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Challenge:  Can we peer deeper into the Universe 
                    than the Hubble Ultra Deep Field /XDF
                    before the launch of the James Webb Space Telescope?



Answer:        
Use Einstein’s theory of general 
relativity - “gravitational lensing” - 
to go intrinsically deeper than the 
Ultra Deep Field.  

Gravitational lensing magnifies and stretches light 
from distant galaxies behind massive clusters, 
making them appear brighter and larger.
 
Six very massive clusters of galaxies chosen as the 
best “zoom lenses”, with input from community.  

With six parallel fields,  the Frontier Fields opens 
new parameter space by going both deeper and 
wider.

Hubble Deep Fields Initiative Science Working Group: 
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)



    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 >10x intrinsically fainter than any seen before,    
  particularly those 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

+ ???  



HST Frontier Fields

Abell 370Abell S1063

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

1 2 3

4 5 6



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



Spitzer Frontier Fields

Infrared Spitzer Space Telescope will look at Frontier Fields
at wavelengths redder than Hubble can see (but not as deep)
                
crucial for distances,  measuring total amount of stars



X-ray +Radio Frontier Fields XMM-Newton

Chandra + XMM trace hot cluster gas,  background AGN
VLA - shocked cluster gas (red) + background lensed radio sources



Frontier

Frontier Fields, NASA/HST

Abell 2744



model credit: J. Richard, CATS team

background galaxies are magnified by factors up to ~10-100, 
providing the deepest yet view of the universe

Frontier
Abell 2744



20 Lotz et al.

Table 4. Frontier Field Lensing Models a

Team Method Parallel? Version Datab Abell 2744 MACSJ0416.1 MACSJ0717 MACSJ1149.5 Abell S1063 Abell 370

CATS LENSTOOL no 1 pre-HFF 10/2013 12/2013 12/2013 12/2013 12/2013 12/2013

2 HFF- � 10/2014 � � � �
2.1 HFF- 9/2015 � � � � �
2.2 HFF- 9/2015 � � � � �
3 HFF+ 9/2015 9/2015 � � � �
3.1 HFF+ 9/2015 9/2015 � � � �

Sharon LENSTOOL no 1 pre-HFF 10/2013 12/2013 12/2013 12/2013 12/2013 12/2013

2 pre-HFF 5/2014 5/2014 � � � �
3 HFF+ 9/2015 9/2015 � � � �

Zitrin NFW no 1 pre-HFF 9/2013 9/2013 9/2013 9/2013 9/2013 9/2013

&Merten LTM no 1 pre-HFF 9/2013 9/2013 9/2013 9/2013 9/2013 9/2013

LTM-G no 1 pre-HFF 9/2013 9/2013 9/2013 9/2013 9/2013 9/2013

WL yes 1 pre-HFF 9/2013 9/2013 9/2013 9/2013 9/2013 9/2013

NFW no 3 HFF+ 9/2015 9/2015 � � � �
LTM-G no 3 HFF+ 9/2015 9/2015 � � � �

GLAFIC no 1 HFF- 11/2014 � � � � �
3 HFF+ 2/2016 2/2016 � � � �

Williams GRALE no 1 pre-HFF 9/2013 9/2013 9/2013 9/2013 9/2013 9/2013

2 HFF- � 10/2014 � � � �
3 HFF+ � 11/2015 � � � �
3.1 HFF+ 11/2015 11/2015 � � � �

Bradăc yes 1 pre-HFF 9/2013 9/2013 9/2013 9/2013 9/2013 9/2013

2 HFF- 9/2015 � � � � �

Diego ? 3 HFF+ � 2/2016 � � � �

aSee https://archive.stsci.edu/prepds/frontier/lensmodels/ for models; http://www.stsci.edu/hst/campaigns/frontier-fields/Lensing-Models for
lensing primer and description of the di↵erent methods.

b pre-HFF models were constructed prior to the FF observations with the coordinated input data; HFF- models were constructed with FF observations but
without coordination between the teams; HFF+ models were constructed with FF observations with coordinated inputs between teams.

new lensing model contracts awarded to 5/8 proposals, including 2 new groups.
work starts summer 2016;  deliveries due 2/2017,  2/2018xt



post HFF model, CATS team v3.1

Frontier

pre-HFF:
18 multiple image 
systems

2 spec z
+ ground-based
photz

post-HFF:
60 multiple image
systems

7 spec z
+ improved photz

Abell 2744

z=9 magnification
parametric model



Frontier
Abell 2744

post HFF model, GLAFIC team v3

pre-HFF:
18 multiple image 
systems

2 spec z
+ ground-based
photz

post-HFF:
60 multiple image
systems

7 spec z
+ improved photz

z=9 magnification
parametric model



Frontier
Abell 2744

post HFF model, K. Sharon v3

pre-HFF:
18 multiple image 
systems

2 spec z
+ ground-based
photz

post-HFF:
60 multiple image
systems

7 spec z
+ improved photz

z=9 magnification
parametric model



Frontier
Abell 2744

post HFF model, Zitrin NWF v3

pre-HFF:
18 multiple image 
systems

2 spec z
+ ground-based
photz

post-HFF:
60 multiple image
systems

7 spec z
+ improved photz

z=9 magnification
parametric model



Frontier
Abell 2744

post HFF model, Hoag & Bradac v2

pre-HFF:
18 multiple image 
systems

2 spec z
+ ground-based
photz

post-HFF:
60 multiple image
systems

7 spec z
+ improved photz

z=9 magnification
non-parametric model



Frontier
Abell 2744

post HFF model, Williams v3

pre-HFF:
18 multiple image 
systems

2 spec z
+ ground-based
photz

post-HFF:
60 multiple image
systems

7 spec z
+ improved photz

z=9 magnification
non-parametric model



post HFF model, CATS team v3.1

Frontier

lensing models 
are converging

more specz will 
help

Abell 2744

z=9 magnification
parametric model



Abell 2744
Frontier

regions of highest magnification are in very crowded regions
hard to detect faintest objects above background



wavelet decomposition -- 

subtract large-scale “foreground” (cluster + ICL)
 + identify small-scale structures

cluster dwarfs/GC? 

faint lensed galaxies?

see Livermore, Finkelstein, & Lotz 2016



faintest high-z galaxies
in Abell 2744 + MACSJ0416

Livermore, Finkelstein, & Lotz 2016 ;  Atek et al. 2015 

high magnifications ⇒ intrinsic luminosities fainter than UDF

           (also - Iskigaki et al. 2014;  Atek et al. 2014; Laporte et al. 2014; 

           Zitrin et al. 2014,  Oesch et al. 2015;  Merlin et al. 2016; McLeod et al. 2016; ... )
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Figure S6 | Comparison between the sample in this work and that of previous
work on these fields13. Due to the use of the wavelet decomposition technique, we
are able to recover ! 2" more galaxies in these clusters, and find galaxies that
are systematically more magnified and hence intrinsically fainter.

4 The Luminosity Function
The rest-frame UV luminosity function provides useful insight into

galaxy evolution and a direct comparison to models. Observations of
the luminosity function at a wide range of redshifts have shown that
the density of galaxies ! (L) is characterised by a power law with an
exponential decline at the bright end, parameterised by in the form15

! (L) = !!

„

L
L!

«!

exp

„

!
L
L!

«

. (4)

The Schechter function can also be expressed in terms of magni-
tudes as

! (M) = 0.4 ln (10) !!100.4(M"M!)(!+1)e"10"0.4(M"M!)
(5)

and is described by three parameters: the characteristic luminosity
(or magnitude) L! (or M!), the characteristic number density !! and
the faint-end slope ".

In the redshift range under consideration, the integral of the UV lu-
minosity function provides a constraint on the contribution of galaxies
to reionization. Previous work has shown that there is sufficient ioniz-
ing radiation originating in galaxies at z > 6 to power reionization if
the luminosity function continues unbroken toMUV = !1316, well be-
low the HST detection limit ofMUV = !17 or previous lensed studies
that extend to MUV = !15.2513. However, results from simulations
indicate that the luminosity function may flatten or turn over entirely
at the faint end due to the quenching of star formation in low-mass
halos, resulting in far fewer faint galaxies than are required to sustain
reionization5,10. Low-redshift observations also imply that there must
be a break in the luminosity function atMUV " !13 at z " 7 in order
to avoid overproducing dwarf galaxies in the Local Group6,17.

It is therefore particularly crucial to constrain the faint-end slope "
and to confirm that the luminosity function continues to rise at the faint
end.
4.1 Completeness Simulations In order to compute the effective
volume for the luminosity function, we carry out simulations to de-
termine the recovery fraction of galaxies as a function of magnitude,
position, size and colour. The method is similar to that employed in
Section 2.1 to determine the reliability of the wavelet decomposition
process, but we now allow a range of intrinsic sizes and colours for
the fake galaxies, incorporate the effect of lensing on their shapes, at-
tempt to recover them using the full range of 22 detection images as
described in Section 3, and finally carry out photo-z fitting on the re-
covered galaxies in the same manner as for the real galaxies and incor-
porate the effects of our photo-z selection.

The first step is to create the fake galaxies. In each realisation of
the simulation, we create 250 galaxies; this provides computational
efficiency while limiting the impact of confusion of the newly added
sources. For the sizes, we use a normal distribution of half-light radii
with a peak at 1.5 pixels and hard cutoffs at 0 and 5 kpc (" 14.5 pixels
at z " 6). We choose Sersic indices (n) from a log-normal distribution
between 1 < n < 5 with a peak at n " 1.5 (for disc-like morpholo-
gies). The axial ratio is also log-normal with a peak at 1.8, and the
position angle on the sky is selected from a uniform random distribu-
tion between 0 and 360#. To obtain a range of colours, we define ranges
of redshifts, ages and metallicities. The redshift is selected from a uni-
form distribution between z = 5 ! 11, extending above and below the
redshift range of interest. In each realisation of the simulation, we use
the same redshift for all sources to simplify the transformation to the
image plane. We assign a dust attenuation factor E(B-V) from a normal
distribution centered on 0.1 with # = 0.15, restricted to the range 0 –
0.5. The age is a lognormal distribution peaked at 7Myr and limited
to less than the age of the Universe at the specified redshift. We also
use a lognormal distribution in metallicity peaked at 0.2 Z$. These pa-
rameters together combine to provide a distribution of UV slopes $,
designed to match the distribution we expect in galaxies at these red-
shifts. Given these distributions, we use stellar population synthesis
models50 to calculate the colours of the galaxies. We then select theH-
band magnitudes from a uniform distribution between 22 and 38, and
use the colours derived from the stellar population models to obtain the
magnitudes in the other six filters.

We use the magnitudes, sizes and shapes selected above to generate
a 101 # 101 pixel postage stamp image of each source with galfit.
We position the fake sources uniformly in the image plane, and then
trace this position back to the source plane using the lens model. This
method ensures complete coverage of the image plane, whereas uni-
formly sampling the source plane causes the more magnified regions to
be undersampled. The fake galaxy images are each added to a blank
image of the source plane of the field at the appropriate positions, and
then lensed to the image plane using lenstool31,36,51 with the latest
lens models14,35. This enables us to account for the lensing shear in

8

−20 −18 −16 −14 −12
Intrinsic UV magnitude (MUV)

0

5

10

15

20

25

N
um

be
r a

t z
 =

 6

This work, Nsample = 105

Atek+15, Nsample = 57

−20 −19 −18 −17 −16 −15 −14
Intrinsic UV magnitude (MUV)

0

2

4

6

8

10

12

14

N
um

be
r a

t z
 =

 7

This work, Nsample = 40

Atek+15, Nsample = 15

−21 −20 −19 −18 −17 −16 −15
Intrinsic UV magnitude (MUV)

0

1

2

3

4

5

N
um

be
r a

t z
 =

 8

This work, Nsample = 16

Atek+15, Nsample = 8

Figure S6 | Comparison between the sample in this work and that of previous
work on these fields13. Due to the use of the wavelet decomposition technique, we
are able to recover ! 2" more galaxies in these clusters, and find galaxies that
are systematically more magnified and hence intrinsically fainter.

4 The Luminosity Function
The rest-frame UV luminosity function provides useful insight into

galaxy evolution and a direct comparison to models. Observations of
the luminosity function at a wide range of redshifts have shown that
the density of galaxies ! (L) is characterised by a power law with an
exponential decline at the bright end, parameterised by in the form15
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The Schechter function can also be expressed in terms of magni-
tudes as

! (M) = 0.4 ln (10) !!100.4(M"M!)(!+1)e"10"0.4(M"M!)
(5)

and is described by three parameters: the characteristic luminosity
(or magnitude) L! (or M!), the characteristic number density !! and
the faint-end slope ".

In the redshift range under consideration, the integral of the UV lu-
minosity function provides a constraint on the contribution of galaxies
to reionization. Previous work has shown that there is sufficient ioniz-
ing radiation originating in galaxies at z > 6 to power reionization if
the luminosity function continues unbroken toMUV = !1316, well be-
low the HST detection limit ofMUV = !17 or previous lensed studies
that extend to MUV = !15.2513. However, results from simulations
indicate that the luminosity function may flatten or turn over entirely
at the faint end due to the quenching of star formation in low-mass
halos, resulting in far fewer faint galaxies than are required to sustain
reionization5,10. Low-redshift observations also imply that there must
be a break in the luminosity function atMUV " !13 at z " 7 in order
to avoid overproducing dwarf galaxies in the Local Group6,17.

It is therefore particularly crucial to constrain the faint-end slope "
and to confirm that the luminosity function continues to rise at the faint
end.
4.1 Completeness Simulations In order to compute the effective
volume for the luminosity function, we carry out simulations to de-
termine the recovery fraction of galaxies as a function of magnitude,
position, size and colour. The method is similar to that employed in
Section 2.1 to determine the reliability of the wavelet decomposition
process, but we now allow a range of intrinsic sizes and colours for
the fake galaxies, incorporate the effect of lensing on their shapes, at-
tempt to recover them using the full range of 22 detection images as
described in Section 3, and finally carry out photo-z fitting on the re-
covered galaxies in the same manner as for the real galaxies and incor-
porate the effects of our photo-z selection.

The first step is to create the fake galaxies. In each realisation of
the simulation, we create 250 galaxies; this provides computational
efficiency while limiting the impact of confusion of the newly added
sources. For the sizes, we use a normal distribution of half-light radii
with a peak at 1.5 pixels and hard cutoffs at 0 and 5 kpc (" 14.5 pixels
at z " 6). We choose Sersic indices (n) from a log-normal distribution
between 1 < n < 5 with a peak at n " 1.5 (for disc-like morpholo-
gies). The axial ratio is also log-normal with a peak at 1.8, and the
position angle on the sky is selected from a uniform random distribu-
tion between 0 and 360#. To obtain a range of colours, we define ranges
of redshifts, ages and metallicities. The redshift is selected from a uni-
form distribution between z = 5 ! 11, extending above and below the
redshift range of interest. In each realisation of the simulation, we use
the same redshift for all sources to simplify the transformation to the
image plane. We assign a dust attenuation factor E(B-V) from a normal
distribution centered on 0.1 with # = 0.15, restricted to the range 0 –
0.5. The age is a lognormal distribution peaked at 7Myr and limited
to less than the age of the Universe at the specified redshift. We also
use a lognormal distribution in metallicity peaked at 0.2 Z$. These pa-
rameters together combine to provide a distribution of UV slopes $,
designed to match the distribution we expect in galaxies at these red-
shifts. Given these distributions, we use stellar population synthesis
models50 to calculate the colours of the galaxies. We then select theH-
band magnitudes from a uniform distribution between 22 and 38, and
use the colours derived from the stellar population models to obtain the
magnitudes in the other six filters.

We use the magnitudes, sizes and shapes selected above to generate
a 101 # 101 pixel postage stamp image of each source with galfit.
We position the fake sources uniformly in the image plane, and then
trace this position back to the source plane using the lens model. This
method ensures complete coverage of the image plane, whereas uni-
formly sampling the source plane causes the more magnified regions to
be undersampled. The fake galaxy images are each added to a blank
image of the source plane of the field at the appropriate positions, and
then lensed to the image plane using lenstool31,36,51 with the latest
lens models14,35. This enables us to account for the lensing shear in
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faintest high-z galaxies
in Abell 2744 + MACSJ0416

Livermore, Finkelstein, & Lotz 2016 ;  Atek et al. 2015 

high magnifications ⇒ intrinsic luminosities fainter than UDF

z~8 z~9

Directly Observing the Galaxies Likely Responsible for Reionization 13
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Figure 10. Rest-frame UV luminosity functions at z = 6!8 from the Hubble Frontier Fields samples. The solid green line is the
fit to the CANDELS data from Finkelstein et al. (2015), and the green dashed line extends this fit to fainter magnitudes. Error
bars indicate the Poisson error based on the number of galaxies in each bin; cosmic variance and uncertainties in magnitude
and redshift are accounted for when fitting the Schechter parameters. The solid purple line is the intrinsic Schechter function
fit to the combined HFF and CANDELS data, and the dotted line shows the intrinsic Schechter function after convolving with
the magnification errors to account for Eddington bias.

alizations of the magnitude of each galaxy by drawing
randomly from within the photometric and magnifica-
tion errors, and from the photo-z probability distribu-
tion. We combine all of the magnitude distribution func-
tions within each subfield to produce a probability dis-
tribution (PDF) function P (Mi,Mj) that a galaxy with
magnitude Mi has magnitude Mj consistent the uncer-
tainties in its photo-z, photometry and magnification.
These PDFs are narrow at the bright end, where the
photometry is more certain and there is little or no lens-
ing magnification, but become much broader at the faint
end where all of these uncertainties are higher.
To calculate the expected luminosity function in each

subfield f and magnitude bin Mi, we have

!i =
N
!

j=0

!j,int (1 + CVj)P (j, i) (7)

where CVj is the cosmic variance estimate in mag-
nitude bin Mi, drawn from a random normal distribu-
tion with the width of the estimate of fractional cosmic
variance from Robertson et al. (2014) and !j,int is the
intrinsic Schechter function at magnitude j.
For each combination of Schechter parameters M!, !!

and ", we calculate the goodness-of-fit statistic

C2 (!) = !2 lnL (!) (8)

where L is the likelihood that the number of galaxies
observed in that field and magnitude bin matches the
number expected according to Equation 7. The final
goodness-of-fit C2 is the sum over all fields and magni-
tude bins at a given redshift.
We use an IDL implementation of an a!ne-invariant

ensemble MCMC sampler (Foreman-Mackey et al. 2013;
Finkelstein 2015) to search the parameter space. For



1 supernova far away
exploded 9 billion years ago..

4 images appearing now 

1 image appeared in past 
1 image will appear in future 

2014-2015

1995

2015-2020

2014-2015

Kelly et al. 2015

Frontier

the unexpected ... 



successful prediction 

for SN Refsdal time-delay

Kelly et al. 2016;  Treu et al. 2016
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Frontier HST Observing Schedule 
Cycle 22, 23, 24

almost 
done!

Spitzer observations completed 
12/2015

http://irsa.ipac.caltech.edu/data/
SPITZER/Frontier/ 

http://irsa.ipac.caltech.edu/data/SPITZER/Frontier/
http://irsa.ipac.caltech.edu/data/SPITZER/Frontier/
http://irsa.ipac.caltech.edu/data/SPITZER/Frontier/
http://irsa.ipac.caltech.edu/data/SPITZER/Frontier/


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:   v2.0 data reductions for first 4 clusters + parallels
 



Fron%er'Fields'Cluster'Abell'S1063'6'Main'Cluster'
Hubble'Space'Telescope'
ACS/WFC'F435W'+'F606W'
ACS/WFC'F814W'+'WFC3/IR'F105W'
WFC3/IR'F125W'+'F140W'+'F160W'



4 clusters and parallels are done; last 2 complete in Sept 2016

Spitzer, Chandra, XMM, ALMA, LMT, VLA, VLT Hawk-I, MUSE,  
Gemini GEMS AO, Keck, GTC ancillary observing campaigns

public Abell 2744 + MACSJ0416 lensing models updated; 
 future updated models planned for Spring 2017, Fall 2017

first 2 clusters have probed faintest galaxies ever seen during EoR

full HFF data + best models  
       ⇒ strong constraints on faint UVLF during the EoR

Frontier


