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Big Picture: Reionization

✤ Neutral Hydrogen in the IGM is 
reionized by the first stars and 
galaxies

✤ Thought to be finished by z~6-7 
(Becker et al. 2001, Spergel et al. 
2006)

✤ The question of what reionized 
the universe is still an open 
question

http://en.wikipedia.org/wiki/Reionization

The period when the Universe transitioned from neutral 
to ionized

http://en.wikipedia.org/wiki/Reionization


High-Redshift Lyman-Break Galaxies

✤ Use the Lyman Break, 
beyond which spectra are 
heavily attenuated

✤ Identify galaxies at 
different redshifts using 
colour-colour criteria

✤ Filters a galaxy “drops out” 
in indicates its redshift

The search for galaxies that could have reionized the Universe

Oesch et al. 2013



The Luminosity Function

✤ The luminosity function (LF) 
makes a census of star-forming 
activity at high-redshift

✤ Many independent studies 
mostly agree (Schmidt et al. 
2014, Bowler et al. 2014, 
Finkelstein et al. 2012 etc.)

✤ The faint-end slope is seen to be 
very steep at high-z, so faint 
LBGs could have reionized the 
universe 
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TABLE 3
Stepwise Determination of the rest-frame UV LF at z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7, z ∼ 8, and z ∼ 10

using the SWML method (§4.1).

M1600,AB
a φk (Mpc−3 mag−1) M1600,AB

a φk (Mpc−3 mag−1) M1600,AB
a φk (Mpc−3 mag−1)

z ∼ 4 galaxies z ∼ 6 galaxies z ∼ 8 galaxies
−22.69 0.000002±0.000003 −22.52 0.000004±0.000003 −21.27 0.000007±0.000005
−22.19 0.000022±0.000011 −22.02 0.000022±0.000008 −20.77 0.000049±0.000018
−21.69 0.000146±0.000026 −21.52 0.000058±0.000015 −20.27 0.000070±0.000036
−21.19 0.000420±0.000051 −21.02 0.000120±0.000025 −19.77 0.000403±0.000114
−20.69 0.000943±0.000080 −20.52 0.000293±0.000046 −19.27 0.000425±0.000198
−20.19 0.001284±0.000108 −20.02 0.000593±0.000090 −18.52 0.001640±0.000620
−19.69 0.002056±0.000160 −19.52 0.001222±0.000161 −17.52 0.003240±0.001820
−19.19 0.002918±0.000234 −18.77 0.001720±0.000300 z ∼ 10 galaxies
−18.69 0.004954±0.000390 −17.77 0.005840±0.001300 −22.23 <0.000001b

−18.19 0.007152±0.000937 −16.77 0.009420±0.002980 −21.23 0.000001±0.000001
−17.69 0.010080±0.002111 z ∼ 7 galaxies −20.23 0.000012±0.000006
−16.94 0.023220±0.003020 −21.86 0.000026±0.000009 −19.23 <0.000039b

−15.94 0.026420±0.006880 −21.36 0.000027±0.000012 −18.23 0.000378±0.000243
z ∼ 5 galaxies −20.86 0.000092±0.000025

−23.11 0.000001±0.000001 −20.36 0.000229±0.000049
−22.61 0.000007±0.000003 −19.86 0.000474±0.000092
−22.11 0.000025±0.000007 −19.36 0.000892±0.000168
−21.61 0.000091±0.000015 −18.61 0.002040±0.000400
−21.11 0.000265±0.000029 −17.36 0.005880±0.001740
−20.61 0.000412±0.000043
−20.11 0.001033±0.000075
−19.61 0.001191±0.000114
−19.11 0.002408±0.000212
−18.36 0.004040±0.000540
−17.36 0.007420±0.002240
−16.36 0.016440±0.006180

a Derived at a rest-frame wavelength of 1600Å.
b Upper limits are 1σ.

TABLE 4
STY79 Determinations of the Schechter Parameters for
the rest-frame UV LFs at z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7, z ∼ 7,

z ∼ 8, and z ∼ 10 (§4.2).

Dropout φ∗ (10−3

Sample < z > M∗
UV

a Mpc−3) α

Reddy & Steidel 2009
U 3.0 −20.97± 0.14 1.71± 0.53 −1.73± 0.13

XDF+HUDF09-Ps+CANDELS-North+South+ERS
B 3.8 −21.07± 0.08 1.41+0.23

−0.20 −1.64± 0.04

V 4.9 −21.11± 0.14 0.79+0.22
−0.17 −1.73± 0.06

i 5.9 −20.93± 0.25b 0.49+0.26
−0.17 −1.85± 0.10

z 6.8 −20.64± 0.31b 0.43+0.34
−0.19 −2.00± 0.14

Y 7.9 −19.87± 0.39b 0.76+0.89
−0.41 −1.83± 0.29

J 10.4 −20.36 (fixed) 0.032+0.017
−0.011 −2.25 (fixed)

All Fields
B 3.8 −21.07± 0.08 1.41+0.23

−0.20 −1.64± 0.04

V 4.9 −21.19± 0.11 0.64+0.14
−0.12 −1.78± 0.05

i 5.9 −21.16± 0.20 0.33+0.15
−0.10 −1.91± 0.09

z 6.8 −21.04± 0.26 0.22+0.14
−0.09 −2.06± 0.12

Y 7.9 −19.97± 0.34 0.64+0.65
−0.32 −1.86± 0.27

J 10.4 −20.36 (fixed) 0.024+0.012
−0.008 −2.25 (fixed)

a Derived at a rest-frame wavelength of 1600Å.
b The characteristic luminosity M∗ that we derive us-
ing the GOODS-North+GOODS-South+ERS+XDF+HUDF09-Ps
fields alone is fainter than what we derive using the full data set.
If the shape of the UV LF has a slightly non-Schechter-like form (as
we consider in §4.4), the best-fit characteristic luminosity M∗ may
show some dependence on the overall search area used.

Fig. 4.— SWML determinations of the UV LFs at z ∼ 4 (blue
solid circles), z ∼ 5 (green solid circles), z ∼ 6 (light blue solid
circles), z ∼ 7 (black circles), and z ∼ 8 (red solid circles). Also
shown are independently-derived Schechter fits to the LFs using the
STY procedure (see §4.2). The UV LFs we have derived from the
complete CANDELS+ERS+XDF+HUDF09 data sets show clear
evidence for the build-up of galaxies from z ∼ 8 to z ∼ 4. Note the
modest numbers of luminous galaxies at z ∼ 7 and z ∼ 8.

where

p(mi) =

(

nexpected,i

Σjnexpected,j

)nobserved,i

(3)

where the above products runs over the different search
fields and magnitude interval i used in the LF determi-
nations, nexpected,i is the expected number of sources in
magnitude interval i for a given LF, and nobserved,i is the
observed number of sources in magnitude interval i. The

A census of star-forming activity at high-redshift

Bouwens et al. 2014



Gravitational Lensing & 
Magnification Bias

✤ Probability of strong lensing given 
an observed magnitude:

A bias that could skew the luminosity function

Wyithe et al. (2011)

Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 5 November 2014 (MN LATEX style file v2.2)

The Compelling Case for Gravitational Lensing of
High-Redshift Galaxies in GOODS and the XDF

R. L. Barone-Nugent1, J.S.B Wyithe1, M. Trenti1,2, T. Treu3, P. Oesch4,
R. Bouwens5, G. D. Illingworth6, K. Schmidt3 et al.
1 School of Physics, University of Melbourne, Parkville, Victoria, Australia
2 Kavli Institute for Cosmology and Institute of Astronomy, University of Cambridge, Cambridge, UK
3 University of California, Santa Barbara, USA
4 Department of Astronomy, Yale University, New Haven, CT 06511, USA
5 Leiden Observatory, Leiden University, NL-2300 RA Leiden, Netherlands
6 UCO/Lick Observatory, University of California, Santa Cruz, CA 95064, USA
Email: robertbn@student.unimelb.edu.au

5 November 2014

ABSTRACT
We have measured a significant level of gravitational lensing magnification bias in the
latest B, V , i, z & Y dropout samples observed in the XDF and GOODS by utilizing
the 3d-HST photometric catalogue. We find that ⇠ 10% of bright LBGs (mH

160

< 26)
observed during the epoch of reionization at z ⇠ 7 have been strongly lensed by fore-
ground objects. We also measure magnification bias in each of the samples at z ⇠ 4,
z ⇠ 5 and z ⇠ 6 (1� 5% of LBGs brighter than mH

160

= 26 are strongly lensed). We
show that the observed magnification bias can be used to derive luminosity function
parameters ↵ and M?, independently from galaxy number counts. This method pro-
duces Schechter-function parameter values in close agreement with those determined
from galaxy counts. While magnification bias is expected to approach a value of 2
for flux limits in the power-law tail of the luminosity function, we find that the bias
approaches unity in each of the samples, providing evidence that the faint-end slope
may not remain steep to luminosities more than several magnitudes beyond the cur-
rent observational flux limit. The absence of faint (M > �15) galaxies at z & 7 can
have important implications for the ionising photon budget for reionization. We use
our measurement of gravitational lensing probability and magnification bias together
with the observed luminosity function to show that gravitational lensing will signif-
icantly modify number counts of galaxies with MUV < �22 at z & 8. Thus JWST
surveys for distant galaxies will need to consider the e↵ects of gravitational lensing.

Key words: galaxies: high-redshift — cosmology: observations, (cosmology:)

P (SL|M) = P (M|SL)

P (M)

P (SL)

1 INTRODUCTION

Surveys of Lyman-Break Galaxies (LBGs) during the epoch
of reionization (Bouwens et al. 2014; Schmidt et al. 2014;
Schenker et al. 2013; McLure et al. 2013; Bradley et al.
2012; Oesch et al. 2012; Bouwens et al. 2011; Castellano
et al. 2010; Bouwens et al. 2008; Khochfar et al. 2007) aim
to make a census of high-redshift galaxies and to estimate
the available ionizing photon budget for Reionization. These
surveys, however, may provide a skewed view of the early
Universe. The observations are complicated by gravitational
lensing (Wyithe et al. 2011), which a↵ects the observed lu-
minosities and surface density of high-redshift LBGs. Along
random lines of sight, the probability of significant mag-
nification and multiple images from gravitational lensing is
⇠ 0.5% (Barkana & Loeb 2000; Comerford et al. 2002). How-
ever, high-redshift luminosity functions have been shown to
have very steep faint end slopes (↵ ⇠ �1.6 at z ⇠ 4 to
↵ ⇠ �2.0 at z ⇠ 8) (e.g. Bouwens et al. 2014). There is a
resultant bias leading to an enhanced probability of bright
LBGs being gravitationally lensed (Wyithe et al. 2011). The
e↵ect is enhanced for shallow flux limits (around M?), re-
sulting in a strongly-lensed fraction of ⇠ 10% of galaxies
brighter than M?.

The excess probability of lensing is the magnification

bias. The amplitude of the bias is a function of M
lim

�M?

and ↵ (Pei 1995; Wyithe et al. 2011). Therefore, quantify-
ing the amount of magnification bias o↵ers a direct probe of
the luminosity function down to, and below, current survey
detection limits. Magnification bias also has the potential
to skew the observed bright-end of the luminosity function
(see Fig. 3 in Wyithe et al. 2011). The z ⇠ 7 LF has been
observed to both agree with the exponential cuto↵ in the
Schechter parametrization (Bouwens et al. 2014), and also
to not decline as steeply as a Schechter function (Bowler
et al. 2014), which may be the signature of gravitational
lensing. Previous studies of high-redshift galaxies have ar-

gued that gravitational lensing has not significantly a↵ected
their luminosity functions (McLure et al. 2006), while oth-
ers have made slight corrections in the observed luminosities
of LBGs due to gravitational lensing (Bowler et al. 2014).
However, the sample sizes analyzed in these studies have
been small.

Identifying and confirming individual cases of strong
gravitational lensing of LBGs at z & 4 is made di�cult due
to sources appearing faint and small. Elongation in the ob-
served LBG due to lensing is di�cult to detect due to their
small observed size and by the point-spread function of the
telescope. Secondary images are very di�cult to observe,
as they will be less magnified than the primary image, and
hence be extremely faint. Secondary images will also appear
closer to the deflector than the primary image, making it
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The bootstrap sample is drawn from the entire sample with
replacement N = 104 times. Each time, each LBG is con-
sidered either “lensed” or “not lensed” randomly according
to its likelihood of having been lensed. The cumulative lens
fraction is recalculated for all limiting fluxes. The error bars
represent the 1� limits of the resultant distributions.

5.1 Examples of Likely Lensed Systems

We present an illustrative sample of some likely-lensed
candidates in the surveys in Figure 3. Cases at z ⇠ 7 are
emphasized because they are of the most interest, and have
the most importance to future surveys. We note that that
three brightest z and Y -dropouts in the entire sample are
each deemed to have a likelihood of lensing of > 10%. The
brightest LBG in the sample is shown in the top left panel
of Figure 3. All cutouts are shown at the same contrast
scale, except for the z ⇠ 4 lens candidate (bottom right),
which is in proximity to two very bright foreground galaxies,
both with MB ⇠ �23.5, one of which is spectroscopically
confirmed at z = 0.8.

The cutouts highlight the di�culty in locating sec-
ondary images in the event the LBG has been strongly
lensed. A secondary image will appear closer to the fore-
ground galaxy than the circled (primary) image, and is
likely to also be appear much fainter than the primary
image. All cutouts are 10.000 on each side. In each case,
the deflector candidate is labelled with its spectroscopic or
photometric redshift.

5.2 Deflector Properties

We present the distribution of the image-deflector sepa-
rations, deflector redshifts and deflector B-band absolute
magnitudes in this section. The number of lensed sources
is weighted by the likelihood of lensing for each image-
deflector configuration.

The top row of Figure 4 shows the distribution of
lens rest-frame B-band magnitudes for each of the four
independent LBG samples. The peak of the distribution
occurs around MB ⇠ �22 for each of the samples.

The middle row of Figure 4 shows the distribution of
image-deflector separations for each of the LBG samples.
The normalised cumulative fractions are shown as dashed
lines. We observe an approximate increase in the peak of
the separation distribution as redshift increases (from ⇠ 1.000
at z ⇠ 4 to ⇠ 2.000 at z ⇠ 7), consistent with the expectation
that higher-redshift sources have a larger deflection angle.

The bottom row of Figure 4 shows the distribution of
deflector redshifts. The normalised cumulative fractions are
shown as dashed lines. We observe an increase in the peak
of the deflector redshift distribution from z ⇠ 4 sources,
where the deflector distribution peaks around z ⇠ 1, to the
z ⇠ 7 sources where the peak occurs around z ⇠ 2. This
evolution is consistent with the expectation that lenses
are most likely to be found at around half of the angular
diameter distance to the source.

6 MAGNIFICATION BIAS

The magnification bias, B
lens

, is the fraction of strongly-
lensed galaxies over the strongly-lensed fraction of random
lines of sight, defined as the optical depth. The optical depth,
⌧ , is the fraction of the field which is covered by the Einstein
radii of foreground objects. Based on our FJR, we assess
the optical depth for sources at z ⇠ 4, z ⇠ 5, z ⇠ 6 and
z ⇠ 7.2 to be ⌧ = 0.44%, 0.58%, 0.69%, 0.81%. The values
found are consistent with theoretical predictions of the opti-
cal depths at these redshifts (Wyithe et al. 2011; Barkana &
Loeb 2000). The optical depths are plotted as dashed lines
in Figure 2. The bias is therefore the observed magnified
fraction divided by the optical depth (the solid lines divided
by the dashed lines in Figure 2). The observed bias for each
of the samples is plotted in Figures 5 & 6. The bias reaches
values of ⇠ 10 at bright magnitudes and high-redshifts, but
has values of order unity near the survey flux limit.

For a LF with weak (or no) redshift-evolution of the ↵
parameter, the magnification bias as a function ofMlim�M?

is expected to remain constant with redshift. To highlight
that this trend exists in the data, we plot the observed mag-
nification bias at each redshift on the same axes in Figure
5.

The magnification bias (Turner et al. 1984) at luminos-
ity L for a given luminosity function,  (L), is

B(L) =

R µ
max

µ
min

dµ
µ

dP
dµ
 (L/µ)

 (L)
, (8)

where dP
dµ

is the magnification distribution for the brighter
image, and is given for an SIS by,

dP

dµ
=

⇢
2

(µ�1)

3

for 2 < µ < 1
0 for µ < 2

(9)

We assume  (L) is the Schechter luminosity function. The
magnification bias for all galaxies in a flux limited sample is

B
lens

=

R µ
max

µ
min

dµ
R1
L

lim

dL dP
dµ
 (L/µ)

R1
L

lim

dL (L)
. (10)

Results for our bias estimates given the Schechter LF
parameters in Bouwens et al. (2014) and theoretical curves
are plotted in Figure 6. Theoretical values for bias are
calculated using previously derived LF parameters ↵ and
M? (Bouwens et al. 2014) and a range of values at which
the luminosity function deviates from a steep faint-end
slope. We find close agreement between the observed shape
and amplitude of the magnification bias and the theoretical
function in each of the independent samples.

It is worth noting that the inferred magnification bias
is not sensitive to the parameters of the Faber-Jackson
relation (Section 3), as it a↵ects both the numerator
(fraction of strongly-lensed LBGs) and the denominator
(the optical depth) similarly.

6.1 The Faint-end Slope Beyond Current Flux
Limits

Magnification bias results from magnification of intrinsically
faint sources below an observed flux limit into an observed
sample, hence quantifying the degree of magnification bias

c� 0000 RAS, MNRAS 000, 000–000
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Figure 3. Examples of possibly-lensed LBGs in the four samples. All cutouts are of the J
125

images and are 10.00 ⇥ 10.00. LBGs are
circled in black and the deflectors are labelled by their spectroscopic/photometric redshifts (top centre left, top centre right, top right,

bottom centre left, bottom centre right and bottom right are spectroscopic redshifts). Top row, left to right: All redshift 7 and 8 lens

candidates. Their apparent magnitudes (and likelihoods of being lensed by µ > 2) are, from left to right, m = 24.83 (16%) (the brightest
z ⇠ 7 LBG in the sample), m = 25.98 (39%), m = 26.44 (48%) and m = 27.55 (63%). Bottom row, two left panels: Both z ⇠ 6 lens

candidates with m = 25.07 (57%) and m = 27.57 (60%). Bottom row, second from right: A z ⇠ 5 lens candidate with m = 25.64
(77%). Bottom row, right: A z ⇠ 4 lens candidate with m = 24.01 (53%), which is in proximity to two very bright potential deflectors.

We assume  (L) is the Schechter luminosity function. The
magnification bias for all galaxies in a flux limited sample is

B(L > L
lim

) =

R µ
max

µ
min

dµ
R1
L

lim

dL dP
dµ
 (L/µ)

R1
L

lim

dL (L)
. (10)

Results for our bias estimates given the Schechter LF
parameters in Bouwens et al. (2014) and theoretical curves
are plotted in Figure 6. Theoretical values for bias are
calculated using previously derived LF parameters ↵ and
M? (Bouwens et al. 2014) and a range of values at which
the luminosity function deviates from a steep faint-end
slope. We find close agreement between the observed shape
and amplitude of the magnification bias and the theoretical
function in each of the independent samples.

It is worth noting that the inferred magnification bias
is not sensitive to the parameters of the Faber-Jackson
relation (Section 3), as it a↵ects both the numerator
(fraction of strongly-lensed LBGs) and the denominator
(the optical depth) similarly.

6.1 The Faint-end Slope Beyond Current Flux
Limits

Magnification bias results from magnification of intrinsically
faint sources below an observed flux limit into an observed
sample, hence quantifying the degree of magnification bias
o↵ers an opportunity to investigate the behaviour of the LF
beyond current survey limits. The above calculations of bias
assume an extrapolation of the faint end slope to fluxes well-

Figure 5. The observed bias at each redshift overlaid (yellow:

z ⇠ 4, green: z ⇠ 5, red: z ⇠ 6, blue: z ⇠ 7) as a function

of M? � M
lim

. We show the bias at each redshift individually
in Figure 6. For an LF without strong evolution in ↵, which is

observed from 4 < z < 7, the bias is not expected to evolve. A

roughly constant bias is observed at all values of M? �M
lim

for
the four independent LBG samples from 4 < z < 7.

below observational limits.
To illustrate, we begin with a toy model in which there

is a minimum luminosity for galaxies of L
min

, below which

c� 0000 RAS, MNRAS 000, 000–000



Is Magnification Bias There?

✤ Very hard to prove individual 
cases of gravitational lensing

✤ Approximately 0.5-1.0% of 
random lines of sight are 
strongy lensed

✤ Shallower surveys, such as 
Brightest of Reionizing Galaxies 
survery (PI: Trenti), should have 
a high lensed fraction

There should be gravitationally lensed galaxies in current 
surveys
Gravitational Lensing in CANDELS & the XDF 13

Figure A1. The excess probability of finding an LBG brighter than various flux limits within 5.000 of deflectors brighter than MB at
z < 2. In each of the four samples, we find that there is an excess of LBGs around bright foreground objects. The excess becomes

monotonically more pronounced with brighter flux limits around bright foregrounds in each of the four samples. At each redshift slice,

we consider a di↵erent set of flux limits as M? appears bright for the lower-redshift samples. The right panel shows a large excess of
bright LBGs at z ⇠ 7 around bright foreground objects. At z ⇠ 4, we find similar behaviour of bright LBGs appearing more frequently

around bright foreground objects than in the total field, but the amplitude of the excess is much lower for the same flux limits of LBGs.
However, for brighter flux limits, we see identical behaviour to that observed at higher redshift.

for this e↵ect in LBG samples with spectroscopic follow-up
from the literature, and found no evidence that bright,
red foregrounds enhance LBG detection. Therefore it is
very likely that the proximity e↵ect shown in Figure A1 is
due to gravitational magnification of background LBGs by
massive, bright foreground objects.

c� 0000 RAS, MNRAS 000, 000–000



Our Search

✤ We estimate the magnification, 
!, of each LBG at z~4, 5, 6 & 7

✤ For each pair of LBG and 
nearby foreground object, use:

✤ Source and deflector redshift

✤ Deflector luminosity

✤ Separation between LBG & 
deflector

Use Bouwens et al. (2014) samples of LBGs at z~4, 5, 6 & 7 
to search for a statistical signal of magnification bias

Magnification Bias 3

Figure 1. Left: The Faber-Jackson Relation that we derive (dashed) and the galaxies in the three samples of Treu et al. (2005), Auger
et al. (2009), and Newman et al. (2010). Centre: The residuals of the velocity dispersions as a function of e↵ective radius of the galaxies
in the three samples. Right: The residuals of the velocity dispersions as a function of redshift of the galaxies in the samples. We find no
systematic biases in the FJR we derive. The scatter in the residuals at z > 0.6 agrees with the scatter in the residuals at z < 0.6 within
the uncertainties.

their uncertainty is ⇠ 10kms�1, and will not significantly
a↵ect the inferred strongly-lensed fraction. The FJR is
plotted in the left panel of Figure 1, and the residuals are
plotted as a function of e↵ective radius, R

e

, and redshift, z,
in the centre and right panels, respectively. The uncertainty
in the FJR is dominated by the intrinsic scatter, which is
46kms�1 in the direction of velocity dispersion. There are
no systematic biases in the residuals with respect to MB ,
z or the e↵ective radius. The scatter in the residuals for
galaxies at z > 0.6 is consistent with galaxies at z < 0.6,
with no evidence of redshift-dependent scatter in our FJR.

The resultant FJR is consistent with B-band FJRs
found from weak lensing analyses of type Ia supernovae
presented in Jönsson et al. (2010); Kleinheinrich et al.
(2004); Hoekstra et al. (2004). As a check of our FJR, we
compare it with the i?-band FJR (which may be less prone
to dust-extinction) presented in Bernardi et al. (2003)
for all objects in GOODS. We find very close agreement
between �? as inferred from the i-band FJR with with
our B-band FJR. For low-redshift objects, the scatter in
the residuals between the two methods is 2kms�1. For all
objects out to z = 2, the scatter in the residuals between
the two FJRs is 9kms�1. This may be partially due to the
Bernardi et al. (2003) FJR being calibrated at z ⇠ 0, and
not taking into account redshift evolution. There are no
systematic biases in the residuals between these two FJRs
as a function of z, MB or R

e

.

4 ASSESSING THE LENSING LIKELIHOOD
OF LBGS

To quantify the strongly-lensed fraction of LBGs, we model
every foreground object in the field as a gravitational lens.
Using photometric information of all foreground objects, we
ask the following question for each LBG: what is the like-

lihood of it being lensed with magnification µ > 2 given

its position relative to nearby (in projection) foreground ob-

jects. We disregard deflector-LBG pairs with a separation

of ✓
sep

> 5.000. For each foreground object within 5.000 of the
LBG, we use the following process:

(i) Model the foreground object using a singular isother-
mal sphere (SIS) density profile,

(ii) Calculate the velocity dispersion that the foreground
object requires for it to produce an image at the observed
position of the LBG with a magnification of µ = 2, denoted
by �?,req. For an SIS, µ = 2 marks the beginning of the
strong-lensing regime. The required velocity dispersion de-
pends on the LBG-deflector separation, LBG redshift and
source redshift,

(iii) Calculate the likelihood that the foreground object
has a velocity dispersion greater than or equal to �?,req.
This is the likelihood of strong lensing for that deflector-
LBG pair,

(iv) Weight the likelihood of lensing by the inverse of the
detection completeness at the separation between the LBG
and the nearby foreground object.

The final step accounts for reduced sensitivity to faint LBGs
nearby bright foregrounds. We explain this process further
in Section 4.1.

To calculate �?,req we find the ✓
ER

required for µ = 2
using the expression for the magnification of the image in
an observed configuration,

µ =
|✓

sep

|
|✓

sep

|� ✓ER
, (4)

where µ is the magnification, and ✓
sep

is the observed sepa-
ration between the source image and the deflector. We can
then find the velocity dispersion corresponding to µ = 2
using the expression for the Einstein Radius of an SIS,

✓ER = 4⇡(
�?

c
)2
DLS

DS
, (5)

where �? is the stellar velocity dispersion, DS is the angular
diameter distance to the source, and DLS is the angular
diameter distance from the source to the lens.

For each LBG-foreground object pair, the likelihood of
strong lensing of the LBG by the deflector is equal to the
likelihood that the deflector has a velocity dispersion above

c� 0000 RAS, MNRAS 000, 000–000
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Figure 1. Left: The Faber-Jackson Relation that we derive (dashed) and the galaxies in the three samples of Treu et al. (2005), Auger
et al. (2009), and Newman et al. (2010). Centre: The residuals of the velocity dispersions as a function of e↵ective radius of the galaxies
in the three samples. Right: The residuals of the velocity dispersions as a function of redshift of the galaxies in the samples. We find no
systematic biases in the FJR we derive. The scatter in the residuals at z > 0.6 agrees with the scatter in the residuals at z < 0.6 within
the uncertainties.

their uncertainty is ⇠ 10kms�1, and will not significantly
a↵ect the inferred strongly-lensed fraction. The FJR is
plotted in the left panel of Figure 1, and the residuals are
plotted as a function of e↵ective radius, R

e

, and redshift, z,
in the centre and right panels, respectively. The uncertainty
in the FJR is dominated by the intrinsic scatter, which is
46kms�1 in the direction of velocity dispersion. There are
no systematic biases in the residuals with respect to MB ,
z or the e↵ective radius. The scatter in the residuals for
galaxies at z > 0.6 is consistent with galaxies at z < 0.6,
with no evidence of redshift-dependent scatter in our FJR.

The resultant FJR is consistent with B-band FJRs
found from weak lensing analyses of type Ia supernovae
presented in Jönsson et al. (2010); Kleinheinrich et al.
(2004); Hoekstra et al. (2004). As a check of our FJR, we
compare it with the i?-band FJR (which may be less prone
to dust-extinction) presented in Bernardi et al. (2003)
for all objects in GOODS. We find very close agreement
between �? as inferred from the i-band FJR with with
our B-band FJR. For low-redshift objects, the scatter in
the residuals between the two methods is 2kms�1. For all
objects out to z = 2, the scatter in the residuals between
the two FJRs is 9kms�1. This may be partially due to the
Bernardi et al. (2003) FJR being calibrated at z ⇠ 0, and
not taking into account redshift evolution. There are no
systematic biases in the residuals between these two FJRs
as a function of z, MB or R

e

.

4 ASSESSING THE LENSING LIKELIHOOD
OF LBGS

To quantify the strongly-lensed fraction of LBGs, we model
every foreground object in the field as a gravitational lens.
Using photometric information of all foreground objects, we
ask the following question for each LBG: what is the like-

lihood of it being lensed with magnification µ > 2 given

its position relative to nearby (in projection) foreground ob-

jects. We disregard deflector-LBG pairs with a separation

of ✓
sep

> 5.000. For each foreground object within 5.000 of the
LBG, we use the following process:

(i) Model the foreground object using a singular isother-
mal sphere (SIS) density profile,

(ii) Calculate the velocity dispersion that the foreground
object requires for it to produce an image at the observed
position of the LBG with a magnification of µ = 2, denoted
by �?,req. For an SIS, µ = 2 marks the beginning of the
strong-lensing regime. The required velocity dispersion de-
pends on the LBG-deflector separation, LBG redshift and
source redshift,

(iii) Calculate the likelihood that the foreground object
has a velocity dispersion greater than or equal to �?,req.
This is the likelihood of strong lensing for that deflector-
LBG pair,

(iv) Weight the likelihood of lensing by the inverse of the
detection completeness at the separation between the LBG
and the nearby foreground object.

The final step accounts for reduced sensitivity to faint LBGs
nearby bright foregrounds. We explain this process further
in Section 4.1.

To calculate �?,req we find the ✓
ER

required for µ = 2
using the expression for the magnification of the image in
an observed configuration,

µ =
|✓

sep

|
|✓

sep

|� ✓ER
, (4)

where µ is the magnification, and ✓
sep

is the observed sepa-
ration between the source image and the deflector. We can
then find the velocity dispersion corresponding to µ = 2
using the expression for the Einstein Radius of an SIS,

✓ER = 4⇡(
�?

c
)2
DLS

DS
, (5)

where �? is the stellar velocity dispersion, DS is the angular
diameter distance to the source, and DLS is the angular
diameter distance from the source to the lens.

For each LBG-foreground object pair, the likelihood of
strong lensing of the LBG by the deflector is equal to the
likelihood that the deflector has a velocity dispersion above
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The Faber-Jackson Relation

✤ Most deflectors will be at z~1-2, where local FJRs aren’t applicable

✤ Calibrate a redshift dependent FJR using Treu+05, Auger+09 & Newman+11 
sample to account for evolution in the mass-to-light

A way of estimating velocity dispersion from luminosity

Barone-Nugent et al. (in prep.)

2 Barone-Nugent et al.

to skew the observed bright-end of the luminosity function
(see Fig. 3 in Wyithe et al. 2011). The z ⇠ 7 LF has been
observed to both agree with the exponential cuto↵ in the
Schechter parametrization (Bouwens et al. 2014), and also
to not decline as steeply as a Schechter function (Bowler
et al. 2014), which may be the signature of gravitational
lensing. Previous studies of high-redshift galaxies have ar-
gued that gravitational lensing has not significantly a↵ected
their luminosity functions (McLure et al. 2006), while oth-
ers have made slight corrections in the observed luminosities
of LBGs due to gravitational lensing (Bowler et al. 2014).
However, the sample sizes analyzed in these studies have
been small.

Identifying and confirming individual cases of strong
gravitational lensing of LBGs at z & 4 is made di�cult due
to sources appearing faint and small. Elongation in the ob-
served LBG due to lensing is di�cult to detect due to their
small observed size and by the point-spread function of the
telescope. Secondary images are very di�cult to observe,
as they will be less magnified than the primary image, and
hence be extremely faint. Secondary images will also appear
closer to the deflector than the primary image, making it
more di�cult to disentangle them from the deflector galaxy
light than the primary image. Wyithe et al. (2011) calcu-
lated the probability of detecting a secondary image to be
⇡ 10%, where the bright image of a galaxy is one magnitude
above the survey limit.

In this paper, we adopt a statistical approach to de-
tect gravitational lensing of high-redshift galaxies using the
largest samples of LBGs at 4 < z < 8. We assess the like-
lihood of lensing for each individual LBG in homogenous
samples at z ⇠ 4, z ⇠ 5, z ⇠ 6 and z ⇠ 7 � 8 in order to
infer the total expected lensed fraction at a range of flux
limits. In Section 2 we describe the data used in our analy-
sis. In Section 3 we derive the Faber-Jackson relation (Faber
& Jackson 1976) of foreground galaxies that we will use in
our analysis. Section 4 describes our method of prescribing
a likelihood of lensing to each LBG. Section 5 describes our
lensing results, and in Section 6 we assess the magnifica-
tion bias and the consequences for the LF beyond current
survey limits. In Section 9 we conclude. We refer to the
HST F435W, F606W, F775W, F850LP, F105W, F125W,
and F160W bands as B

435

, V
606

, i
775

, z
850

, Y
105

, J
125

and
H

160

. Throughout this paper we use ⌦M = 0.3, ⌦
⇤

= 0.7
and H

0

= 70km/s/Mpc, and all magnitudes are in the AB
system (Oke & Gunn 1983).

2 DATA

The analysis presented in this paper makes use of the
wide-area, ultra-deep observations of the XDF/UDF and
GOODS (from the XDF, ERS and CANDELS programs)
(Illingworth et al. 2013; Windhorst et al. 2011; Grogin et al.
2011; Koekemoer et al. 2011). The observations cover the
4.7 arcmin2 area of the XDF, which reaches ⇠ 30 mag at
5�, the 126 arcmin2 of the GOODS Deep fields, which reach
⇠ 28.5 mag at 5�, and the 115 arcmin2 of the GOODS
Wide fields, which reach ⇠ 27.7 mag at 5�. The catalogues
were constructed to identify Lyman-Break galaxies from
z ⇠ 4 to z ⇠ 8 using a colour-colour criterea (see details
in Section 3.2.2 of Bouwens et al. 2014). LBGs ‘drop-out’

in the B
435

, V
606

, i
775

, z
850

and Y
105

for LBGs at z ⇠ 4,
z ⇠ 5, z ⇠ 6, z ⇠ 7 and z ⇠ 8, respectively. The catalogues
include 5867, 2108, 691 and 610 LBG candidates at z ⇠ 4,
z ⇠ 5, z ⇠ 6 and z ⇠ 7� 8 respectively.

We use the 3d-HST photometric catalogue of the CAN-
DELS area (Skelton et al. 2014; Brammer et al. 2012) in
order to model foreground objects as potential gravitational
lenses. The 3d-HST survey covers all of the CANDELS
fields, with grism spectroscopy of ⇠ 7000 objects from
1 < z < 3.5. We utilize the spectroscopic redshifts of
foreground objects when available, and otherwise rely on
photometric redshifts obtained using EAZY (Brammer et al.
2008) which rely on deep multiband observations from
multiple surveys (Erben et al. 2008; Taniguchi et al. 2007;
Grogin et al. 2011; Koekemoer et al. 2011; Whitaker et al.
2011; McCracken et al. 2012; Bielby et al. 2011; Brammer
et al. 2012; Ashby et al. 2013; Barmby et al. 2008).

We calibrate a redshift-dependent Faber-Jackson
relation (Faber & Jackson 1976) (see Section 3) using
early-type galaxy data from Treu et al. (2005), Auger et al.
(2009), and Newman et al. (2010). The galaxies in these
samples have published spectroscopic redshifts, velocity
dispersions and rest-frame B-band magnitudes.

3 THE FABER-JACKSON RELATION

The key parameter determining the e�ciency of an early-
type galaxy as a gravitational lens is its velocity dispersion
(Turner et al. 1984). We estimate the velocity dispersion of
each galaxy in the CANDELS field from photometry by cal-
ibrating a redshift-dependent Faber-Jackson relation (FJR)
(Faber & Jackson 1976). The FJR relates the luminosity of
an object to its velocity dispersion. We include a redshift
evolution term to account for the evolution of the mass-
to-light ratio with increasing redshift, so the FJR can be
expressed as

LB = m�↵
? (1 + z)� , (1)

where LB is the B-band luminosity, �? is the stellar velocity
dispersion, and z is the redshift. The FJR can be expressed
linearly as

MB = ax+ by + c, (2)

where a = �2.5↵, x = log
10

�?, b = �2.5�, y = log
10

(1+ z),
c = �2.5 log

10

(m) and MB = �2.5log
10

(LB). We calibrate
the FJR using galaxies with spectroscopic redshifts and
velocity dispersions from Treu et al. (2005), Auger et al.
(2009), and Newman et al. (2010), which span 0 < z < 1.6.
We determine the values of a, b, and c by minimising the
�2, given by

�2 =
nX

i=0

(MBi � axi � byi � c)2

(✏2MBi
+ a2✏2xi

+ b2✏2yi + ✏2
int

)
, (3)

where ✏MB ,x,y are the uncertainties in the data and ✏
int

is the intrinsic scatter. To avoid degeneracies, we fix the
slope to be ↵ = 3.9, in line with previous studies (Hyde &
Bernardi 2009; Jönsson et al. 2010).

We find best fit parameters of m = 2.3± 0.2⇥ 108 and
� = 0.7± 0.3. The errors on m and � are not independent,
so the uncertainty in the inferred velocity dispersion due to
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Strong Lensing Probabilities

✤ Ask two questions about each 
LBG-deflector pair:

✤ What deflector velocity 
dispersion is required for strong 
lensing (!=2)?

✤ What is the chance that that 
deflector has a velocity 
dispersion equal to or greater 
than that required?

Assigning a probability that an LBG has been 
gravitationally lensed

Magnification Bias 3

velocity dispersions from Treu et al. (2005), Auger et al.
(2009), and Newman et al. (2010), which span 0 < z < 1.6.
We determine the values of a, b, and c by minimising the
�2, given by

�2 =
nX

i=0

(MBi � axi � byi � c)2

(✏2MBi
+ a2✏2xi

+ b2✏2yi + ✏2
int

)
, (3)

where ✏MB ,x,y are the uncertainties in the data and ✏
int

is the intrinsic scatter. To avoid degeneracies, we fix the
slope to be ↵ = 3.9, in line with previous studies (Hyde &
Bernardi 2009; Jönsson et al. 2010).

We find best fit parameters of m = 2.3± 0.2⇥ 108 and
� = 0.7± 0.3. The errors on m and � are not independent,
so the uncertainty in the inferred velocity dispersion due to
their uncertainty is ⇠ 10kms�1, and will not significantly
a↵ect the inferred strongly-lensed fraction. The FJR is
plotted in the left panel of Figure 1, and the residuals are
plotted as a function of e↵ective radius, R

e

, and redshift, z,
in the centre and right panels, respectively. The uncertainty
in the FJR is dominated by the intrinsic scatter, which is
46kms�1 in the direction of velocity dispersion. There are
no systematic biases in the residuals with respect to MB ,
z or the e↵ective radius. The scatter in the residuals for
galaxies at z > 0.6 is consistent with galaxies at z < 0.6,
with no evidence of redshift-dependent scatter in our FJR.

The resultant FJR is consistent with B-band FJRs
found from weak lensing analyses of type Ia supernovae
presented in Jönsson et al. (2010); Kleinheinrich et al.
(2004); Hoekstra et al. (2004). As a check of our FJR, we
compare it with the i?-band FJR (which may be less prone
to dust-extinction) presented in Bernardi et al. (2003)
for all objects in GOODS. We find very close agreement
between �? as inferred from the i-band FJR with with
our B-band FJR. For low-redshift objects, the scatter in
the residuals between the two methods is 2kms�1. For all
objects out to z = 2, the scatter in the residuals between
the two FJRs is 9kms�1. This may be partially due to the
Bernardi et al. (2003) FJR being calibrated at z ⇠ 0, and
not taking into account redshift evolution. There are no
systematic biases in the residuals between these two FJRs
as a function of z, MB or R

e

.

4 ASSESSING THE LENSING LIKELIHOOD
OF LBGS

To quantify the strongly-lensed fraction of LBGs, we model
every foreground object in the field as a gravitational lens.
Using photometric information of all foreground objects, we
ask the following question for each LBG: what is the like-

lihood of it being lensed with magnification µ > 2 given

its position relative to nearby (in projection) foreground ob-

jects. We disregard deflector-LBG pairs with a separation
of ✓

sep

> 5.000. For each foreground object within 5.000 of the
LBG, we use the following process:

(i) Model the foreground object using a singular isother-
mal sphere (SIS) density profile,

(ii) Calculate the velocity dispersion that the foreground
object requires for it to produce an image at the observed
position of the LBG with a magnification of µ = 2, denoted

by �?,req. For an SIS, µ = 2 marks the beginning of the
strong-lensing regime. The required velocity dispersion de-
pends on the LBG-deflector separation, LBG redshift and
source redshift,

(iii) Calculate the likelihood that the foreground object
has a velocity dispersion greater than or equal to �?,req.
This is the likelihood of strong lensing for that deflector-
LBG pair,

(iv) Weight the likelihood of lensing by the inverse of the
detection completeness at the separation between the LBG
and the nearby foreground object.

The final step accounts for reduced sensitivity to faint LBGs
nearby bright foregrounds. We explain this process further
in Section 4.1.

To calculate �?,req we find the ✓
ER

required for µ = 2
using the expression for the magnification of the image in
an observed configuration,

µ =
|✓

sep

|
|✓

sep

|� ✓ER
, (4)

where µ is the magnification, and ✓
sep

is the observed sepa-
ration between the source image and the deflector. We can
then find the velocity dispersion corresponding to µ = 2
using the expression for the Einstein Radius of an SIS,

✓ER = 4⇡(
�?

c
)2
DLS

DS
, (5)

where �? is the stellar velocity dispersion, DS is the angular
diameter distance to the source, and DLS is the angular
diameter distance from the source to the lens.

For each LBG-foreground object pair, the likelihood of
strong lensing of the LBG by the deflector is equal to the
likelihood that the deflector has a velocity dispersion above
�?,req, which is given by

L =
1
2
erfc

⇣�?,req � �?,infp
2✏

FJR

⌘
(6)

where ✏
FJR

is the intrinsic scatter in the velocity dispersion
of the FJR, and is 46kms�1.

In the event that there are multiple potential deflec-
tors within 5.000 of the source, we treat them independently
and calculate the probability that at least one is lensing the
source by µ > 2. For n deflectors, this is

L = 1�
nY

j=1

(1� Lj). (7)

4.1 Accounting for Sensitivity Variations

Faint LBGs have a reduced completeness compared to bright
LBGs. This alone would not a↵ect our inference of the lensed
fraction, because the completeness would change the numer-
ator and the denominator by the same factor at fixed magni-
tude. However, we note that there may be a further reduced
sensitivity to detecting faint LBGs around bright objects,
which will a↵ect potentially lensed LBGs di↵erently to those
isolated in the field. This e↵ect could cause our measured
strongly lensed fraction to be artificially low.

We weight all LBGs that appear close in projection to
bright foreground objects by the inverse of their relative de-
tection probability in order to account for reduced sensitivity
around foreground objects. To do this, we run completeness
simulations around all foreground objects which are either,
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velocity dispersions from Treu et al. (2005), Auger et al.
(2009), and Newman et al. (2010), which span 0 < z < 1.6.
We determine the values of a, b, and c by minimising the
�2, given by

�2 =
nX

i=0

(MBi � axi � byi � c)2

(✏2MBi
+ a2✏2xi

+ b2✏2yi + ✏2
int

)
, (3)

where ✏MB ,x,y are the uncertainties in the data and ✏
int

is the intrinsic scatter. To avoid degeneracies, we fix the
slope to be ↵ = 3.9, in line with previous studies (Hyde &
Bernardi 2009; Jönsson et al. 2010).

We find best fit parameters of m = 2.3± 0.2⇥ 108 and
� = 0.7± 0.3. The errors on m and � are not independent,
so the uncertainty in the inferred velocity dispersion due to
their uncertainty is ⇠ 10kms�1, and will not significantly
a↵ect the inferred strongly-lensed fraction. The FJR is
plotted in the left panel of Figure 1, and the residuals are
plotted as a function of e↵ective radius, R

e

, and redshift, z,
in the centre and right panels, respectively. The uncertainty
in the FJR is dominated by the intrinsic scatter, which is
46kms�1 in the direction of velocity dispersion. There are
no systematic biases in the residuals with respect to MB ,
z or the e↵ective radius. The scatter in the residuals for
galaxies at z > 0.6 is consistent with galaxies at z < 0.6,
with no evidence of redshift-dependent scatter in our FJR.

The resultant FJR is consistent with B-band FJRs
found from weak lensing analyses of type Ia supernovae
presented in Jönsson et al. (2010); Kleinheinrich et al.
(2004); Hoekstra et al. (2004). As a check of our FJR, we
compare it with the i?-band FJR (which may be less prone
to dust-extinction) presented in Bernardi et al. (2003)
for all objects in GOODS. We find very close agreement
between �? as inferred from the i-band FJR with with
our B-band FJR. For low-redshift objects, the scatter in
the residuals between the two methods is 2kms�1. For all
objects out to z = 2, the scatter in the residuals between
the two FJRs is 9kms�1. This may be partially due to the
Bernardi et al. (2003) FJR being calibrated at z ⇠ 0, and
not taking into account redshift evolution. There are no
systematic biases in the residuals between these two FJRs
as a function of z, MB or R

e
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4 ASSESSING THE LENSING LIKELIHOOD
OF LBGS

To quantify the strongly-lensed fraction of LBGs, we model
every foreground object in the field as a gravitational lens.
Using photometric information of all foreground objects, we
ask the following question for each LBG: what is the like-

lihood of it being lensed with magnification µ > 2 given

its position relative to nearby (in projection) foreground ob-

jects. We disregard deflector-LBG pairs with a separation
of ✓

sep

> 5.000. For each foreground object within 5.000 of the
LBG, we use the following process:

(i) Model the foreground object using a singular isother-
mal sphere (SIS) density profile,

(ii) Calculate the velocity dispersion that the foreground
object requires for it to produce an image at the observed
position of the LBG with a magnification of µ = 2, denoted

by �?,req. For an SIS, µ = 2 marks the beginning of the
strong-lensing regime. The required velocity dispersion de-
pends on the LBG-deflector separation, LBG redshift and
source redshift,

(iii) Calculate the likelihood that the foreground object
has a velocity dispersion greater than or equal to �?,req.
This is the likelihood of strong lensing for that deflector-
LBG pair,

(iv) Weight the likelihood of lensing by the inverse of the
detection completeness at the separation between the LBG
and the nearby foreground object.

The final step accounts for reduced sensitivity to faint LBGs
nearby bright foregrounds. We explain this process further
in Section 4.1.

To calculate �?,req we find the ✓
ER

required for µ = 2
using the expression for the magnification of the image in
an observed configuration,

µ =
|✓

sep

|
|✓

sep

|� ✓ER
, (4)

where µ is the magnification, and ✓
sep

is the observed sepa-
ration between the source image and the deflector. We can
then find the velocity dispersion corresponding to µ = 2
using the expression for the Einstein Radius of an SIS,

✓ER = 4⇡(
�?

c
)2
DLS

DS
, (5)

where �? is the stellar velocity dispersion, DS is the angular
diameter distance to the source, and DLS is the angular
diameter distance from the source to the lens.

For each LBG-foreground object pair, the likelihood of
strong lensing of the LBG by the deflector is equal to the
likelihood that the deflector has a velocity dispersion above
�?,req, which is given by

L =
1
2
erfc

⇣�?,req � �?,infp
2✏

FJR

⌘
(6)

where ✏
FJR

is the intrinsic scatter in the velocity dispersion
of the FJR, and is 46kms�1.

In the event that there are multiple potential deflec-
tors within 5.000 of the source, we treat them independently
and calculate the probability that at least one is lensing the
source by µ > 2. For n deflectors, this is

L = 1�
nY

j=1

(1� Lj). (7)

4.1 Accounting for Sensitivity Variations

Faint LBGs have a reduced completeness compared to bright
LBGs. This alone would not a↵ect our inference of the lensed
fraction, because the completeness would change the numer-
ator and the denominator by the same factor at fixed magni-
tude. However, we note that there may be a further reduced
sensitivity to detecting faint LBGs around bright objects,
which will a↵ect potentially lensed LBGs di↵erently to those
isolated in the field. This e↵ect could cause our measured
strongly lensed fraction to be artificially low.

We weight all LBGs that appear close in projection to
bright foreground objects by the inverse of their relative de-
tection probability in order to account for reduced sensitivity
around foreground objects. To do this, we run completeness
simulations around all foreground objects which are either,

c� 0000 RAS, MNRAS 000, 000–000

Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 7 November 2014 (MN LATEX style file v2.2)

The Compelling Case for Gravitational Lensing of
High-Redshift Galaxies in GOODS and the XDF

R. L. Barone-Nugent1, J.S.B Wyithe1, M. Trenti1,2, T. Treu3, P. Oesch4,
R. Bouwens5, G. D. Illingworth6, K. Schmidt3 et al.
1 School of Physics, University of Melbourne, Parkville, Victoria, Australia
2 Kavli Institute for Cosmology and Institute of Astronomy, University of Cambridge, Cambridge, UK
3 University of California, Santa Barbara, USA
4 Department of Astronomy, Yale University, New Haven, CT 06511, USA
5 Leiden Observatory, Leiden University, NL-2300 RA Leiden, Netherlands
6 UCO/Lick Observatory, University of California, Santa Cruz, CA 95064, USA
Email: robertbn@student.unimelb.edu.au

7 November 2014

ABSTRACT
We have measured a significant level of gravitational lensing magnification bias in
the latest B, V , i, z & Y dropout samples observed in the XDF and GOODS by
utilizing the 3D-HST photometric catalogue. We find that ⇠ 10% of bright Lyman
Break Galaxies (mH

160

< 26) observed during the epoch of reionization at z ⇠ 7 have
been strongly lensed (µ > 2) by foreground objects. We also measure magnification
bias in each of the samples at z ⇠ 4, z ⇠ 5 and z ⇠ 6 (1� 5% of LBGs brighter than
mH

160

= 26 are strongly lensed). We show that the observed magnification bias can be
used to derive luminosity function parameters ↵ and M?, independently from galaxy
number counts. This method produces Schechter-function parameter values in close
agreement with those determined from galaxy counts. While the magnification bias is
expected to approach a value of 2 for flux limits in the power-law tail of the luminosity
function, we find that the bias approaches unity in each of the samples, providing
evidence that the faint-end slope may not remain steep to luminosities more than
several magnitudes beyond the current observational flux limit. The absence of faint
(M > �15) galaxies at z & 7 can have important implications for the ionising photon
budget for reionization. We use our measurement of gravitational lensing probability
and magnification bias together with the observed luminosity function to show that
gravitational lensing will significantly modify number counts of galaxies with MUV <
�22 at z & 8. Thus JWST surveys for distant galaxies will need to consider the e↵ects
of gravitational lensing.

Key words: galaxies: high-redshift — cosmology: observations, (cosmology:)

2 =
|✓
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|�4⇡(
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c )
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1 INTRODUCTION

Surveys of Lyman-Break Galaxies (LBGs) during the epoch
of reionization (Bouwens et al. 2014; Finkelstein et al. 2014;
Schmidt et al. 2014; Schenker et al. 2013; Robertson et al.
2013; McLure et al. 2013; Finkelstein et al. 2012; Bradley
et al. 2012; Oesch et al. 2012; Bouwens et al. 2011; Castellano
et al. 2010; Bouwens et al. 2008; Khochfar et al. 2007) aim
to make a census of high-redshift galaxies and to estimate
the available ionizing photon budget for Reionization. These
surveys, however, may provide a skewed view of the early

Universe. The observations are complicated by gravitational
lensing (Wyithe et al. 2011), which a↵ects the observed lu-
minosities and surface density of high-redshift LBGs. Along
random lines of sight, the probability of significant mag-
nification and multiple images from gravitational lensing is
⇠ 0.5% (Barkana & Loeb 2000; Comerford et al. 2002). How-
ever, high-redshift luminosity functions have been shown to
have very steep faint end slopes (↵ ⇠ �1.6 at z ⇠ 4 to
↵ ⇠ �2.0 at z ⇠ 8) (e.g. Bouwens et al. 2014), which re-
sults in a bias leading to an enhanced probability of gravi-
tational lensing over random lines of sight. This bias is fur-
ther enhanced for flux limits at magnitudes brighter than
M? where number counts drop exponentially. Consequently,
bright LBGs become much more likely to have been gravi-
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Results - Lensed Fraction

✤ Assess the lensed fraction at 
multiple flux limits for samples 
at z~4, 5, 6, & 7

✤ See a monotonic increase in the 
lensed fraction for brighter flux 
limits

✤ Also see increase in the lensed 
fraction with redshift

The fraction of strongly lensed LBGs above a flux limit

Barone-Nugent et al. (in prep.)



Results - Lensed Fraction

Examples of possibly-lensed LBGs



✤ Compute the observed luminosity 
function given an intrinsic 
luminosity function

✤ Current LFs out to z~8 are not 
significantly affected

✤ Future surveys at z>10, however, 
will be affected

Effect on the Luminosity Function

Does this lensing affect current LFs?



Results - Magnification Bias

The excess probability of lensing

Barone-Nugent et al. (in prep.)

✤ The magnification bias is the 
strongly-lensed fraction divided 
by the optical depth, 𝜏

✤ Calculate the optical depth by 
assessing the lensed fraction of 
random source positions

✤ Compare observed magnification 
bias with theoretical bias



A New Way to Fit the LF

An alternative method to number counts of galaxies

Magnification Bias 5

Figure 2. The lensed fraction of background LBGs as a function
of flux limit for the z

850

& Y
105

samples (blue), i
775

-dropouts
(red, o↵set by m+ 0.1), V

606

-dropouts (green, o↵set by m+ 0.2)
and B

435

-dropouts (yellow, o↵set bym+0.3). The analytic optical
depths, ⌧ , (strongly-lensed fraction of random lines of sight) for
each source redshift are plotted as dashed lines in the same colours
as the observed lensed fractions (see Section 6).

fraction is recalculated for all limiting fluxes. The error bars
represent the 1� limits of the resultant distributions.

5.1 Examples of Likely Lensed Systems

We present an illustrative sample of some likely-lensed
candidates in the surveys in Figure 3. Cases at z ⇠ 7 are
emphasized because they are of the most interest, and have
the most importance to future surveys. We note that that
three brightest z and Y -dropouts in the entire sample are
each deemed to have a likelihood of lensing of > 10%. The
brightest LBG in the sample is shown in the top left panel
of Figure 3. All cutouts are shown at the same contrast
scale, except for the z ⇠ 4 lens candidate (bottom right),
which is in proximity to two very bright foreground galaxies,
both with MB ⇠ �23.5, one of which is spectroscopically
confirmed at z = 0.8.

The cutouts highlight the di�culty in locating sec-
ondary images in the event the LBG has been strongly
lensed. A secondary image will appear closer to the fore-
ground galaxy than the circled (primary) image, and is
likely to also be appear much fainter than the primary
image. All cutouts are 10.000 on each side. In each case,
the deflector candidate is labelled with its spectroscopic or
photometric redshift.

5.2 Deflector Properties

We present the distribution of the image-deflector sepa-
rations, deflector redshifts and deflector B-band absolute
magnitudes in this section. The number of lensed sources
is weighted by the likelihood of lensing for each image-

deflector configuration.
The top row of Figure 4 shows the distribution of

lens rest-frame B-band magnitudes for each of the four
independent LBG samples. The peak of the distribution
occurs around MB ⇠ �22 for each of the samples.

The middle row of Figure 4 shows the distribution of
image-deflector separations for each of the LBG samples.
The normalised cumulative fractions are shown as dashed
lines. We observe an approximate increase in the peak of
the separation distribution as redshift increases (from ⇠ 1.000
at z ⇠ 4 to ⇠ 2.000 at z ⇠ 7), consistent with the expectation
that higher-redshift sources have a larger deflection angle.

The bottom row of Figure 4 shows the distribution of
deflector redshifts. The normalised cumulative fractions are
shown as dashed lines. We observe an increase in the peak
of the deflector redshift distribution from z ⇠ 4 sources,
where the deflector distribution peaks around z ⇠ 1, to the
z ⇠ 7 sources where the peak occurs around z ⇠ 2. This
evolution is consistent with the expectation that lenses
are most likely to be found at around half of the angular
diameter distance to the source.

6 MAGNIFICATION BIAS

The magnification bias, B
lens

, is the fraction of strongly-
lensed galaxies over the strongly-lensed fraction of random
lines of sight, defined as the optical depth. The optical depth,
⌧ , is the fraction of the field which is covered by the Einstein
radii of foreground objects. Based on our FJR, we assess
the optical depth for sources at z ⇠ 4, z ⇠ 5, z ⇠ 6 and
z ⇠ 7.2 to be ⌧ = 0.44%, 0.58%, 0.69%, 0.81%. The values
found are consistent with theoretical predictions of the opti-
cal depths at these redshifts (Wyithe et al. 2011; Barkana &
Loeb 2000). The optical depths are plotted as dashed lines
in Figure 2. The bias is therefore the observed magnified
fraction divided by the optical depth (the solid lines divided
by the dashed lines in Figure 2). The observed bias for each
of the samples is plotted in Figures 5 & 6. The bias reaches
values of ⇠ 10 at bright magnitudes and high-redshifts, but
has values of order unity near the survey flux limit.

For a LF with weak (or no) redshift-evolution of the ↵
parameter, the magnification bias as a function ofMlim�M?

is expected to remain constant with redshift. To highlight
that this trend exists in the data, we plot the observed mag-
nification bias at each redshift on the same axes in Figure
5.

The magnification bias (Turner et al. 1984) at luminos-
ity L for a given luminosity function,  (L), is

B(L) =

R µ
max

µ
min

dµ
µ

dP
dµ
 (L/µ)

 (L)
, (8)

where dP
dµ

is the magnification distribution for the brighter
image, and is given for an SIS by,

dP

dµ
=

⇢
2

(µ�1)

3

for 2 < µ < 1
0 for µ < 2

(9)

c� 0000 RAS, MNRAS 000, 000–000 Barone-Nugent et al. (in prep.)



Beyond Current Flux Limits

✤ Bias at a flux limit depends 
directly on the LF to a few 
magnitudes deeper than that 
limit

✤ Observed magnification bias 
approaches unity in each of the 
samples from z~4 to z~7

✤ This may be caused by a 
flattening LF beyond flux limits

Magnification bias allows us to look beyond survey limits



Beyond Current Flux Limits

Magnification bias allows us to look beyond survey limits

Barone-Nugent et al. (in prep.)

✤ Fit a broken Schechter function which transitions to 𝜶 = -1.0 after Mturn



Conclusions

✤ Magnification bias exists in current surveys, with ~10% of LBGs 
brighter than M✸ at z~7 strongly lensed,

✤ Future surveys using JWST of LBGs at z>10 will need to 
compensate for its effect on the LF,

✤ Most or all LBGs detected at z>10 may be strongly lensed,

✤ Measuring the bias can be used to constrain the LF independently 
of galaxy number counts,

✤ The measurements imply the possibility of a deviation from a steep 
faint-end slope a few magnitudes beyond current flux limits, which 
has repercussions for the photon budget of reionization.



z=3.8 z=4.9

z=5.9 z=7.2
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z=5.9 z=7.2


