
HST Frontier Fields

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

Director’s Discretionary time campaign to observe 4 (6) strong-lensing clusters and 
adjacent blank fields with ACS/WFC3-IR in Cycle 21, 22,  (+23)

● Discover new population of z=5-10 galaxies,10-100x fainter than any known
  
● Characterize stellar populations of faint galaxies at the earliest times.

● Do astrophysics at  z > 8 by finding galaxies magnified enough for spectroscopic 
follow-up and/or stretched out enough to measure sizes and internal structure.

● Provide, for the first time, a statistically meaningful morphological
   characterization of star forming galaxies at z>5.

a sneak peak of JWST + TMT science with HST
Jennifer Lotz -  TMT 

http://www.stsci.edu/hst/campaigns/frontierfields
http://www.stsci.edu/hst/campaigns/frontierfields


Hubble Deep Field Initiative
Science Working Group

Is there a science case for new deep fields with HST? 

James Bullock (Chair, UCI), Mark Dickinson (NOAO), Steve Finkelstein (UT), Adriano Fontana ( INAF, Rome),  
Ann Hornschemier Cardiff (GSFC), Jennifer Lotz (STScI), Priya Natarajan (Yale), Alexandra Pope (UMass), 
Brant Robertson (Arizona), Brian Siana (UC-Riverside), Jason Tumlinson (STScI), Michael Wood-Vasey (U Pitt)

•Define the science case and a set of science goals for a new set of ultra-deep imaging fields with 
sensitivity depths comparable to those of the HUDF and HUDF-09 infrared follow-up. Provide an assessment 
of the urgency of pursuing this science.

•Solicit input from the astronomical community in defining the science goals and recommendations.

•Recommend the locations and number of fields,  the suite of filters,  and exposure times that should be 
obtained to meet the science goals. 

•Assess the prospects for near-field science that can be achieved with these deep- field observations.

Summer 2012:  
         Hubble Deep Field Initiative working group formed, community input solicited; 
         32 white papers reviewed, covering a broad range of topics/approaches (UDFs, grism, UV, clusters..)



HST Frontier Fields: Process
Fall 2012:  
           HDFI SWG presented a unanimous recommendation 
           for a joint  strong-lensing cluster + parallel blank field strategy 
 
December 2012:  
            --Frontier Fields announced in Cycle 21 call for proposals
            --STScI Implementation team starts cluster selection, coordination with Spitzer 
               implementation team.  
            --Community input solicited on cluster selection, filter choice, general input
               via email exploder, website, and AAS flyer. 

January/Feb 2013: 
             --All six clusters announced;  email to interested community members sent. 
             --WFC3/IR F140W filter added to parallel field observations (suggested by community)
             --Blank field positions announced;  finding charts/ regions files available on website.
             -- Call for preliminary lensing maps for FF released; 5 groups chosen.

March 1 2013: 
              ~35 HST Cycle 21 proposals received to use or supplement the Frontier Fields data 

May 2013:
              -- 10 HST Cycle 21 proposal selected (3 GO/7 archival) 

Fall 2013:      
            First Frontier Field will be observed  (Abell 2744).      



z~10%

HST Frontier Fields: Science

Current high redshift frontier with HUDF2012 and parallel fields
is z = 8-11. 

But we only see the brightest and most massive galaxies.
The progenitors of today’s typical L* galaxies are fainter
than HUDF limits. 
⇒ Need to go intrinsically deeper than HUDF

Lensed z ~ 7-10 galaxies which are magnified enough to 
study their physical properties (sizes, color gradients,  
spectroscopy) are rare. 

Cosmic variance is a concern, especially at z > 7.

Unlensed z ~ 5-7 galaxies bright enough for studies of internal 
structure are also rare. 

⇒ Need to go wider than 3 WFC3 pointings. 

6 Lensed Fields + 6 parallel “Blank Fields” 
= New Parameter Space

ACS

WFC3/IR

ACS

WFC3/IR



HST Frontier Fields: Science
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FIG. 3.— The specific luminosity density (ρUV ) versus redshift, where our observed samples, corrected for incompleteness down to M1500 < −18, are plotted
as the cyan circles. Results from the literature are shown as squares at z = 4, 5 and 6 from the GOODS fields (red; Giavalisco et al. 2004), z = 6 from the
HUDF (green Bunker et al. 2004), z = 7 and 8 from the HUDF (purple; Finkelstein et al. 2010) and z = 6 from GOODS+HUDF and z = 10 from the HUDF
(blue; Bouwens et al. 2006, 2011a). All squares have been adjusted to a limiting magnitude of −18 (with the exception of the z = 7 and 8 points, which were not
corrected for incompleteness). The inverted triangles denote the integrated luminosity functions down to Mlim = −13 of Bouwens et al. (2007) at z = 4, 5 and 6,
Bouwens et al. (2011c) at z = 7, Bradley et al. (2012) at z = 8, and Bouwens et al. (2011a) at z = 10, where the gray error bar denotes the uncertainty on these
integrated values due to the uncertainty in the Schechter function parameters (particularly the faint-end slope α in the higher redshift bins). The wide gray curves
denote the value of ρUV needed to sustain a fully reionized IGM at a given redshift, for a given ratio of the clumping factor C over the escape fraction of ionizing
photons fesc (Madau et al. 1999). The width of these curves represent changing stellar metallicities, from 0.02 < Z/Z!< 1.0. The right-hand vertical axis shows
the corresponding intrinsic number density (i.e., prior to escape) of ionizing photons for a given specific UV luminosity density, using the median of a range
of ages and metallicities, and assuming a constant star-formation history. This axis can be multiplied by the reader’s choice of fesc. The green curve shows the
predicted luminosity density for sources brighter than M1500 = −18 from the hydrodynamic simulations of Finlator et al. (2011).

ing depth in the z′ data was 26.5; the data used in our present
study is a full magnitude deeper.
The second observation, from Bunker et al. (2004) is based

on a sample of 54 i′-dropout galaxies in the HUDF, finding
ρUV [M < −18.2] = 0.357± 0.071× 1026 erg s−1 Hz−1 Mpc−3;
we apply a factor of 1.08 to convert this to our common mag-
nitude limit. Finally, the third study, from Bouwens et al.
(2006) uses both of the aforementioned datasets, including
also the HUDF parallel fields, for a total sample of ∼500
galaxies, finding ρUV [M < −17.5] = 1.77 ± 0.45 × 1026 erg
s−1 Hz−1 Mpc−3; we apply a correction factor of 0.85 to these
observations to convert to ρUV [M < −18].
Interestingly, while the Bunker et al. (2004) survey goes

deeper, down to MUV ∼ −18.2, than the shallower GOODS
data from Giavalisco et al. (2004), one would have expected
the former to yield a larger value of ρUV (prior to the cor-
rection), but the opposite is observed. After we correct all
three studies to a common magnitude limit, we would expect
them to be in agreement, which is not the case, as they differ
by more than a factor of five. There are a few reasons why

such a discrepancy is not surprising. The first is due to cos-
mic variance, as the Bunker et al. (2004) study only probed
the 11 arcmin2 ACS data in the HUDF, while Giavalisco et al.
(2004) and Bouwens et al. (2006) studies included the ∼ 300
arcmin2 GOODS fields. Secondly, as these galaxies were se-
lected only with ACS imaging in all three surveys, they were
observed in only a single band (z′). This can be dangerous, as
the likelihood of selecting a noise peak is greatly enhanced
when using a single band detection versus dual band (see
Bouwens et al. (2011a) and Yan et al. (2010) for a similar dis-
crepancy in single-band selected z = 10 galaxy number counts;
though the z = 10 disconnect is greatly enhanced due to the
extreme faintness of such sources).
The time is thus ripe to re-investigate the luminosity den-

sity at z = 6, using our up-to-date dataset. Our current sam-
ple of z = 6 galaxies is more robust, as our selection over
both the GOODS-S field and the HUDF09 fields covers both
a large volume, and a large dynamic range in object bright-
ness. Additionally, the availability of the WFC3 data allows
us to observe z = 6 candidate galaxies in four bands, increas-

how many galaxies in the 1st billion yrs?
reionization?   dark matter halos?

popIII stars?

Finkelstein et al 2013

Gao & Theuns 2007
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Fig. 4.— Luminosity and star formation rate (SFR) density versus redshift inferred from UDF12. Reddening corrected luminosity densities are
shown from Bouwens et al. (2007, 2011) over the redshift range 5< z <8 (black points). Extrapolating their evolution to redshift z ∼ 13 provides
the lightest gray area. Claimed estimates from the CLASH detections (green points)(Zheng et al. 2012; Coe et al. 2012; Bouwens et al. 2012b)
are shown. Luminosity densities are shown for the four 8.5 ! z ! 9.5 sources (blue data point) and the two 9.5 ! z ! 10.5 objects (magenta
point). The nondetection at 10.5 ! z ! 11.5 provides an upper limit at z ≈ 10.8 (purple limit). The single z ∼ 12 source provides a conservative
lower limit at z ≈ 11.8 (red point). If this source has strong Lyα emission, the luminosity density limit becomes the yellow point. Overlapping
maximum likelihood 68% confidence regions on a linear trend in the luminosity density with redshift from z ∼ 8 are shown with (medium gray)
and without (dark gray) the z ∼ 12 object. The luminosity density computation is described in Section 3. Associated star formation rates (right
axis) were calculated using the conversion of Madau et al. (1998).

Ellis et al.  2013



HST Frontier Fields: Science

what are the sub-kpc structures of galaxies?

sizes and morphologies of high-z galaxies

resolved colors, star-formation,  dust (and gas)
for 1 < z < 7+ galaxies

L22 OESCH ET AL. Vol. 709
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Figure 1. Surface brightness contours of the five brightest galaxies in our sample
and of a J125 stack of the remaining 11 fainter galaxies (last panel in lower right).
The first five images are superpositions of Y105, J125, and H160 exposures, with
the contour lines corresponding to µYJH = 23.5–25.5 mag arcsec−2 in steps of
0.5 mag arcsec−2. The bar in the left corner indicates 2 kpc (physical) at z = 6.8
the expected mean redshift of these galaxies. All images are 1.′′8 on a side. The
size (FWHM) of the J125 PSF is shown as an inset in the lower right panel for
comparison.

We adopt ΩM = 0.3, ΩΛ = 0.7,H0 = 70 km s−1 Mpc−1,
i.e., h = 0.7. Magnitudes are given in the AB system (Oke &
Gunn 1983). We express galaxy UV luminosities in units of the
characteristic luminosity at z ∼ 3 being M1600(z = 3) = −21.0
(Steidel et al. 1999).

2. MORPHOLOGIES AT z ∼ 7

The z ∼ 7 galaxies are extremely compact as can be seen
from the contour plots in Figure 1, where we show the individual
summed Y105, J125, and H160 observations of the five brightest
sources and additionally a J125 stack of the remaining 11 fainter
ones (for stamps of individual sources, see Oesch et al. 2010).
As can be seen, the average z ∼ 7 galaxy appears to be very
symmetric and compact; with two exceptions, no extended
features can be identified. The two exceptions are as follows.

1. The galaxy UDFz-42566566 is the brightest galaxy in our
sample and consists of two clearly distinct components,
separated by 2 kpc. These two each contribute about the
same amount of light (1:1.2) with very similar colors. They
have individual half-light radii of 0.5 kpc and 0.8 kpc,
respectively, very similar to the compact galaxies in our
sample. One interpretation for the origin of the individual

components is therefore that they are in a merging phase.
The linear geometry of the whole galaxy, however, may also
suggest that the individual clumps are star-forming regions
within a disk structure, similar to what has been found at
z ∼ 2 in observations and simulations.

2. The galaxy UDFz-39557176 also consists of at least two
components. The total light of this galaxy is dominated
by a slightly elongated central structure, which has a
fainter counterpart about 2 kpc away to the NW. The
flux ratio of these two is 1:1.4. It is worth noting that
this galaxy has been split into two sources in the McLure
et al. (2009) catalog. However, the two knots are most
probably physically connected and are about to merge with
each other. The fainter component to the NW shows a
significantly redder Y105−J125 color compared to the central
core by 0.2 mag, and also a redder J125 − H160 color by 0.1
mag. This may indicate that the second component consists
of older stellar populations. However, a more speculative
explanation could be that the second component is reddened
due to dust from the central core. This would imply that
these galaxies contain a more extended gas disk than what
can be seen from their UV light.

3. COMPARISON TO LBGs AT z ∼ 4–6

In order to quantify the evolution of galaxy structures across
cosmic time, we compare the z ∼ 7 galaxies with LBGs
identified at z ∼ 4–6. We focus on three main aspects: (1)
the size evolution, (2) the evolution of the average galaxy light
profile, and (3) the evolution of the surface density of star
formation in these galaxies.

3.1. Size Evolution

Galaxy sizes are measured using circular apertures contain-
ing 50% of the galaxies’ light. We use the observed half-
light radius from SExtractor, robs

1/2,SE, and correct it for the
point-spread function (PSF) broadening according to r1/2,SE =√

(robs
1/2,SE)2 − r2

PSF. The radius rPSF of a point source is 0.′′12
in the J125, and 0.′′11 in the Y105 observations. These measure-
ments are checked against the higher resolution optical data for
the z ∼ 5 population where size measurement from both Ad-
vanced Camera for Surveys (ACS; i775) and WFC3/IR (Y105)
is available. No significant differences are found, showing the
robustness of these size estimates even for such faint, small
galaxies and the validity of the simple PSF correction.

As a second check, we adopt size measurements based on
galfit (Peng et al. 2002). Single sersic profiles are fitted to
these galaxies with sersic indices fixed at n = 1.5, the value
measured for a mean stack of z ∼ 4 LBGs. The half-light radii
estimates of the best-fit models are in good agreement with the
SExtractor measurements with a dispersion of σr = 0.′′05 and
no bias. Similar results are found when using an average Sersic
index n = 1, or n = 3. However, galfit fails to return reliable
measurements when the light profile is not well approximated by
a single-component fit and we use the SExtractor measurements
as our fiducial ones. When appropriate, we also comment on the
implications of using the galfit measurements.

Due to selection effects, large, low-surface brightness galax-
ies will be missed in our catalog. We estimate this bias by insert-
ing artificial galaxies of fixed profiles into the science images
and rerunning the detection algorithm with the same parameters
as for the creation of the original catalogs (for more details, see
Oesch et al. 2007). The galaxy profiles are chosen to follow an
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CO(J=1−0) in MS1512−cB58 (z=2.73)

NA/dirty R0/clean

cB58

HST/WFPC2 i−band

and 9.7mm continuum toward cD (z=0.37)
32.5 GHzCO(J=1−0)

cD (continuum)

Fig. 3.— Contour maps of CO(J=1→0) emission toward MS1512-cB58, integrated over the central 120 kms−1 (12.5MHz). Left: Dirty
image of the emission, imaged using ‘natural’ weighting. The second, brighter source is radio continuum emission from the cD galaxy of the
foreground lensing cluster. Contours are shown in steps of 1σ=70µJy beam−1, starting at ±2σ. The beam size of 2.9′′×2.4′′ is shown in
the bottom left. Middle: Cleaned image of the same, but zoomed-in, imaged using ‘robust 0’ weighting, and overlayed on a high-resolution
HST/WFPC2 F814W image (image from the Hubble Legacy Archive). The beam size of 2.1′′×1.8′′ is shown in the bottom left. Right:
Same, but with 32.5GHz contours overlayed (beam size is 1.9′′×1.6′′; same contour levels in all panels). No 9.2mm continuum emission is
detected toward cB58 down to a 2σ limit of 96µJy beam−1.

τdouble=40±20Myr and 43±28Myr for cB58 and the
Cosmic Eye, respectively. Despite the fact that both
sources are ∼L!

UV LBGs at z∼3, their SSFRs are ∼5×
higher and their τdouble are ∼5× lower than the me-
dian values for z∼3 LBGs (4.3Gyr−1 and 230Myr; e.g.,
Magdis et al. 2010). We estimate that both the SSFR
and τdouble in cB58 and the Cosmic Eye are by a factor of
∼3 uncertain (in particular due to the difficulty in con-
straining any old part of their stellar populations; Siana
et al. 2008), and thus, may well fall within the scatter of
the values found for the general (unlensed) LBG popu-
lation. If taken at face value, this could also imply that
cB58 and the Cosmic Eye are close to the peak intensity
of the starbursts that drive the buildup of their stellar
mass, when their SSFRs may reach levels comparable to
those in z>2 SMGs (15–30Gyr−1; e.g., Daddi et al. 2009;
Tacconi et al. 2008). Indeed, both cB58 and the Cosmic
Eye appear to be comparatively young LBGs (<300Myr;
e.g., Siana et al. 2008, 2009).

4.3. Gas Fractions, Depletion Timescales, and Star
Formation Efficiencies

Both of our targets are gas-rich. We find
gas mass fractions7,8 of f0.8

gas=Mgas/M!=0.46±0.17
and 0.16±0.06 and baryonic gas mass fractions of
fg,0.8
bary =Mgas/(Mgas+M!)=0.32±0.08 and 0.13±0.04 for
cB58 and the Cosmic Eye, respectively. These values are
comparable to nearby luminous and ultra-luminous in-
frared galaxies, but (on average) somewhat lower than
in SMGs (typical fg

bary∼0.4; Tacconi et al. 2006, 2008)
and high-z massive, gas-rich star-forming galaxies (here-
after: SFGs;9 typical fg

bary∼0.45–0.6; e.g., Daddi et al.
2008, 2010a; Tacconi et al. 2010). The comparatively

7 An index 0.8 indicates that αCO=0.8M# (K kms−1 pc2)−1 is
assumed.

8 We do not derive Mdyn-based gas fractions due to the limited
constraints on the CO sizes and dynamics.

9 These are galaxies with SFRs of >50M# yr−1 and
M!>3×1010 M# selected in the UV/optical/near-infrared; referred
to in the literature as, e.g., ‘BzK’ galaxies, ‘BX/BM’/AEGIS galax-
ies, or ‘normal’ high-z star-forming galaxies (e.g., Daddi et al.
2010a; Tacconi et al. 2010).

high fgas and fg
bary in cB58 are also consistent with its

relatively young age (<30Myr; Siana et al. 2008), and
thus, a relatively early phase in its starburst. On the
other hand, cB58 may have had a higher SFR in the
past if all of its estimated stellar mass were build up in
the ongoing starburst within <30Myr.
The minimum times for which the starbursts can

be maintained at their current rates are given by
the gas depletion timescales, which we find to be
τ0.8dep=Mgas/SFR∼18±8Myr and ∼7±4Myr for cB58 and
the Cosmic Eye, respectively.10 These are by a factor of
a few shorter than in SMGs (<100Myr; e.g., Greve et
al. 2005) and >30× shorter than in SFGs (∼0.5–0.9Gyr;
e.g., Daddi et al. 2008; Tacconi et al. 2010). However,
SMGs have typically 10–50× higher SFRs than these
LBGs, while SFGs have comparable SFRs.
The ratio between LIR (∝SFR) and L′

CO (∝Mgas) can
be used as a measure of the star formation efficiency. We
find ratios of ∼260±150 and ∼710±390 for cB58 and the
Cosmic Eye, respectively, comparable to what is found
in nearby ULIRGs and SMGs (typically ∼250, but with
large scatter up to >1000; e.g., Tacconi et al. 2006, 2008),
and substantially higher than the ratios found in nearby
spiral galaxies (typically ∼30–60; e.g., Gao & Solomon
2004). However, SMGs have ∼40× higher median L′

CO
and Mgas, and ∼3× broader CO lines than these LBGs
(e.g., Coppin et al. 2008).11

4.4. Sizes of the Gas Reservoirs

Detailed studies of nebular emission lines in the rest-
frame UV/optical suggest that cB58 and the Cosmic Eye
have intrinsic sizes of ∼1–2kpc (e.g., Seitz et al. 1998;
Stark et al. 2008), indicating that they are more compact
than SMGs and SFGs (e.g., Tacconi et al. 2008, 2010;
Carilli et al. 2010; Daddi et al. 2010a). The extent of

10 The main differences relative to previous values are the differ-
ent adopted αCO and a small over-correction for the excitation of
the CO(J=3→2) line in cB58 (Baker et al. 2004), and the different
adopted µL(CO) and SFR for the Cosmic Eye (Coppin et al. 2007).

11 Some SFGs have similarly narrow CO lines, but likely just
due to low disk inclinations (e.g., Daddi et al. 2010a).

Oesch+ 2010 
IRAM PdBI + HST        Riechers+ 2010 

Resolved spectroscopy of lensed galaxies 1255

Figure 3. Left- to right-hand panels: velocity field, one-dimensional extracted velocity profile and equivalent velocity dispersion profile. Velocity and dispersion
curves are extracted from left to right along the slit shown on the left figures. The rotation curve one would obtain in the absence of lensing with 0.15 arcsec
resolution typical of AO-corrected observations is shown by the blue diamonds. Best-fitting profiles of the velocity field are shown in red. No model is shown
for Cl 0949+5153 since the velocity field is inconsistent with a rotating disc.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 404, 1247–1262

 by guest on July 21, 2013
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

1250 T. A. Jones et al.

Figure 1. True colour ACS images of the sample derived from the multiband data referred to Table 1. The xy scale is in arcseconds. Critical lines for the arc
redshifts, derived from lens modelling (Section 2.3), are shown in red. The critical line for Cl 0024+1709 falls outside the image.

done in a standard ABBA position sequence to achieve good sky
subtraction. In the case of Cl0024+1709 we chopped 8 arcsec to
sky, whilst in the remaining cases we chopped the galaxy within
the IFU. Individual exposures were 600–900 s and each observ-
ing block was 2.4–3.6 ks which was typically repeated three to
six times. The total integration time for each object is given in
Table 1.

Our data reduction methods closely followed those described in
detail by Stark et al. (2008). We used the OSIRIS data reduction
pipeline (Larkin et al. 2006) to perform sky subtraction, spectral
extraction, wavelength calibration, and form the data cube. To ac-
curately combine the individual data cubes, we created images of
the integrated emission line and used the peak intensity to centroid
the object. We then spatially aligned and co-added the individual
data cubes to create the final mosaic. Flux calibration was per-
formed by equating the flux density of the tip-tilt stars measured
from Two Micron All Sky Survey photometry with the observed
OSIRIS spectra. We estimate that the uncertainty in flux calibration
is typically 10 per cent.

2.3 Gravitational lens modelling

In order to investigate the source plane properties, we must first
correct for the distortion and magnification by the cluster lens. We
summarize here the ingredients necessary to construct the relevant
cluster mass models. We will follow the methodology defined by

earlier relevant articles (Kneib et al. 1993, 1996; Smith et al. 2005;
Jullo et al. 2007) within which further details can be found.

Our basic approach is to use the code LENSTOOL1 (Kneib et al.
1993; Jullo et al. 2007) to constrain a parametrized model of the
dark matter distribution. For each cluster, the model comprises two
components: 1 or 2 cluster-scale dark matter haloes, parametrized
with a dual pseudo-isothermal elliptical mass distribution (dPIE;
Elı́asdóttir et al. 2007), and ∼50 galaxy-scale dPIE dark matter
haloes, centred on massive cluster members occupying the strong
lensing region in order to account for the presence of substructure.
These galaxy-scale haloes are assumed to have mass properties that
follow a scaling relation based on the luminosity of the underlying
galaxy, assuming a constant mass-to-light ratio (e.g. Natarajan et al.
1998; Smith et al. 2005).

Details on the construction of each gravitational lens model are
given in Dye et al. (2007) for MACS J2135−0102, in Limousin
et al. (in preparation) for Cl0024+1709 and MACS J0744+3927
and in Richard et al. (in preparation) for the remaining three sources
in Table 1. Strong lensing constraints originate from the identifica-
tion of 2–5 multiply imaged systems per cluster within the various
ACS images. We use the astrometric positions and spectroscopic/
photometric redshifts of these sources2 as individual constraints to

1 http://www.oamp.fr/cosmology/lenstool
2 Spectroscopic redshifts are available for a majority of the systems.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 404, 1247–1262
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HST Frontier Fields: Observations
ACS - WFC3/IR in parallel;  do 180-degree swap ~6 months later
Imaging in 7 bands to AB~28.7 (5σ point source,  0.4” diameter ap),   
140 orbits per field ⇒ 840 orbits for 6 fields

ACS:  (70 orbits per position)
F435W:   18 orbits,  28.8 ABmag                   
F606W:   10             28.8                    
F814W:   42             29.1            
                                                    

WFC3/IR:  (70 orbits per position)
F105W:  24 orbits,  28.9 ABmag
F125W:  12             28.6 
F140W:  10             28.6
F160W:  24             28.7 

deep multi-band imaging needed to identify  z~3-12 galaxies via Lyman break
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uncertain statistics on galaxy luminosity functions, mass functions, and structural 
properties in the high-redshift universe over a larger area than has been already 
surveyed.  
 

5.2 The Plan: Twelve New Fields to Unprecedented Area and Depth 
Our recommended program comprises twelve new “deep fields”: six pointed at massive 
clusters and six nearby “blank fields” (centered 6 arcmin apart).  Relying on a beam-
switching technique with ACS and WFC3, the combination of new blank field data and 
lensed galaxy data will solidify our understanding of the faint, high-z luminosity function. 
Our nominal observing program is specified in Tables 2-4.  

     
Figure 2: Dual power of cluster telescopes plus blank fields: The black solid line (corresponding to 
the left vertical axis) shows the underlying cumulative UV luminosity function we assume at z=7 (left) 
and z=10 (right), based on Schechter parameters that smoothly evolve with redshift in a manner 
consistent with recent measurements at 4 < z < 8 (e.g., Bouwens et al. 2012). The dashed red 
histogram gives counts per magnitude for blank fields (right vertical axis), which cut off at the “blank field 
horizon” for six WFC3 areas integrated down to an example AB = 29 (the right axis minimum is set so 
that the dashed red line tracks the solid black line at the bright end).  The solid red histogram shows 
the expected counts per magnitude for six lensed fields to the same depth, as determined from 
existing lensing maps for one of our typical candidate clusters.  The blank fields provide high counts 
while the cluster fields allow for detections more than two magnitudes deeper. The shaded red 
histogram marks those lensed galaxies that are bright enough in apparent magnitude for possible 
spectroscopic followup (AB < 26.5). The practical limit for JWST/NIRCam blank fields is AB ~ 30-31.  

-lensed galaxies behind cluster will reach intrinsic depths ~2-3 mags deeper than HUDF2012
-parallel fields will reach intrinsic depths ~ 0.5 mag shallower than HUDF2012, 
  but similar to HUDF-parallels.

(HUDF2012:  Y~30.0; H~29.5 AB mag 5σ 0.5” diameter ap. ; 163 orbit WFC3/IR)

H(obs) > 26.5 



z~8 galaxies: 
6 blank fields   ~70  H<28.5

6 lensed fields ~70 H < 28.5 (obs)

z~10 galaxies: 
6 blank fields   ~15  H<28.5
6 lensed fields ~ 25  H< 28.5

assuming RXJ1347.5-1144 lens model + foreground cluster masking; 
100% photometric completeness, no cosmic variance; extrapolated z~10 UVLF

HST Frontier Fields: Science



HST Frontier Fields: Clusters
Initial list of ~16 clusters provided by HDFI SWG based solely on lensing properties;  
additional suggestions and feedback solicited from the community

Selection Criteria 

- Strongest Lensers  (# z~10 galaxies magnified to H=27 within WFC3/IR FOV)
     based on lensing models by Johan Richard, Adi Zitrin, analyzed by Dan Coe  
                        
- Observable with HST, Spitzer, JWST 
      checked HST guide star availability,  ~30 day position angle hold,  
       Spitzer bright stars/schedule, 
       checked against JWST proto-type scheduler 

- Low zodiacal background and Galactic extinction 

- Blank field locations selected avoid bright stars,  cluster structures

- Observable with ALMA,  Mauna Kea

- Existing ancillary data 
  (shallow HST, MIPS 24 micron, Herschel, IRAC, Chandra,  SZ .. )

- Suitability for deep radio observations



HST Frontier Fields

Abell 2744 MACSJ0416.1-2403 MACSJ0717.5+3745

MACSJ1149.5+2223. Abell370 Abell S1063



HST Frontier Fields: Clusters

5/6 clusters observable from Mauna Kea;  5/6 cluster observable with ALMA

(aka Abell S1063)



HST Frontier Fields
Abell 2744 MACSJ0416.1-2403 MACSJ0717.5+3745

MACSJ1149.5+2223. Abell 370 Abell S1063

many fields have bright stars
Gemini GEMS observations of MACS0416.1-2403 planned



HST Frontier Fields
Schedule

first HST Frontier Fields DD observations this fall
first Spitzer Frontier Fields DD observations now

decision on Cycle 23 observation expected in Dec. 2014

Abell S1063



HST Frontier Fields
Lensing Maps

lensing models are key to interpreting luminosities of background galaxies

5 groups will produce preliminary magnification maps for FF before 1st observations  

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

Hubble Deep Fields Initiative 2012 – Science Working Group Report 
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uncertainties are of order 40%. Note also that in case a multiply imaged dropout is 
found near a critical line (technically the region with infinite magnification) their positions 
will constrain locally the mass model, thus reducing the uncertainty on its magnification 
to below 10-20%. The identification of and verification of a handful of multiply imaged 
systems will significantly decrease the errors and improve the quality of the 
magnification maps. 

4.2 Complementarities with and Differentiation from CLASH 
CLASH (Postman et al. 2012) is an on-going shallow survey of 25 massive clusters that 
exploits the panchromatic imaging capabilities of HST. The CLASH cluster sample was 
selected with three key considerations: (1) clusters are dynamically relaxed, (2) clusters 
are massive (Tx >5 keV), and (3) clusters are sufficiently numerous to overcome scatter 
in mass profile determinations. Five were selected for high magnification. 

The HDFI cluster-lensing program specifically selects targets that are the most efficient 
lenses for high-redshift background targets, with critical curves for sources at z ~ 10 that 
lie within a single field of view of WFC3 and ACS. The median redshift of the HDFI 
candidate clusters is z = 0.5, significantly higher than that for CLASH (median z = 0.35).  
The HDFI program is also significantly deeper than CLASH, which allows for the 
detection of intrinsically fainter systems (typical magnifications for these sources are 
factors of ~10).  As the volume for the very high magnification tail falls off fast, it is hard 
to find intrinsically faint high-z galaxies by looking at a lot of shallow clusters, the 
strategy adopted by CLASH. Of course, CLASH will uncover the rare, extremely bright 
high redshift sources, for instance the recently reported detection of a multiply imaged 
galaxy with photometric redshift 10.7 (Coe et al. 2012). Deeper imaging should also 
uncover many more multiply imaged sources, which can be used to improve the 

 
Figure 1: Vetting lensing as a well-understood tool.  Shown in the upper panels are fractional errors on 
magnifications as estimated for real galaxy clusters with HST imaging by comparing two different lensing 
techniques from two different groups.  Lower panels show the cumulative distribution of magnifications for 
each cluster (Abell 1689, left; the Bullet Cluster, right).  Note that the lensing maps agree well for typical 
average magnifications.  For example, at magnifications of ~5, each of the two independent maps would 
differ by ~20% in flux, comparable to typical uncertainties in photometry and distance modulus for 
dropouts.  Uncertainties grow for the highest magnifications. 

 

Abell S1063

J. Richards 2013
Natarajan+ 2012



HST Frontier Fields: 
a legacy for the community

All cluster and parallel fields have been selected and Phase II have been submitted.   

10 programs related to FF selected in HST Cycle 21 TAC 
        Rodney: SN followup;  Siana: WFC3/UV;  Treu: WFC3 grism
         + 7 archival programs ( theory,  lensing,  asteroids ... )   

All raw HST DD data will be public as soon as possible. STScI will provide high-quality data 
products,  including calibrated + drizzled images, as quickly as possible. 

existing (shallow) HST + Spitzer data are available at  
www.stsci.edu/hst/campaigns/frontier-fields 

~1000 hrs of Spitzer DD time for IRAC 3.6, 4.5 micron (key recommendation of SWG).    
SSC will provide calibrated, reduced IRAC images.

deep Chandra observations approved (~200+ ks per field,  Murray/Jones PIs)

5/6 fields observable with ALMA,  5/6 observable with Mauna Kea, 
4/6 have MIPS 24micron,  4/6 suitable for deep radio, all are observable with JWST

http://www.stsci.edu/hst/campaigns/frontierfields
http://www.stsci.edu/hst/campaigns/frontierfields

