
Hakim Atek

The UV Luminosity Function at the 
Epoch of Reionisation

J-P Kneib, J. Richard, M. Jauzac, E. 
Jullo, M. Limousin, B. Clement, D. 
Schaerer, P. Natarajan 

& the CATS team

Lessons from the Hubble Frontier Fields



z=1100 z~30 z=6 z=0z=2z=10

Ionized Neutral Ionized

5Gyr1 Gyr500 MyrAge = 0.3Myr 13.7Gyr100 Myr

CMB Dark Ages Epoch of Reionization



Hakim Atek WISH --  24/09/2014

Bouwens et al. (2014)

Blank Field Surveys

more than 800 
galaxies at z >7 from 
all HST legacy fields

better constraints of 
the overall shape of 
the luminosity 
function. 
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The Bright-end of the UV LF

Schmidt et al. (2014) Bouwens al. (2014)

- Wide Field surveys probe the brightest of the luminosity 
function at z>7 
- Large uncertainties still affect the slope (shape ?) of the 
bright end.

cf Michele’s talk
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Alavi et al. (2014)

UV LF at z~2 down to Muv=-13 
No sign of turnover in the UV LF

The Faintest Galaxy Population through “Gravitational Telescopes”
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DDT time of 560 orbits to observe four (possibly six) 
lensing clusters and parallel fields in Cy21/22

- WFC3/IR and ACS/optical imaging
- Spitzer,  ALMA, VLT, Spectroscopy, etc.
- Lensing maps publicly available 

Abell 2744 MACS 0416 MACS 0717 MACS 1149

The Hubble Frontier Fields
Combining the power of gravitational lensing 
with the unique HST observing capabilities
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Observations
-- HFF ACS & WFC3:
- A total of 140 orbits down to 29 mag: 
deepest observations of a lensing cluster

First Results from Abell 2744

-- Spitzer/IRAC observations: 3.6 and 4.5 microns
- 2-sigma sensitivity of 0.1 and 0.15 micro Jy in 
Ch1 and Ch2.
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Lyman Break Selection

WFC3 data of blank fields from multiple 
surveys: HUDF, CANDELS, BoRG ...

First Results from Abell 2744
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color-color selection

z~6-7

Atek et al. (2014d)

Selecting z>6 Galaxies
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z~8 Galaxy Candidate

Flux excess in the 4.5 micron 
channel possibly due to [OIII]
+Hbeta emission lines at z~8

H160 = 26.2 AB (u ~ 1.5)

- SFR = 10-60 Msol yr-1

- Mass = 2.5-10 x 1010 Msol

Laporte et al. (2014)
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Lensing Model



Hakim Atek WISH --  24/09/2014

Magnification Map
Richard et al. (2014), Jauzac et al. (in prep)

HFF-based Lensing Model
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Probing the z > 6 Universe with the HFF Cluster A2744 5
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Fig. 3.— Postage stamps of the z ∼ 6− 7 candidates in the ACS
F435W,F606W,F814W , WFC3 F105W,F125W,F140W , F160W
and IRAC 3.6 µm, 4.5 µm bands. The size of each cutout is about
5′′and the white circle denotes the source position. Sources show
a strong I814 − J105 and remain undetected at a 2− σ level in the
B435 and V606 bands.
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Fig. 4.— same as Fig. 3 for a z ∼ 8 candidate. The source has
a strong J105 − J125 break with no detection at a 2 − σ level in
the B435, V606, and I814 bands. It is detected in all WFC3 filters
redward the break with at a minimum of 5− σ significance.

2004) as well as the robustness of our lens modeling pro-
cedure.

4. THE UV LUMINOSITY FUNCTION AT Z = 7− 8

We now turn to estimating the rest-frame UV luminos-
ity function (LF) at redshift z ∼ 6 − 7 and 8 using the
two galaxy samples assembled above. We first determine
the absolute magnitude of each source in the J125 band
at a mean redshift of z ∼ 6 − 7 and in the H140 filter
at z ∼ 8. The observed values need to be corrected for
the gravitational lensing magnification. While amplify-
ing the intrinsic flux of a given source, strong lensing also
distorts and stretches the source plane volume where it
lies. The resultant drawback is that therefore a higher-
magnification region will necessarily probe a smaller co-
moving volume. Therefore, we need to account for these
two effects in our LF estimates. The LF is given by

φ(M)dM =
Ni

Veff (Mi)
(3)

where Ni is the number of galaxies in the ith bin and
Veff is the associated effective survey volume. Our ef-
fective volume is also determined by the shape of the
redshift selection function, which is computed by simu-
lating our selection procedure with artificial source galax-
ies. We generated starburst templates from Kinney et al.
(1996) library, which were shifted to the desired redshifts,
then we applied attenuation of AV = 0−1, and calculated
synthetic fluxes using filter throughputs before applying
our selection criteria 1 and 2. Finally, we incorporate in-
completeness correction in the selection function by per-
forming our selection procedure on simulated galaxies.
This is done by creating artificial galaxies using ARTDATA
package in IRAF, exploring the parameter space of ob-
served magnitudes, colors and position in the image. We
assume a gaussian profile for the galaxy shape and add
the simulated galaxies to the actual optical and IR im-
ages. We then apply our source extraction and color-
color selection on the new images. Given our stringent
selection criteria, the incompleteness function is domi-
nated by the contamination of the photometry by bright
sources in the crowded field.
The effective survey volume for each magnitude bin is

calculated according to the following equation

Veff =

∫ ∞

0

∫
Ω>Ωmin

dVcom

dz
f(z,m, µ) dΩ(µ, z) dz (4)

where Ωmin is the source plane area with a minimum
magnification µmin required to detect a galaxy with an
apparent magnitude m. f(z,m, µ) is the completeness
function including the redshift selection function, and
dΩ(µ) is the area element in the source plane as a func-
tion of the magnification factor.
The results are shown in Fig. 5 where our luminosity

distribution is compared with previous results at z ∼ 6
to 8. At redshifts z = 6 − 7 we use three bins in mag-
nitude (-18.5,-19.5,-20.5), whereas we only have one can-
didate at z ∼ 8. Overall, our derived LF is in good
agreement with blank field results from the Hubble Ultra
Deep Field (HUDF, Bouwens et al. 2006) and HUDF12
(Schenker et al. 2012). The uncertainties on the LF de-
termination are dominated by poisson errors due to the
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Fig. 3.— Postage stamps of the z ∼ 6− 7 candidates in the ACS
F435W,F606W,F814W , WFC3 F105W,F125W,F140W , F160W
and IRAC 3.6 µm, 4.5 µm bands. The size of each cutout is about
5′′and the white circle denotes the source position. Sources show
a strong I814 − J105 and remain undetected at a 2− σ level in the
B435 and V606 bands.
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Fig. 4.— same as Fig. 3 for a z ∼ 8 candidate. The source has
a strong J105 − J125 break with no detection at a 2 − σ level in
the B435, V606, and I814 bands. It is detected in all WFC3 filters
redward the break with at a minimum of 5− σ significance.

2004) as well as the robustness of our lens modeling pro-
cedure.

4. THE UV LUMINOSITY FUNCTION AT Z = 7− 8

We now turn to estimating the rest-frame UV luminos-
ity function (LF) at redshift z ∼ 6 − 7 and 8 using the
two galaxy samples assembled above. We first determine
the absolute magnitude of each source in the J125 band
at a mean redshift of z ∼ 6 − 7 and in the H140 filter
at z ∼ 8. The observed values need to be corrected for
the gravitational lensing magnification. While amplify-
ing the intrinsic flux of a given source, strong lensing also
distorts and stretches the source plane volume where it
lies. The resultant drawback is that therefore a higher-
magnification region will necessarily probe a smaller co-
moving volume. Therefore, we need to account for these
two effects in our LF estimates. The LF is given by

φ(M)dM =
Ni

Veff (Mi)
(3)

where Ni is the number of galaxies in the ith bin and
Veff is the associated effective survey volume. Our ef-
fective volume is also determined by the shape of the
redshift selection function, which is computed by simu-
lating our selection procedure with artificial source galax-
ies. We generated starburst templates from Kinney et al.
(1996) library, which were shifted to the desired redshifts,
then we applied attenuation of AV = 0−1, and calculated
synthetic fluxes using filter throughputs before applying
our selection criteria 1 and 2. Finally, we incorporate in-
completeness correction in the selection function by per-
forming our selection procedure on simulated galaxies.
This is done by creating artificial galaxies using ARTDATA
package in IRAF, exploring the parameter space of ob-
served magnitudes, colors and position in the image. We
assume a gaussian profile for the galaxy shape and add
the simulated galaxies to the actual optical and IR im-
ages. We then apply our source extraction and color-
color selection on the new images. Given our stringent
selection criteria, the incompleteness function is domi-
nated by the contamination of the photometry by bright
sources in the crowded field.
The effective survey volume for each magnitude bin is

calculated according to the following equation

Veff =

∫ ∞

0

∫
Ω>Ωmin

dVcom

dz
f(z,m, µ) dΩ(µ, z) dz (4)

where Ωmin is the source plane area with a minimum
magnification µmin required to detect a galaxy with an
apparent magnitude m. f(z,m, µ) is the completeness
function including the redshift selection function, and
dΩ(µ) is the area element in the source plane as a func-
tion of the magnification factor.
The results are shown in Fig. 5 where our luminosity

distribution is compared with previous results at z ∼ 6
to 8. At redshifts z = 6 − 7 we use three bins in mag-
nitude (-18.5,-19.5,-20.5), whereas we only have one can-
didate at z ∼ 8. Overall, our derived LF is in good
agreement with blank field results from the Hubble Ultra
Deep Field (HUDF, Bouwens et al. 2006) and HUDF12
(Schenker et al. 2012). The uncertainties on the LF de-
termination are dominated by poisson errors due to the

Luminosity distribution of the sources:

- Need to estimate the area in the source plane

- Completeness will be a function of magnification 
(e.g. distortions, source area reduction, sky 
position ...)

Effective survey volume

The UV Luminosity Function at z>6
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The Faint-end of the UV LF at z>6
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• Results in general agreement with 
blank fields

  
• Reaching down to Muv,abs ~ -16.5
this is 0.1L* at z=7

• Faint-end slope of alpha=-1.88. The 
steep faint-end slope holds to very 
faint magnitudes

•  No sign of turnover in the reliable 
part of the LF

Atek et al. (2014d)

∝

This work Bouwens et al. 
(2014)

Schenker et al. 
(2013)

Ishigaki et al. 
(2014)

-1.88 ±0.12 -2.0 ±0.14 -1.87 ±0.18 -2.10 (-0.15,+0.3)

Talk by Masami
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The Faint-end of the UV LF at z>6

The faint-end slope supposedly holds to even fainter magnitudes:
- from cosmological simulations
- reconstruction based on local group LF

Kimm & Cen (2014)Weisz et al. (2014)
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The Faint-end of the UV LF at z=8
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The Faint-end of the UV LF at z=8
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The Faint-end of the UV LF at z=8
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Predictions for High-z Detections

Richard et al. (2014) Coe et al. (2014)

- Number of sources in the six FF compared to blank fields
- probing fainter intrinsic magnitudes
(see also Yue et al. 2014, Johnson et al. 2014) 

A2744
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Prospects with Current and Future Instrumentation
Gravitational Telescopes: 
The Hubble Frontier Fields (PI: Lotz)
access the faint population of dwarf galaxies at high 
redshift (Richard et al. 2011, Coe et al. 2013, Balestra et al. 
2013, Monna et al. 2014, Alavi et al. 2014)

Detailed studies of physical properties: metallicity, 
ionization, extinction ... (Vanzella et al. 2013, Christensen et al. 
2012, Jones et al. 2013, Schmidt et al. 2014, Amorin et al. 2014)

HFF cluster A2744

VLT/KMOS: efficient spectroscopic 
follow-up of high-z candidates

VLT/MUSE: Map lensing clusters for high-
redshift (z > 3) studies and lens models
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WISH & the High-redshift Universe

Wide field IR missions (Euclid) will probe the 
brightest of the LF

WISH will put strong constraints on the slope 
and the shape of the bright end.

Gravitational telescopes combined with current 
and future instrumentation (JWST) put better 
constraints on the very faint-end of the LF
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Summary
• Gravitational lensing helps reach the faint galaxies likely 

responsible for cosmic reionization

• The HFF combines HST and strong lensing to probe the distant 
Universe

• The UV LF goes below 0.05L* at z=7. This is more than 1 mag 
deeper than the deepest observations in blank fields

• WISH will robustly constrain the bright-end slope and shape of 
the UV LF at z>8


