et al. 2011 and Smit et al. 2012:
§5.3). Interestingly enough, the best-fit evolution in UV luminosity
we estimate at a fixed cumulative number density (solid red line)
is quite similar to what Bouwens et al. (2011) estimated for the
evolution in the characteristic luminosity M∗ (dotted black line),
before strong constraints were available on the bright end of the
UV LF at z ! 6. (lower) The star formation rate we estimate for
galaxies from our derived LFs to the same cumulative number den-
sity as in the upper panel. Results from the literature are corrected
to assume the same Salpeter IMF assumed for our own determi-
nations. The z ∼ 2 results are based on the mid-IR and Hα LF
results (Reddy et al. 2008; Magnelli et al. 2011; Sobral et al. 2013).
The best fit SFR versus redshift relation is shown with the black
line and can be described as follows (15.8M⊙/yr)10−0.24(z−6) . By
selecting galaxies that lie at a fixed cumulative number density at
many distinct points in cosmic time, we can plausibly trace the
evolution in the SFRs of individual galaxies with cosmic time.

follows:

M∗
UV = (−20.89± 0.09) + (0.12± 0.05)(z − 6)

φ∗ =(0.48+0.10
−0.08)10

(−0.19±0.04)(z−6)10−3Mpc−3

α = (−1.85± 0.04) + (−0.09± 0.02)(z − 6)

Constraints from Reddy & Steidel (2009) on the faint-
end slope of the LF at z ∼ 3 were included in deriving
the above best-fit relations. As is evident from these rela-
tions, the evolution in the faint-end slope α is significant
at 4.5σ. The evolution in the normalization φ∗ of the LF

Use Bouwens et al. 2014 evolving luminosity function, with a cutoff in α evolution. 



Major Unresolved Questions for GTO

Relative merits of lensed or blank fields depend on unknown luminosity function.

For slopes of α<-2 get increase in counts, for slopes of α>-2 get decrease in counts.

Coe et al. 2014

Frontier Fields: High-Redshift Predictions And Early Results 7

Figure 8. Total number counts of high-redshift (z ⇠ 8 – 12) galaxies as a function of magnitude limit expected from all six blank fields
(solid lines) and cluster lensed fields (dashed lines) according to the CATS, Sharon, and Zitrin-LTM models. On each solid line, we mark
our assumed M⇤(z) with a star. We show both optimistic (left) and pessimistic (right) expectations.

Figure 9. Total high-redshift number counts expected brighter than the F160W magnitude limit 28.7 AB for all six blank and lensed
fields according to the CATS, Sharon, and Zitrin-LTM lens models. Left: total counts in each redshift bin of width �z = 0.1. Right: total
cumulative counts as a function of redshift. For example, we expect as many as ⇠40 lensed z > 9 galaxies. We show both optimistic and
pessimistic z > 8 evolution as described in the text and Figure 8.

Current FF analysis suggests real LF close to pessimistic case
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Major Unresolved Questions for GTO

• Green circles show likely 
high-z galaxies. 

• Note distributed around field, 
not all on the critical lines.

• Most have moderate 
magnifications.

• Multiple images only for those 
in central region (~20 to 30% of 
galaxies).

Frontier Fields
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Major Unresolved Questions for GTO

Richard et al. 2014

Frontier Fields - MACSJ0416

Green line: Multiple image region at z=7.6 J. Richard and the CATS team

Figure 4. Same as Fig. 2 but for MACS J0416 and filter combination F435W+F606W+F814W.

Å, albeit at low resolution (R⇠500-1000) and a dispersion of 2Å
per pixel.

Of the strongly lensed sources targeted, redshifts could be se-
cured for image A2744-4.3 at z = 3.58, through strong Lyman-↵
emission (Fig. 3.2.6), in agreement with the photometric redshift
of z = 3.5 ± 0.3 reported by Merten et al. (2011). The spectrum
of object 6.1 was found to feature a single narrow emission line
at 5760Å on top of a very blue continuum. The absence of other
emission lines in the wavelength range covered agrees with CIII]
at z = 2.019, which is compatible with our prediction based on a
preliminary lens model.

3.2.2 MACS J0416

We use spectroscopic redshifts for seven systems in
MACS J0416.1�2403 (systems 2, 3, 7, 10, 13, 14, and 17)

obtained as part of VLT programme 186.A-0798 (Balestra et al.,
Grillo et al., both in preparation), and shared among the different
HFF mass modelling groups. We also include spectroscopic
redshifts for system 1, published by our group in Christensen et al.
(2012).

3.2.3 MACS J0717

Since the analysis by Limousin et al. (2012), which present our
earlier observations on arc spectroscopy, one new spectroscopic
redshift z = 6.4 has been measured for system 19, as described
previously. We use spectroscopic redshifts for six systems in to-
tal (systems 1, 3, 13, 14, 15 and 19), ranging from z = 1.850 to
z = 6.4.

c� 0000 RAS, MNRAS 000, 000–000

Cyan are known multiply imaged 

Jauzac et al. 2014

Early FF data: ~200 images of 73 galaxies. 
Most have no known redshift.
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Simulated z>7 galaxy 
properties in the field of 

MACSJ0416

Multiply imaged?
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Blank field comparison



NIRISS WFSS Observations of High Redshift Galaxies 

Optimal strategy for high-redshift galaxies.  

3. The choice of filters to use for WFSS of high-redshift galaxies depends upon the 
expected redshift range of galaxies to be detected (Table 1).  As shown previously 
M*, gets fainter at higher redshift, so the high-redshift limit will be set by sensitivity 
rather than the upper redshift range of NIRISS. Note that in a fixed integration 
time the sensitivity reached using F140M + F158M equals that using F150W. It is 
preferable to use F140M and F158M due to decreased spectral contamination 
from bright objects. 

A baseline high-redshift galaxy search would use F115W, F140M and F158M to 
probe redshifts from 7.4 to 12.8. Equal integration time in each filter is assumed 
because the higher redshift galaxies are fainter. 

Observing time  

Assumption is that deep blank fields are observed with 30 hours (not including 
overheads) per field per filter, split equally between GR150R and GR150C. Cluster 
lensing fields are observed with 15 hours (not including overheads) per field per 
filter, split equally between GR150R and GR150C.

S/N calculations 

Galaxy redshifts can be determined from either continuum breaks or emission lines. 
Simulations by C. Willott show that for typical z~6 galaxy properties redshifts are 
more frequently determined from continuum breaks (Fig.3). The main reason is that 
the low spectral resolution of ~130 for Lyα at z~8 sets a lower limit of EWobs >~ 
100 Angstroms in order that the line be observed above the Lyman break. More 
detailed simulations are required to define the line detection efficiency as a function 
of EW and where it falls on the detector pixels (including sub-pixel dithering).

The result of the simulations in Fig. 3 shows a 50% success rate of redshift 
determination at AB=28.3, so this is the assumed magnitude limit for 30hrs in F115W. 
Some fainter sources will be detected, especially if they have strong emission lines. 
F140M is 0.4 mag deeper in same integ time (so limit is AB=28.7) and F158M is 0.1 
mag deeper in same integ time (so limit is AB=28.4). For 15 hours integration these 
sensitivities are all reduced by 0.4 mag giving limits of AB=27.9, 28.3 and 28.0 in the 
three filters.

Table 1

Filter z Lyα min z Lyα max

F090W 6.2 7.2

F115W 7.4 9.5

F140M 10 11

F158M 11.3 12.8

F150W 9.9 12.9

F200W 13.5 17.4

Fig. 3. F115W simulation of 30 hrs on HUDF


