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ANSWER:

use Hubble + 

nature’s telescopes x 6

(strong lensing clusters)

⇒ Go intrinsically deeper than HUDF

⇒ Go wider than HUDF+parallels
 

6 Lensed Fields + 

6 parallel “Blank Fields” 

= New Parameter Space



    6 strong-lensing clusters   
        + 6 adjacent parallel fields 

   140 HST DD orbits per pointing

            ACS/ WFC3-IR in parallel 

      ~29th ABmag in 7 bands

 Cluster

Blank Field

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

     2 clusters per year  x 3 years  

                   →  840 total orbits

1000 hours Spitzer DD time for 

    ~26.5 ABmag in IRAC 3.6, 4.5 μm

Brammer, VLT/Hawk-I K

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


Deep observations of the Frontier Fields will: 

• probe galaxies 10-50x intrinsically fainter than any seen before,    

  particularly those before and during reionization

• study the early formation histories of galaxies intrinsically 
  faint enough to be the early progenitors of the Milky Way 

• study highly-magnified high-z galaxies in detail: structures, 
colors, sizes  and provide targets for spectroscopic followup 
   

• provide a statistical picture of galaxy formation at early times



+ deep and high-spatial resolution studies of z~1-4 galaxies,            

(UV escape fraction,  sub-kpc structures and star-formation)

+ map out dark matter and substructure in clusters

+ study cluster galaxies, dwarfs, intracluster light in clusters

+ search for (lensed) SN, transients in distant universe

+ use 100s of multiple images as probe of distance, DE

+ give proper motions of Milky Way stars

+ search for asteroids in solar system

+ ??? 



why 6 clusters + 6 parallels?

HDFI SWG report 2012: 

Six “blank” parallel fields give you 3x more area than existing HUDF+pars 
⇒ “3-5x more faint galaxies + doubling of numbers of z~8-10 galaxies”

Hubble Deep Fields Initiative 2012 – Science Working Group Report 
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Our choice of depth and number of fields complements naturally the existing area and 
depth coverage for blank fields and cluster lensing fields. The blank fields are deeper 
/narrower than CANDLES-Deep and wider/shallower than the HUDF (see Figure 3).  
Our cluster fields are deeper but less numerous than CLASH.  This will allow for the 
detection and characterization of intrinsically faint high-z galaxies that, importantly, have 
moderate (and therefore well-understood) magnifications. Because they are shallower, 
CLASH data enable confident explorations of only the brightest high-z objects 
(comparable in reach to the HUDF, but with somewhat larger errors because of lensing 
uncertainties). The six deep cluster fields promise to deliver ~10 sub-L" galaxies at z ~ 
10 and up to 100 at z ~ 8.    The six blank fields will increase the number of sub-L" z > 7 
galaxies by a factor of 3-5 and will reduce the effect of cosmic variance on luminosity 
and mass functions by roughly a factor of two. Given natural statistical fluctuations, 
these samples cannot be achieved with a significantly smaller number of fields.  
 
As our proposed program has a goal to image 6 clusters over < 1000 orbits, we will not 
be able to substantially increase the depth at m > 29, which is the domain of the HUDF.  

 
Figure 3: Blank Field Gain –  (Left) The black line shows the cumulative HST area surveyed vs 
exposure depth in F160W for all of CANDLES and HUDF09, including parallels.  Our proposed 6 HDFI 
blank fields program is indicated in shaded red, filling the relative void in HUDF-Parallel depth.   (Right) 
Number of galaxies that could in principle be detected from the same set of fields, with the shaded 
regions showing the gain expected from our 6 HDFI blank fields program, providing a factor of ~3-5 gain 
in faint galaxies compared to current counts, and roughly doubling the number of total z~8-10 
candidates. The calculations assume UV luminosity function Schechter parameters that smoothly evolve 
with redshift in a manner consistent with recent measurements at 4 < z < 8 (e.g., Bouwens et al. 2012) 
and extrapolated to z=10, and 100% selection efficiency to the 5-sigma detection limit.  Note: the lensing 
fields (Figure 1) will push detections more than two magnitudes fainter than the edge of this figure.   
 
 
 
 



high-redshift volumes probed by strong lensing is small

4 Coe & Bradley 2014

Figure 3. Delensed z = 9 magnificat ions maps (CATS models) of t he WFC3/ IR fields (red out lines 13600 ⇥ 12300) t o be imaged for each
Front ier Fields cluster. In each panel, north is up and east is left .

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

const rained out to z ⇠ 8 where ⇠100 candidates have
been discovered (Bouwens et al. 2011b; Oesch et al.
2012b; Yan et al. 2012; Bradley et al. 2012; Dunlop et al.
2013; McLure et al. 2013; Schenker et al. 2013; Schmidt
et al. 2014). Est imat ing expected counts at z ⇠ 9 and
greater requires ext rapolat ion from lower redshifts tem-
pered with the handful of z & 9 candidates discovered to
date.
We adopt the best fit z ⇠ 8 LF from Bradley et al.

(2012). They found the observed number counts as a
funct ion of luminosity werewell fit by a Schechter (1976)
funct ion �(L ) = �⇤e�L/L

⇤ (�L/ L ⇤)↵ with normalizat ion
�⇤ = 4.3 ⇥ 10�4 Mpc�3, characterist ic rest -frame UV

Figure 5. Cumulat ive area and corresponding co-moving volume
at z ⇠ 9 as a funct ion of magnificat ion for each cluster from the
CATS models. The full survey will yield ⇠28 arcmin2 (⇠50,000
Mpc3 at z ⇠ 9) in the 6 blank WFC3/ IR fields and ⇠5.6 arcmin2
(⇠10,000 Mpc3 at z ⇠ 9) of source plane search area in the 6 lensed
WFC3/ IR fields. These are upper limit s as we do not account
for area lost due to foreground object s. T he plot also shows, for
example, t hat in the lensed fields, a total of ⇠1,000 Mpc3 source
plane area should be magnified by a factor of 6 (⇠2 magnit udes)
or greater. I am also calculat ing the Total curve also for Sharon
and Zit rin-LTM...

absolute magnitude M ⇤
UV

= �20.26 AB, and faint end
slope � = �1.98. Other recent z ⇠ 8 studies (McLure
et al. 2013; Schenker et al. 2013; Schmidt et al. 2014)
found similar resultswith similarly steep faint end slopes
(� = �2.02, �1.94, and �1.87, respect ively) which help

why 6 clusters + parallel fields?

D. Coe et al, 2014

z~9 delensed volumes



cosmic variance 10-30% higher in 1 lensed field vs. HUDF;  

but 6 fields can provide critical constraints 
on faint galaxies required to reionize the universe

why 6 clusters + parallel fields?
COSMIC VARIANCE IN THE FRONTIER FIELDS 3

FIG. 2.— Fractional cosmic variance uncertainty in galaxy counts. Cosmic
variance in blank field surveys (dashed lines) can be estimated by computing
the rms density fluctuations in the survey volume using linear theory and the
luminosity-dependent clustering bias of galaxies from abundance matching
(see Section 2). Cosmic variance estimates for single WFC3 pointings are
plotted at z ⇠ 7 (magenta), z ⇠ 8 (blue), and z ⇠ 10 (red), along with the cor-
responding values for the UDF12 survey (points Ellis et al. 2013; Schenker
et al. 2013; McLure et al. 2013). For strong gravitational lens surveys, the
source plane area as a function of magnification can be used to determine
a similar linear theory estimate of the cosmic variance in a lensed sample.
The corresponding cosmic variance uncertainty for A2744 is computed (solid
lines) and our estimate for the z ⇠ 7 - 8 Atek et al. (2014b, diamonds) and
z ⇠ 10 Zitrin et al. (2014, triangle) samples indicated.

trates our methodology applied to A2744. We use the Clusters
As TelescopeS (CATS) lens models presented in Richard et al.
(2014) that provide a map of the spatially-dependent magni-
fication (left panel of Figure 1, shown for the z ⇠ 9 model).
The public Richard et al. (2014) models also include a ma-
trix of deflections that allows for a reconstruction of a source
plane magnification map. We use the HST WFC3 weight map
from the public FF data (Program ID 13495; PI Lotz, Co-PI
Mountain) to determine the area of A2744 covered by WFC3
imaging, and then reconstruct the source plane magnification
map of this region (our method is similar to that presented
by Coe et al. 2014 and produces similar results to their Fig-
ure 5). The reconstructed source plane magnification map is
shown in the middle panel of Figure 1, and enables us to com-
pute the area A(µ > µi) that defines the intrinsic luminosity-
dependent window function used in Equation 2 to calculate
the sample variance. The connection between magnification,
source plane effective area, and CV can then be used to pro-
duce a “cosmic variance map” of A2744. The right panel of
Figure 1 shows the estimated excess CV in the A2744 field
relative to a blank field of the same imaging area, as a func-
tion of the local magnification. The CV in A2744 is estimated
to be 10 - 30% higher than in an equivalent blank field sur-
vey, assuming a constant bias population. Applying the same
methodology to the other FF lens models suggests similarly
increased uncertainties.

The luminosity-dependent CV uncertainty of the A2744
lens galaxy population can be estimated as a function of in-
trinsic source flux. Figure 2 shows the fractional CV un-
certainty of the high-redshift galaxy population statistics for

FIG. 3.— Revised z ⇠ 7 luminosity function (LF) constraints from the
Abell 2744 (A2744) sample accounting for cosmic variance, and projections
for constraints from the full Frontier Fields program. Shown are the multi-
field z ⇠ 7 LF measurements from Bouwens et al. (2014, gray points), and
the A2744 measurements from Atek et al. (2014b, black points) with am-
plified error bars reflecting the newly estimated cosmic variance uncertainty.
The light blue region shows the 90% credibility intervals for the LF when
constrained by the Bouwens et al. (2014) and modified Atek et al. (2014b)
data. The McLure et al. (2013, red points) and Schenker et al. (2013, or-
ange points) data are shown for comparison. Assuming the best-fit Atek et al.
(2014b) LF parameters (white line) are accurate and A2744 is a representa-
tive lens, data from five additional clusters are simulated and used to project
the constraints from the complete Frontier Fields program (dark blue area).
When completed, we estimate that the full Frontier Fields program will de-
liver an uncertainty in the z ⇠ 7 faint-end slope of |�↵| . 0.05.

unlensed surveys the size of a single WFC3 field-of-view
(dashed lines) and for a lensed population behind A2744
(solid lines), calculated assuming the redshift-dependent lu-
minosity function parameters presented in Bouwens et al.
(2014). The CV uncertainty is computed for z ⇠ 7 (magenta),
z ⇠ 8 (blue), and z ⇠ 10 (red) populations. We have addi-
tionally indicated the CV estimates for the UDF 2012 survey
(Ellis et al. 2013; Schenker et al. 2013; McLure et al. 2013),
the Atek et al. (2014a) A2744 samples, and the Zitrin et al.
(2014) z ⇠ 10 object identified in the A2744 data. The A2744
samples have CV uncertainties comparable to blank field sur-
veys with depths ⇠ 2 magnitudes brighter. Since the CV of
the lensed fields depends mostly on the source plane effective
area as a function of magnification, Figure 2 should provide a
useful CV estimate for any FF high-redshift sample.

5. DISCUSSION

HST Frontier Fields (FF) observations began in Cycle 21,
and the program data has already identified distant galaxies
behind A2744 (Atek et al. 2014a,b; Zheng et al. 2014; Zitrin
et al. 2014; Oesch et al. 2014). Several FF analyses have
referred to the blank-field calculations of Trenti & Stiavelli
(2008) to determine the CV of A2744 samples (e.g., Atek
et al. 2014a; Coe et al. 2014; Yue et al. 2014), but this model
(and that discussed by Robertson 2010b) underestimates the
CV uncertainty of gravitationally lensed populations. Zheng
et al. (2014) comment on the possibility of an increased CV
for their sample owing to lensing but provide no estimates.

B. Robertson et al, 2014



HST Frontier Fields

Abell 370 Abell S1063

chosen based on known lensing strength, sky location, ancillary data

1 2 3

4 5 6



year 3 - Abell 370

one of the strongest known lensing 

clusters (first discovered strong 

lensing arc); merging cluster

z=0.375,  

Mvir ~1015 Msun, Lx~ 1045 erg/s
E(B-V) = 0.032

zodi ~ 20.5 - 22.5 V per sq arcsec

observable with ALMA, Maunakea

archival Spitzer cryo, Herschel, 
Chandra data

suitable for AO (Gemini GEMS)

not a CLASH cluster



year 3 - Abell S1063

brightest S-Z cluster in southern sky; 
relaxed; darkest sky

z=0.3461,  

Mvir ~1.4 x 1015 Msun, Lx~ 2 x1045 erg/s
E(B-V) = 0.011

zodi ~ 22.1 - 22.9 V per sq arcsec

observable with ALMA
not observable Maunakea

archival Spitzer cryo, Herschel, 
Chandra data

CLASH cluster

recent spectroscopic studies have
found multiply imaged z~3, 4, 6 

galaxies (Monna 2012;  Karman 2014)



Frontier Fields Schedule

year1 observations Abell 2744, MACS0416 are complete
Spitzer observations of  1st four clusters complete

MACS0717, MACS1149 HST observations starting now
AbellS1063, Abell 370 Spitzer observations planned Winter 2015

Abell S1063



Abell 2744
Cluster 



Abell 2744
Cluster 

WFC3/IR



Abell 2744
Cluster 

ACS/optical



Frontier Fields Lensing Maps

lensing models are key to interpreting luminosities of background galaxies

5 groups have made magnification maps for FF before 1st observations  

100s of arcs expected in FF data ⇒ tighter constraints on lensing models

http://archive.stsci.edu/prepds/frontier/lensmodels/

http://archive.stsci.edu/prepds/frontier/lensmodels/
http://archive.stsci.edu/prepds/frontier/lensmodels/


HST Data Release and Products

v1.0 data products
WFC3/IR F105W 

variable sky correction, 

IR ‘blob’ + persistence masking

Anton Koekemoer, 
Bryan Hilbert, 

Jen Mack,  Roberto Avila, 

Massimo Robberto



HST Data Release and Products

 v1.0 ACS images -- bias destriping, 

“self-calibration” to capture CTE in darks

no self-calibration

self-calibration
Jay Anderson, Anton Koekemoer,      

Sara Ogaz, Norman Grogin, Jen Mack



broader impacts for HST community

•astrodrizzle/drizpac testing by HFF data pipeline team

•improved ACS bias striping algorithms

•developed ACS “self-calibration” of CTE effects in dark

•testing of WFC3/IR “blob” mask, sky flats

•WFC3/IR variable sky ramp fitting algorithm

•testing WFC3/IR bright sky avoidance observing strategy

•better scheduling buffers for severe WFC3/IR persistence events

•first set of theoretical models in MAST directly linked to HST data

coming soon:   ACS astrometric solution testing;  ACS sky flat testing; 

improved approach to ACS darks 



Early science - year 1

• ADS - 41 articles with “Frontier Field” in abstract since 2012

             (> 50% use FF data or lensing maps)

• HST - 14 funded Cycle 21, 22 programs with “Frontier Fields” in 

abstract ( 3 GO - Treu, Siana, Rodney)

• Chandra, ALMA, VLA,  VLT Hawk-I, MUSE,  Gemini GEMS AO, Keck 

ancillary observing campaigns underway

• 3 Frontier Fields workshops planned for 2014-2015

            Yale Frontier Fields Workshop, Nov 2014  

            Sesto, Italy, Feb 2015 “ Science from the Frontier Fields”

IAU Focus Meeting, August 2015 “The Frontier Fields: 
Transforming our Understanding of Cluster and Galaxy 
Evolution”



Early science (lensing maps)

• improved lensing models based on >150 lensed images; 
    give factor 2.5x improved statistical uncertainty   (Jauzac +14 a, b)
    

HFF strong-lensing analysis of MACSJ0416 1553

Figure 2. Left-hand panel: magnification map obtained from our HFF lens model for a source at zS = 9. Middle panel: surface area in the source plane covered
by ACS at a magnification above a given threshold µ. Right-hand panel: histograms of the relative magnification errors (in linear units) for the pre-HFF lens
model of Richard et al. (2014, orange) and our new mass model (black).

5 D ISCUSSION

The first strong-lensing analysis of MACSJ 0416 (Zitrin et al.
2013), based on pre-HFF data, estimated the rms error on pre-
dicted image positions as 1.89 arcsec and 1.37 arcsec for mass mod-
els parametrized using eGaussian or eNFW profiles, respectively,
and found a total cluster mass within the effective Einstein radius
for a source at zS = 1.896 of M(R < 145 kpc) = (1.25 ± 0.09) ×
1014 M". From our current best-fitting HFF mass model, we derive
a slightly lower, but much more precise value of M(R < 145 kpc) =
(1.052 ± 0.006) × 1014 M", an order-of-magnitude improvement
in the mass uncertainty and the first time that a cluster mass has
been measured to a precision of less than 1 per cent. Similarly, the
dramatic increase in the number of strong-lensing constraints now
available led to a reduction by almost a factor of 3 for the rms.
Our study thus achieves one of the HFF mission’s primary goals: to
obtain mass models of massive cluster lenses at an unprecedented
level of precision.4

Dramatic increases in precision are evident also from a com-
parison with the pre-HFF mass model presented by Richard et al.
(2014). Using a subset of 30 multiple images, the latter yields a
median amplification of 4.65 ± 0.60. For the exact same subset of
lensed images, but using our current best-fitting HFF mass model,
we now measured a median amplification of 3.88 ± 0.15, an im-
provement in precision of a factor of 4. In addition, the average
error of the predicted positions of the same set of lensed images
decreased from rms = 1.17 arcsec to rms = 0.8 arcsec.5

As for the total cluster mass within the multiple-
image region, the model of Richard et al. (2014) yields
M(R < 200 kpc) = (1.63 ± 0.03) × 1014 M" compared to
M(R < 200 kpc) = (1.60 ± 0.01) × 1014 M" derived from our
current HFF mass model.

4 We stress in this context that the precision of cluster lensing models de-
pends strongly on the mass modelling technique used in the analysis. For
example, our pre-HFF modelling with LENSTOOL in Richard et al. (2014)
reaches a precision of ∼2 per cent compared to ∼7 per cent for the mod-
elling derived by Zitrin et al. (2013) from the same imaging data. On-going
analysis of FF simulated data will help identify modelling biases, and vali-
date methods of error estimation.
5 Since these values depend on the subset of multiple-image systems con-
sidered, use of only 30 multiple-image families yields a slightly larger value
than that reported in Section 4.

To summarize, the advent of the HFF data has led to a significant
reduction in the statistical errors of both mass and magnification
measurements without any change in the analysis and modelling
techniques employed. For MACSJ0416, the four-fold increase in the
number of multiple-image systems identified in HST/ACS data low-
ered the uncertainty in the total mass and magnification by factors of
3 and 4, respectively, making the cluster mass distribution the most
tightly constrained yet. Fig. 2 summarizes our findings by showing
the resulting high-fidelity magnification map from our best-fitting
model, computed for a source at zS = 9, as well as the surface area
in the source plane, σµ, above a given magnification factor, which
is directly proportional to the unlensed comoving volume covered
at high redshift at this magnification. Wong et al. (2012) proposed
using the area above µ = 3 as a metric to quantify the efficiency
of the lensing configuration to magnify high-redshift galaxies. Our
model yields σµ(µ > 3) = 0.26 arcmin2 for MACSJ0416. Finally,
we also compare in Fig. 2 the relative magnification errors for our
best-fitting model and the pre-HFF model of Richard et al. (2014)

Owing to the discovery of 51 new multiple-image sets in the
HFF/ACS images of MACSJ 0416, the system’s mass map (whose
accuracy depends sensitively on the number of lensing constraints)
has now reached a precision of better than 1 per cent in the cluster
core, and the uncertainty in the median magnification has been
lowered to 4 per cent. The resulting high-precision magnification
map of this powerful cluster lens immediately and significantly
improves the constraints on the luminosity function of high-redshift
galaxies lensed by this system, thereby ushering in the HFF era of
lensing-aided precision studies of the distant Universe.

ACK NOW L E DG E ME NT S

This work was supported by the Leverhulme Trust (grant num-
ber PLP-2011-003) and Science and Technology Facilities Coun-
cil (grant number ST/L00075X/1). MJ, ML, and EJ acknowl-
edge the Mésocentre d’Aix-Marseille Université (project num-
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• Abell 2744 dark matter substructure detected by lensing  (Grillo+ 14)
    



Early science (Abell 2744)

• triply imaged z~10 galaxy candidate  (Zitrin +14)
    

A c a n dida t e z ⇠ 1 0 m u l t ip l y - im a g e d g a l a x y 3

( e . g . F r a n x e t a l . 1 9 9 7 ; F r y e e t a l . 2 0 0 2 ; S t a r k e t a l . 2 0 0 7 ;
B r a dl e y e t a l . 2 0 0 8 ; B o u w e n s e t a l . 2 0 1 2 ; Z h e n g e t a l .
2 0 1 2 ) . H o w e v e r , du e t o t h e s m a l l s o u r c e - p l a n e a r e a a t
h ig h r e ds h if t s , t h e c h a n c e s o f c a p t u r in g a m u l t ip l y im -
a g e d h ig h - r e ds h if t g a l a x y a r e s m a l l , w it h o n l y a f e w c u r -
r e n t l y k n o w n ( e . g . F r a n x e t a l . 1 9 9 7 ; K n e ib e t a l . 2 0 0 4 ;
R ic h a r d e t a l . 2 0 1 1 ; Z it r in e t a l . 2 0 1 2 ; B r a dl e y e t a l . 2 0 1 3 ;
M o n n a e t a l . 2 0 1 4 ; A t e k e t a l . 2 0 1 4 ; Z h e n g e t a l . 2 0 1 4 ) .
T h e h ig h e s t - r e ds h if t c a n dida t e t o da t e w a s de t e c t e d t o
b e t r ip l y - im a g e d a t z ⇠ 1 1 ( C o e e t a l . 2 0 1 2 ) . W h il e
t h e l a t t e r c a n dida t e s e e m s s e c u r e in m a n y a s p e c t s o f it s
p h o t o m e t r ic r e ds h if t in c l u din g a s c r u t in iz in g c o m p a r is o n
w it h c o l o r s o f p o s s ib l e l o w e r - z in t e r l o p e r s , t h e l e n s m o d-
e l s c o u l d n o t u n a m b ig u o u s l y de t e r m in e it s r e ds h if t . S im -
il a r l y , s e v e r a l o t h e r z ⇠ 9 � 1 1 o b j e c t s a r e k n o w n f r o m
de e p fi e l ds ( e . g . E l l is e t a l . 2 0 1 3 ; B o u w e n s e t a l . 2 0 1 1 ,
2 0 1 4 ; O e s c h e t a l . 2 0 1 4 , a n d r e f e r e n c e s t h e r e in ) , w it h
r e ds h if t s e s t im a t e d s o l e l y o n b a s is o f t h e p h o t o m e t r y .

H e r e , w e r e p o r t a f a in t , g e o m e t r ic a l l y s u p p o r t e d c a n -
dida t e z ⇠ 1 0 g a l a x y , t r ip l y - im a g e d b y t h e H F F c l u s t e r
A b e l l 2 7 4 4 ( A 2 7 4 4 h e r e a f t e r ) . In § 2 w e s u m m a r iz e t h e
r e l e v a n t o b s e r v a t io n s a n d p h o t o m e t r y . In § 3 w e p r e s e n t
t h e p h o t o m e t r ic r e ds h if t s , l e n s m o de l s , a n d r e s u l t s , dis -
c u s s e d a n d s u m m a r iz e d in § 4 . W e a s s u m e a ⇤ C D M c o s -
m o l o g y w it h ⌦ � = 0 . 3 , ⌦ � = 0 . 7 , a n d H� = 1 0 0 h k m
s �1 M p c �1 w it h h = 0 . 7 .

2. HST & SPITZER O B S E R V A T IO N S

H F F o b s e r v a t io n s o f A 2 7 4 4 ( z = 0 . 3 0 8 ) w e r e o b -
t a in e d b e t w e e n 2 0 1 3 O c t 2 5 a n d 2 0 1 4 J u l 1 a s p a r t o f
G O / D D 1 3 4 9 5 ( P . I. , L o t z ) . T h e s e da t a c o n s is t o f 7 0 o r -
b it s w it h W F C 3 / IR in t h e F 1 0 5 W , F 1 2 5 W , F 1 4 0 W ,
a n d F 1 6 0 W n e a r - in f r a r e d fi l t e r s , a n d 7 0 o r b it s w it h
A C S / W F C in t h e F 4 3 5 W , F 6 0 6 W , a n d F 8 1 4 W o p t ic a l
b a n dp a s s e s . T h e s e o b s e r v a t io n s w e r e s u p p l e m e n t e d w it h
a r c h iv a l A C S da t a , ⇠ 1 3 � 1 6 k s e c in e a c h o f t h e s e o p -
t ic a l fi l t e r s , t a k e n b e t w e e n 2 0 0 9 O c t 2 7 - 3 0 ( G O 1 1 6 8 9 ,
P . I. , D u p k e ) . W e a l s o u s e o n e o r b it im a g in g in e a c h
o f t h e F 1 0 5 W a n d F 1 2 5 W b a n ds , a n d 1 . 5 o r b it s in t h e
F 1 6 0 W b a n d, o b t a in e d in 2 0 1 3 A u g a n d 2 0 1 4 J u n - J u l
( G O 1 3 3 8 6 ; P . I. , R o dn e y ) .

A de t a il e d de s c r ip t io n o f o u r da t a r e du c t io n a n d p h o -
t o m e t r y c a n b e f o u n d in Z h e n g e t a l . ( 2 0 1 4 ) . B r ie fl y ,
b o t h t h e W F C 3 / IR a n d A C S im a g e s a r e p r o c e s s e d u s in g
APLUS ( Z h e n g 2 0 1 2 ) , a n a u t o m a t e d p ip e l in e w h ic h o r ig -
in a l l y g r e w o u t o f t h e APSIS p a c k a g e ( B l a k e s l e e e t a l .
2 0 0 3 ) . W e a s t r o m e t r ic a l l y a l ig n , r e s a m p l e , a n d c o m b in e
a l l t h e a v a il a b l e im a g in g in e a c h fi l t e r t o a c o m m o n 0 .00 0 6 5
p ix e l s c a l e , a n d c r e a t e u l t r a - de e p de t e c t io n im a g e s f r o m
t h e in v e r s e - v a r ia n c e w e ig h t e d s u m o f t h e W F C 3 / IR a n d
A C S im a g e s , r e s p e c t iv e l y . T h e 5 � l im it in g m a g n it u de in
a 0 .00 4 dia m e t e r a p e r t u r e in t h e fi n a l W F C 3 / IR im a g e s
is a p p r o x im a t e l y ⇠ 2 9 A B , a n d ⇠ 3 0 A B in t h e A C S
o p t ic a l m o s a ic s .

N e x t , w e r u n SExtractor ( B e r t in & A r n o u t s 1 9 9 6 )
in du a l - im a g e m o de u s in g t h e W F C 3 / IR im a g e s t a c k a s
t h e de t e c t io n im a g e . W e r e qu ir e s o u r c e s t o b e de t e c t e d
w it h a m in im u m s ig n a l - t o - n o is e r a t io o f 1 . 5 s p a n n in g a t
l e a s t f o u r c o n n e c t e d p ix e l s . W e m e a s u r e c o l o r s u s in g a n
is o p h o t a l a p e r t u r e de fi n e d in t h e de t e c t io n im a g e , w h ic h
b a l a n c e s t h e n e e d b e t w e e n de p t h a n d p h o t o m e t r ic p r e -
c is io n ( F e r g u s o n & M c G a u g h 1 9 9 5 ) . F in a l l y , w e ide n t if y
h ig h - r e ds h if t g a l a x y c a n dida t e s b y l o o k in g f o r a s t r o n g
L y m a n b r e a k u s in g t h e c o l o r c u t s g iv e n in Z h e n g e t a l .

Fig. 2.— Top: Loci of predicted posit ions for images A and B
using the Lam et al. (2014) model. Images A and B lie close to two
other pairs or mult iply imaged galaxies at lower redshift s, systems
4 and 13, which also bracket t he tangent ial crit ical curve (Fig. 1).
T he blue t rack corresponds to the predicted image posit ion of B
using the observed locat ion of image A, and the green t rack is the
opposit e case. The predict ions are shown over a wide redshift range
2 < z < 12. High redshift is clearly preferred, explicit ly z > 6, but
not ice the predicted posit ions converge at high redshift because of
t he saturat ion of t he lensing-distance relat ion (so that a range of
high-redshift solut ions is allowed). Low redshift s, however, are very
clearly excluded. Bottom: similar predict ion pat t ern for image C
again showing the high-z preference.

( 2 0 1 4 ) , s u p p l e m e n t e d b y c a r e f u l v is u a l in s p e c t io n . F o r
s o u r c e s o f in t e r e s t l y in g n e a r c l u s t e r m e m b e r s , s u c h a s
J D 1 B a n d J D 1 C h e r e ( s e e b e l o w ) , w e fi r s t r u n t h e t a s k
GALFIT ( P e n g e t a l . 2 0 1 0 ) t o r e m o v e t h e n e a r b y m e m -
b e r s , b e f o r e r u n n in g SExtractor. S im il a r l y , f o r J D 1 A ,
a n e a r b y s t a r w a s r e m o v e d p r io r t o t h e p h o t o m e t r y ( s e e
§ 3 ) .

In a ddit io n t o t h e HST o b s e r v a t io n s , w e a l s o u t i-
l iz e Spitzer / IR A C im a g in g o f A 2 7 4 4 o b t a in e d a s p a r t
o f P r o g r a m 9 0 2 5 7 ( P . I. , S o if e r ) b e t w e e n 2 0 1 3 S e p a n d
2 0 1 4 F e b , s u p p l e m e n t e d w it h a r c h iv a l im a g in g f r o m 2 0 0 4
( P r o g r a m 8 4 ; P . I. , R ie k e ) . W e p r o c e s s t h e IR A C B a s ic
C a l ib r a t e d D a t a ( c B C D ) im a g e s u s in g s t a n da r d m e t h -
o ds im p l e m e n t e d in MOPEX ( M a k o v o z & K h a n 2 0 0 5 ) , a n d
c r e a t e a fi n a l m o s a ic in e a c h c h a n n e l w it h a p ix e l s c a l e
o f 0 .00 6 . T h e t o t a l e x p o s u r e t im e o f t h e fi n a l m o s a ic s is
⇠ 3 4 0 k s e c , a c h ie v in g a 1 � l im it in g m a g n it u de o f 2 7 . 3 in
c h a n n e l 1 ( IR A C 1 , 3 . 6 µ m ) a n d 2 7 . 1 in c h a n n e l 2 ( IR A C 2 ,
4 . 5 µ m ) . M o r e de t a il s o n t h e IR A C p h o t o m e t r y w il l b e
g iv e n in H u a n g e t a l . ( in p r e p a r a t io n ) .

3. D IS C O V E R Y O F T H E z ⇠ 1 0 C A N D ID A T E

W e in it ia l l y ide n t ifi e d o u r h ig h - r e ds h if t g a l a x y c a n di-
da t e a s a J - b a n d dr o p o u t n e a r t h e c e n t e r o f A 2 7 4 4 ( h e r e -
a f t e r J D 1 A ) . A p r e l im in a r y e s t im a t e o f J D 1 A ’ s p h o t o -

� ��������� z ⇠ �� � ���������� ���� ������ �

� �� . �.� Image cutout s of t he three mult iple images of our z ⇠ 10 candidate, showing the vanishing flux blueward of t he JF125W band.

��s�s � � ���� ������� ��� �� ����� ��� ������� �� ���
��������s���� ���������. F��s�� � � ������ ���� ��� �����
�� ���s �� ��� ��������� ��� ��s� ���s��� �� ��� ��������
��s�������� � FF�� ��� � �s���s�� ���� ��� �������������
�����ss�� �s��� ���Mosai cDr i zzl e �������� �� ����� ���
�� ��. �����.16 ������� � � ����� ��� ��ss������� ����
�� �� � �� �� �� �������� �� ��� ������ s������ ��↵����
���� s���� �s�� F����� �� �������� � � ���� ���� ���� ��
��� �� �� �s������� �↵s�� ���� ��� ��↵������� ������. W�
s����� � ��� ������� ��������s������ s��� ��s�� ���� �� ���
F���W� �s��� ��� �s� ��s������ �� s������� ������ ����
������ ��� ��s������� ��� s��� ���� �� �� . � ����s� ���
��↵������� s����s �� ��� � �s��� ��� ��������������s ����
������ �↵�������� s�������s��� �↵������ s��� ��� �����s
�� �� ���↵������ ���������� ���� �� �s ��� �� ��������
��������� ������ ���� ��� �� �� � �s������� �� �� ���s�
s����s��������� �� ���s�. � s�� ����������������� � ��s�
��s���� ��� ��������WF� ���� �� ����� �� � ���� ����
� � ����� ��.�.� � ������� � ���� �s ������� �� �������
�� ����� �� �������� �� ��� � FF � �s���s� ��� ��� ����
���� �� �� ��� �� �� ��� ���s��� ��������� ���� � �����
��� ���s� ����� ��� �� ��� s������ ��ss �� ���s �� �������
����� s����s���� ���s� ��� ��� ��������s ������� �� ���
s����s. F������� � � ������ ���� ������� �� �� ��� �� ��
��� � ������ ���������� ������s �� �������� ��s��� � ��
s���s ���� ��� ��s� ��� s����� ���� �� ��� ����������
F���W ����s���s �������� �s ���� �� ��� � FF ��s���
������s. �� �� ��� �� �� ��� ���� ������� �������� ��
���� � �s���s. F������� ����s���������� ��� �� � � �s���s
���s�s ���� s�����s �� ��s������� ����� ���������� ����
���s� ��� ���� ��� ������������� s�����s.
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4. � ��� � ���� � � � � � � L� ��� � �

W� ������ ��� ��s������ �� � z ⇠ �� L�� ��������
������ � ������� �� ���� �� ��� � �ss��� ������ ���s���
� ����� � ���� ��s ���� ��s����� �� �� �������������
����� � ��� HST �s ���� �� ��� � FF ��� �����. T��s
��������� ���s�� ��s� s����������� �������s�������� ��
�� �� z ⇠ � � �� �� ��� ��s �� ��. ������ �� �� ��. �����
����� �� ��. ����� ����� � �s�� �� ��. ������ ��� ������
���� �������s�� ������� ��s���� ���� ������ ���� ����� ��
��� ������s� �����s. � �s���� ���� ��s������s���� ��� s���
��������s���� ������s� � ��� � ������� �� � �������s�������
���s � ����s � � ��� ���� �� ���� ��������� ������ ����
���s������ � �s� ��� �� ���� ���s����.
T� ���s����� ��� ���s���� ���������s �� ��� ������

����� � � �� ��� ���s���� �� ��� � �s� �������� ���s�����
z
phot

� �.�� ��� �s� i SEDf i t �� ���s����� � ����� s����
��� ������ � s. � ���� ���������� ��� ��� ����������� ���
���������s������ �� ��� �s�� T���� ���� � ��� ���� �� �
��s� s������ � �ss��⇠ �⇥��7 M� ��� �s���� ��� s���s��
�������� ����� �.� M� ���1��� ������ � �������� ��� �17

�� ⇠ ��� M��� ��� ������� �� ��� ��� �� ��� � �����s�
�� z � �.�. � s��� ��� �� � �������s� s�����s ��� �� ���
�� �� �� � � ��� ��s� ���� �� ���s����� ��� �F� �� �������
��� �� < ��� M�� ���� ����������� �� ������ � ���� ��
���� ���s���� ��z

f

< ��.
T� ���� ��� ��� ������s�� s��� �� ��� ������ � � ����s

�� �� �� . W� � ��s��� �� �������� ��� ���������� �����s
�� ⇠ �.�00 �� ��� �� ��� ������ �����s������� �� � ���
���s�� ���������� �����s �� . �.��00 �. �.�� ����. T��s
s����� s��� �s s������ ��� �s s� ����� ���� �������� ����
��� ��� ������ z ⇠ � � �� ���������s ��������� �� ����

17 The t ime it would take for t he galaxy to double it s stellar
mass, assuming a 25% gas loss factor appropriate for a ⇠ 200 Myr
stellar populat ion (Behroozi et al. 2013).

A candidate z ⇠ 10 multiply-imaged galaxy 3

(e.g. Franx et al. 1997; Frye et al. 2002; Stark et al. 2007;
Bradley et al. 2008; Bouwens et al. 2012; Zheng et al.
2012). However, due to the small source-plane area at
high redshifts, the chances of capturing a multiply im-
aged high-redshift galaxy are small, with only a few cur-
rently known (e.g. Franx et al. 1997; Kneib et al. 2004;
Richard et al. 2011; Zitrin et al. 2012; Bradley et al. 2013;
Monna et al. 2014; Atek et al. 2014; Zheng et al. 2014).
The highest-redshift candidate to date was detected to
be triply-imaged at z ⇠ 11 (Coe et al. 2012). While
the latter candidate seems secure in many aspects of its
photometric redshift including a scrutinizing comparison
with colors of possible lower-z interlopers, the lens mod-
els could not unambiguously determine its redshift. Sim-
ilarly, several other z ⇠ 9 � 11 objects are known from
deep fields (e.g. Ellis et al. 2013; Bouwens et al. 2011,
2014; Oesch et al. 2014, and references therein), with
redshifts estimated solely on basis of the photometry.
Here, we report a faint, geometrically supported can-

didate z ⇠ 10 galaxy, triply-imaged by the HFF cluster
Abell 2744 (A2744 hereafter). In §2 we summarize the
relevant observations and photometry. In §3 we present
the photometric redshifts, lens models, and results, dis-
cussed and summarized in §4. We assume a ⇤CDM cos-
mology with ⌦M = 0.3, ⌦Λ = 0.7, and H0 = 100 h km
s�1Mpc�1 with h = 0.7.

2. HST & SPITZER OBSERVATIONS

HFF observations of A2744 (z = 0.308) were ob-
tained between 2013 Oct 25 and 2014 Jul 1 as part of
GO/DD 13495 (P.I., Lotz). These data consist of 70 or-
bits with WFC3/IR in the F105W, F125W, F140W,
and F160W near-infrared filters, and 70 orbits with
ACS/WFC in the F435W, F606W, and F814W optical
bandpasses. These observations were supplemented with
archival ACS data, ⇠ 13 � 16 ksec in each of these op-
tical filters, taken between 2009 Oct 27-30 (GO 11689,
P.I., Dupke). We also use one orbit imaging in each
of the F105W and F125W bands, and 1.5 orbits in the
F160W band, obtained in 2013 Aug and 2014 Jun-Jul
(GO 13386; P.I., Rodney).
A detailed description of our data reduction and pho-

tometry can be found in Zheng et al. (2014). Briefly,
both the WFC3/IR and ACS images are processed using
APLUS (Zheng 2012), an automated pipeline which orig-
inally grew out of the APSI S package (Blakeslee et al.
2003). We astrometrically align, resample, and combine
all the available imaging in each filter to a common 0.00065
pixel scale, and create ultra-deep detection images from
the inverse-variance weighted sum of the WFC3/IR and
ACS images, respectively. The 5� limiting magnitude in
a 0.004 diameter aperture in the final WFC3/IR images
is approximately ⇠ 29 AB, and ⇠ 30 AB in the ACS
optical mosaics.
Next, we run SExt r act or (Bertin & Arnouts 1996)

in dual-image mode using the WFC3/IR image stack as
the detection image. We require sources to be detected
with a minimum signal-to-noise ratio of 1.5 spanning at
least four connected pixels. We measure colors using an
isophotal aperture defined in the detection image, which
balances the need between depth and photometric pre-
cision (Ferguson & McGaugh 1995). Finally, we identify
high-redshift galaxy candidates by looking for a strong
Lyman break using the color cuts given in Zheng et al.

Fig. 2.— Top: Loci of predicted positions for images A and B
using the Lam et al. (2014) model. Images A and B lie close to two
other pairs or multiply imaged galaxies at lower redshifts, systems
4 and 13, which also bracket the tangential critical curve (Fig. 1).
The blue track corresponds to the predicted image position of B
using the observed location of image A, and the green track is the
opposite case. The predictions are shown over a wide redshift range
2 < z < 12. High redshift is clearly preferred, explicitly z > 6, but
notice the predicted positions converge at high redshift because of
the saturation of the lensing-distance relation (so that a range of
high-redshift solutions is allowed). Low redshifts, however, are very
clearly excluded. Bottom: similar prediction pattern for image C
again showing the high-z preference.

(2014), supplemented by careful visual inspection. For
sources of interest lying near cluster members, such as
JD1B and JD1C here (see below), we first run the task
GALFI T (Peng et al. 2010) to remove the nearby mem-
bers, before running SExt r act or . Similarly, for JD1A,
a nearby star was removed prior to the photometry (see
§3).
In addition to the HST observations, we also uti-

lize Spitzer /IRAC imaging of A2744 obtained as part
of Program 90257 (P.I., Soifer) between 2013 Sep and
2014 Feb, supplemented with archival imaging from 2004
(Program 84; P.I., Rieke). We process the IRAC Basic
Calibrated Data (cBCD) images using standard meth-
ods implemented in MOPEX (Makovoz & Khan 2005), and
create a final mosaic in each channel with a pixel scale
of 0.006. The total exposure time of the final mosaics is
⇠ 340 ksec, achieving a 1� limiting magnitude of 27.3 in
channel 1 (IRAC1, 3.6µm) and 27.1 in channel 2 (IRAC2,
4.5µm). More details on the IRAC photometry will be
given in Huang et al. (in preparation).

3. DISCOVERY OF THE z ⇠ 10 CANDIDATE

We initially identified our high-redshift galaxy candi-
date as a J-band dropout near the center of A2744 (here-
after JD1A). A preliminary estimate of JD1A’s photo-
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54+ z~5-10 objects detected in Abell 2744 + parallel, 
including 3 with magnifications >10  

(Ishigaki; Atek; Zheng; Coe; Laporte;  Zitrin; Oesch)  

deficit of z~9 objects ?
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Figure 15. Number counts, histograms, and luminosity func-
tions of z ∼ 6 − 7 dropouts. Top panel: Our observed num-
ber counts (red circles) and the simulated number counts of the
best-fit Schechter parameters (black line) with the 1σ uncertain-
ties (gray region). Middle panel: The histograms of the numbers
of dropouts found in our HFF study (red) and the previous work,
Schenker et al. (2013) (yellow), Bouwens et al. (2011) (blue) and
Ouchi et al. (2009) (green). Bottom panel: Our best-fit luminosity
function (black line) and the 1σ error (gray region). The blue and
green circles denote luminosity functions derived by Bouwens et al.
(2011) and Ouchi et al. (2009), respectively.

Figure 16. Same as Figure 15, but for z ∼ 8. We show the results
of Bradley et al. (2012) with the green histogram and circles in the
middle and bottom panels, respectively.

Figure 17. Same as Figure 15, but for z ∼ 9. The yellow his-
togram shows the number of dropouts found in Bouwens et al.
(2012). The blue histogram and circles are the numbers and lumi-
nosity functions, respectively, obtained by Oesch et al. (2013).

McLure et al. 2013), z ∼ 9.2 (Bouwens et al. 2012), and
z ∼ 10.4 (Bouwens et al. 2014). The top and bottom left
panels of Figure 18 present the ρUV as a function of red-
shift under the assumptions of Mtrunc = −17 and −10,
respectively. We confirm that our ρUV at z ∼ 6 − 9 are
broadly consistent with the previous results, and that
there is a rapid decrease of ρUV from z ∼ 8 towards
high redshifts, which is claimed by Oesch et al. (2013)
and Bouwens et al. (2014). With the improved measure-
ments of ρUV in our study, this trend of the rapid de-
crease is strengthened.

6.2. Properties of the Ionizing Sources Revealed from
the ρUV and τe Measurements

The evolution of the ionized hydrogen fraction in the
IGM, QHII , is described by the following ionization equa-
tion (e.g., Robertson et al. 2013),

Q̇HII =
ṅion

〈nH〉
−

QHII

trec
, (27)

where the dots denote time derivatives.
The first term in the right-hand side of Equation (27) is

a source term proportional to the ionizing photon emis-
sivity. ṅion and 〈nH〉 are the production rate of ionizing
photons and the mean hydrogen number density, respec-
tively. They are defined by

ṅion=

∫ Mtrunc

−∞

fesc(MUV)ξion(MUV)Φ(MUV)L(MUV)dMUV

≡〈fescξion〉 ρUV, (28)

〈nH〉=
XpΩbρc
mH

. (29)

Xp is the primordial mass fraction of hydrogen, ρc is
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standard Source Detection in Cluster highly incomplete (Oesch et al.2014) 

⇒ need to subtract large-scale “foreground” (cluster + ICL)
 + identify small-scale structures  (Livermore talk)

cluster dwarfs/GC? -13 mag
lensed galaxies?



✦ MACSJ0717  epoch 1 is now

✦ MACSJ1149  epoch 1 starts in Nov 

✦ started to collect new lensing models from 

community (Jauzac,  Lam)

✦ FF review for year 3 -   need to announce 

for Cycle 24 Call for Proposals  


