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EG = Statistic to Probe ΛCDM

Zhang et al. 2007; Pullen, Alam & Ho 2015
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• EG combines 2 tracers of LSS 

growth: Lensing and RSD 

• Growth of structure helps 
break degeneracy! 

• Scale-dependence from 
modified gravity, not ΛCDM 

• Estimated using cross-
correlations with galaxies; 
independent of clustering bias
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Measurements consistent with GR 
and f(R) gravity

wgg(R) (Fig. 1b), measured from the LRG sample for scales
R 5 1.2h21–47h21 Mpc. To achieve a high signal-to-noise ratio in
the lensing profile, we stack together shape measurements15 of more
than 3 3 107 source galaxies (see Supplementary Information for
details). To calculate wgg(R), we use a standard method of counting
galaxy pairs and comparing the result with that for a randomly dis-
tributed sample16.

Figure 2 shows our estimate of EG(R), with 1s error bars that
include the error in the measurement of b. We choose the minimum
scale, R0 5 1.5h21 Mpc, to be close to the typical virial radius of the
haloes of the most massive LRGs, above which we expect the distri-
bution of galaxies to trace that of the dark matter, but our results are
not very sensitive to this particular choice of R0. To estimate errors in
EG(R) while accounting for any correlations between radial bins, we
use jackknife resampling of 34 galaxy subsamples from equal-area
regions in the sky. To obtain numerical corrections accounting for
the effect of scale-dependent galaxy bias and other systematic effects,
we use a suite of dark-matter simulations17 that have been populated
with galaxies using the HOD model18 that best reproduces the obser-
vations (Fig. 1 and Supplementary Information). The correction
factors that we obtain are well below the statistical uncertainty in EG.

We take the average of EG(R) over scales R 5 10h21–50h21 Mpc,
accounting for correlations in the data, and find it to be
ÆEGæ 5 0.392 6 0.065 (1s) (grey shaded region in Fig. 2). The 16%
error in EG is dominated by the 11% statistical error in band the 12%
statistical error in the galaxy–galaxy lensing signal. In addition, there
is a 5% lensing calibration uncertainty15. As detailed in the Sup-
plementary Information, systematic effects on EG are least important
on length scales R . 10h21 Mpc, so the results are most robust there.
We note that the average for R 5 2h21–50h21 Mpc yields a result,
ÆEGæ 5 0.40 6 0.07, consistent with that above.

The general relativistic prediction is EG 5 Vm,0/f(z) 5 0.408 6 0.029
at redshift z 5 0.32, where f(z) < Vm(z)0.55 < 0.629 and Vm(z) is the
matter density parameter at redshift z. The allowed range is determined
by the size of current uncertainties on Vm,0 5 0.2565 6 0.018 (ref. 19).
The data are consistent with this prediction over the range of scales we
consider (Fig. 2, solid line and GR 1LCDM bar). Unfortunately, pro-
viding model-independent constraints on the gravitational slip is com-
plicated, because changes in the gravitational slip will in turn affect the
rate of growth of structure. What is clear is that there is no evidence for
a non-zero gravitational slip from our data. Thus, we find no deviation
from general relativity on length scales 1011 times greater than those for
which classical tests20 have been performed.

We also compare our constraint on EG with predictions from two
viable modified theories of gravity: tensor–vector–scalar theory5 and
f( ) theory6 (Fig. 2, TeVeS and f( ) bars). Models of f( ) theory21 that
are designed to reproduce the observed cosmic expansion
history with a specific model for the gravitational slip predict that
EG 5 0.328–0.365 (Supplementary Information). The data favour
slightly higher values, but are consistent with this predicted range.
These models can be tested in the near future; limits on EG will
improve as a result of the larger data sets and better control of sys-
tematic errors allowed by the next generation of galaxy surveys.
Nevertheless, even with the current limits, we can tentatively rule
out particular models. For example, a particular tensor–vector–scalar
model1 predicts that EG 5 0.22, which is lower than the observed
value by more than 2.5s. Whether this result rules out the entire class
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Figure 1 | Probes of large-scale structure measured from 70,000 LRGs.
a, b, Observed radial profiles for two complementary probes, galaxy–galaxy
lensing (a) and galaxy clustering (b), are shown for scales
R 5 1.2h21–47 h21 Mpc (open circles). The error bars (1s) are estimated
from jackknife resampling of 34 equal-area regions in the sky. Profiles
measured from mock galaxy catalogues are also shown (solid curves). To
generate the mock galaxy catalogues, we use a standard five-parameter halo
occupation distribution (HOD) model with two parameters related to the
assignment of central galaxies and three parameters related to the
distribution of satellite galaxies (see Supplementary Information for more
details). To fix the HOD model parameters, we require the galaxy number
density to match the observed value and find the best joint fit to the observed
galaxy–galaxy lensing and galaxy clustering profiles. Despite this tuning, it is
remarkable that this simple model is able to reproduce both the overall shape
and particular features of the observed profiles.
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Figure 2 | Comparison of observational constraints with predictions from
general relativity and viable modified theories of gravity. Estimates of
EG(R) with error bars (1s) including the statistical error in the measurement
of b(ref. 14). The grey shaded region is the 1senvelope of the mean EG on
scales R 5 10h21–50h21 Mpc, where the systematic effects are least
important (Supplementary Information). The horizontal line shows the
mean prediction of general relativity, EG 5 Vm,0/f(z), at the effective redshift
of the measurement, z 5 0.32. On the right-hand side of the panel, labelled
vertical bars show the predicted ranges from three different gravity theories:
general relativity (GR) plus L cold dark matter (LCDM) model
(EG 5 0.408 6 0.029 (1s)); a class of cosmologically interesting models in
f( ) theory with Compton-wavelength parameters21 B0 5 0.001–0.1
(EG 5 0.328–0.365); and a tensor–vector–scalar (TeVeS) model1 designed to
match existing cosmological data and to produce a significant enhancement
of the growth factor (EG 5 0.22, shown with a nominal error bar of 10% for
clarity).
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RCSLenS: gravitational physics through cross-correlation 17

Figure 14. The annular differential surface density statistic for the galaxy-mass cross-correlation, Υgm(R,R0), measured for the different
combinations of lens-source datasets assuming R0 = 1.5h−1 Mpc. We also plot the best-fitting model for each cross-correlation using
both the wp(R) and ∆Σ(R) measurements. The errors are based on measurements for a set of 374 mock catalogues. The horizontal
dotted line marks Υgm = 0.

Figure 15. EG(R) measurements in two independent redshift bins 0.15 < z < 0.43 and 0.43 < z < 0.7, after combining the results
from the different cross-correlations. In the former case, the measurements of Reyes et al. (2010) are plotted as the open circles for
comparison. The horizontal solid lines are the prediction of standard gravity, EG = Ωm/f , for our fiducial model Ωm = 0.27. The
horizontal dotted lines indicate the 1-σ variation that would result given ∆Ωm = 0.02, which is indicative of both the WMAP and
Planck error in determining this parameter. We note that the data points are correlated, with a covariance matrix displayed in Figure
16.

RCSLenS producing the most and least accurate determi-
nations, respectively.

As a cross-check of the methodology we performed the
same fits to the ∆Σ(R) measurements from the mock cat-
alogues for all the combinations of source-lens datasets, us-
ing the full-survey realizations including masks. The aver-
age parameter measurement across the realizations is σ8 =

0.80 ± 0.03 with average value of χ2/dof = 50.5/47, com-
pared to the input parameter value σ8 = 0.826. The slight
offset of the fit to lower values than the input is due to the
artificial reduction in the clustering amplitude of high-bias
mocks constructed via Equation 36, as discussed in Section
5. For b = 1 mocks we recover the input cosmology within
the statistical error in the mean.
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• Measurements from several 
groups have been performed 

• Measurements consistent with 
ΛCDM out to 70 Mpc/h - 
10-15% errors 

• Upcoming surveys seek 1-2% 
errors or lower 

• IM weak lensing could possibly 
improve this further

Reyes et al. 2010, Blake et al. 2015, Pullen et al. 2016, Singh et al. 2018 
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Magnification bias distorts EG 
Calibrating magnification from EG 7
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Figure 3. EG fractional deviation at redshifts centered at z =
0.57 (top) and z = 1.5 (bottom). EG is significantly biased when
the galaxy bias and magnification bias parameter are set as b = 1
and s = 0, while for more realistic values, the EG bias is much
smaller.

surveys, particularly if catastrophic redshift errors are kept
to a minimum.

In all simulations in this subsection we assume a ΛCDM
cosmogony. We assume an eBOSS LRG redshift distribution
similar to Dawson et al. (2015) Table 1 but in the range
z ∈ [0.4, 0.9]. The eBOSS QSO redshift distribution we use is
similar to that in Pâris et al. (2017) but in the redshift range
z ∈ [0.9, 3.5], and we use an expression for the QSO clus-
tering bias from Table 2 in Zhao et al. (2016). The redshift
distributions for DESI survey are from DESI Collaboration
(2016) Table 2.5. For the Euclid spectroscopic survey we
use a redshift distribution estimated from the Hα luminos-
ity function from Colbert et al. (2013) with a flux limit of
4×10−16 erg/s/cm2. For both DES and LSST, we use the toy
redshift distribution model from Font-Ribera et al. (2014),
given by

fg(z) =
η

Γ
(

α+1
η

)

z0

(

z
z0

)α

exp−(z/z0)
η

, (28)

where the parameter values are given by (α, η, z0) =
(1.25, 2.29, 0.88) for DES and (2.0, 1.0, 0.3) for LSST. For
the Euclid photometric survey we apply estimates of redshift
distributions based on Hsu et al. (2014); Guo et al. (2013).

Since the eBOSS/BOSS areas overlap for both the

LRGs and the QSOs, we use the eBOSS area as the to-
tal area. We use N̄ to denote galaxy number density per
steradian, and we estimate galaxy shot noise for Cgg

ℓ as
Ng

ℓ = 1/N̄ . We assume N̄BOSS+eBOSS = N̄BOSS + N̄eBOSS

for BOSS+eBOSS survey. Since the galaxy bias we use here
is no longer a constant, we use Cb = Cg1g1

ℓ /[b(z̄)Cmg
ℓ ] to

calibrate EG bias due to galaxy bias evolution (Reyes et al.
2010; Pullen et al. 2016). Details we apply for different
galaxy surveys including knl, ℓmax and biases s and b(z)
are summarized in Table 1.

The standard deviation of multiple simulations give er-
ror estimation about Ĉgg

ℓ , Ĉκg
ℓ and Ĉκκ

ℓ as well as their co-
variance. We estimate EG errors following error propagation
as

σ2(Êg)

Ê2
g

=
σ2(Ĉκg

ℓ )

(Ĉκg
ℓ )2

+
σ2(β)
β2

+
σ2(Ĉgg
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(Ĉgg
ℓ )2

−2Cov(β, Ĉκg
ℓ )

1

Ĉκg
ℓ β

+ 2Cov(β, Ĉgg
ℓ )

1

βĈgg
ℓ

−2Cov(Ĉκg
ℓ , Ĉgg

ℓ )
1

Ĉκg
ℓ Ĉgg

ℓ

(29)

In our analysis we ignore the term −2Cov(β, Ĉκg
ℓ )/[Ĉκg

ℓ β]
since the CMB lensing convergence field, unlike the galaxy
overdensity, includes perturbations from LSS at all red-
shifts. Ĉκg

ℓ therefore should be much less correlated to β

than Ĉgg
ℓ . In order to compute the fifth term, we apply

Cov(β, Ĉgg
ℓ ) = rσ(Ĉgg

ℓ )σ(β) where the correlation coeffi-
cient r is computed using simulations of the galaxy distribu-
tion in redshift space implemented in Pullen et al. (2016).
We check that the 2rσ(Ĉgg

ℓ )σ(β)/(βĈgg
ℓ ) term only con-

tributes less than 8% of σ(Êg) in all cases we consider, so
we also ignore this term. A more precise analysis would use
full 3D simulations along light cones in order to simulate
CMB lensing, galaxy clustering, and RSD simultaneously;
however, we save this for future work.

For spectroscopic surveys, we use error predictions of
the β forecasted by the surveys themselves. We use σ(β) =
0.025β, σ(β) = 0.029β and σ(β) = 0.035β for the whole
range for BOSS+eBOSS LRG, BOSS+eBOSS QSO, and
eBOSS ELG, respectively (Dawson et al. 2015; Zhao et al.
2016); 4% error in β within ∆z = 0.1 for the DESI survey
(DESI Collaboration 2016), and 3% error in β within ∆z =
0.1 for the Euclid spectroscopic survey (Amendola et al.
2013). For photometric surveys, we assume errors for β based
on work by Ross et al. (2011) and Asorey et al. (2014). For
DES, we use σ(β)/β = 0.0.085

√

0.1/∆z, while for LSST and
photometric Euclid we expect a volume 4 times larger and
thus σ(β)/β = 0.0.01625

√

0.1/∆z
We now present results for the performance of our cal-

ibration method assuming that the parameters we use to
construct the calibrations are known perfectly with no er-
rors. We use 100 simulations in this analysis, and our results
are shown in Figures 4 and 5 and Tables 2 and 3. Each er-
ror bar is the standard deviation of 100 simulations in one
multipole bin in order to model the error for one realiza-
tion. We find that for all spectroscopic survey cases the EG

fractional deviation is less than 3%, while for photometric
surveys the deviation increases to less than 5%. Ignoring
shot noise from galaxy surveys and lensing noise from CMB
surveys, the EG deviation in all spectroscopic surveys ex-
cept DESI LRG and DESI ELG, surveys cross-correlated

MNRAS 000, 1–14 (2016)
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Figure 3. EG fractional deviation at redshifts centered at z =
0.57 (top) and z = 1.5 (bottom). EG is significantly biased when
the galaxy bias and magnification bias parameter are set as b = 1
and s = 0, while for more realistic values, the EG bias is much
smaller.

surveys, particularly if catastrophic redshift errors are kept
to a minimum.

In all simulations in this subsection we assume a ΛCDM
cosmogony. We assume an eBOSS LRG redshift distribution
similar to Dawson et al. (2015) Table 1 but in the range
z ∈ [0.4, 0.9]. The eBOSS QSO redshift distribution we use is
similar to that in Pâris et al. (2017) but in the redshift range
z ∈ [0.9, 3.5], and we use an expression for the QSO clus-
tering bias from Table 2 in Zhao et al. (2016). The redshift
distributions for DESI survey are from DESI Collaboration
(2016) Table 2.5. For the Euclid spectroscopic survey we
use a redshift distribution estimated from the Hα luminos-
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(1.25, 2.29, 0.88) for DES and (2.0, 1.0, 0.3) for LSST. For
the Euclid photometric survey we apply estimates of redshift
distributions based on Hsu et al. (2014); Guo et al. (2013).

Since the eBOSS/BOSS areas overlap for both the
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ibration method assuming that the parameters we use to
construct the calibrations are known perfectly with no er-
rors. We use 100 simulations in this analysis, and our results
are shown in Figures 4 and 5 and Tables 2 and 3. Each er-
ror bar is the standard deviation of 100 simulations in one
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LRGs, QSOs 
(high clustering bias)

ELGs 
(lower clustering bias)

?
Yang & Pullen (2018)



• Calibration method: Use         to calibrate         and         . 

• EG remains independent of clustering bias 

• Simulate correlated κ and galaxy maps with galaxies under magnification bias. 

• Compute EG difference with and w/o calibrations. 

• 100 sims, various upcoming CMB and galaxy surveys

Can calibrations reduce bias?

�CCMBg
` / (5s� 2)C

CMBg

`
<latexit sha1_base64="m7jdvhHUXaf4+koMDCu7YGgNIBI="></latexit><latexit sha1_base64="m7jdvhHUXaf4+koMDCu7YGgNIBI="></latexit><latexit sha1_base64="m7jdvhHUXaf4+koMDCu7YGgNIBI="></latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="/mpEy9xxzZiPhgzKeXBw1u21O7w="></latexit><latexit sha1_base64="/mpEy9xxzZiPhgzKeXBw1u21O7w="></latexit><latexit sha1_base64="1M0gd4MX6Qr7jUHgn8y6CspLOMc="></latexit><latexit sha1_base64="m7jdvhHUXaf4+koMDCu7YGgNIBI="></latexit><latexit sha1_base64="m7jdvhHUXaf4+koMDCu7YGgNIBI="></latexit><latexit sha1_base64="m7jdvhHUXaf4+koMDCu7YGgNIBI="></latexit><latexit sha1_base64="m7jdvhHUXaf4+koMDCu7YGgNIBI="></latexit><latexit sha1_base64="m7jdvhHUXaf4+koMDCu7YGgNIBI="></latexit><latexit sha1_base64="m7jdvhHUXaf4+koMDCu7YGgNIBI="></latexit>

κg = lensing from 
foreground galaxies

C
`

<latexit sha1_base64="KANs/NGsE6Z4U89clxPi61B8e3E=">AAAB/XicbVBNS8NAEN34WetXVDx5CRbBU0lEUG/FXjxWMLbQxLDZTtqlm82yuxFKKPhXvHhQ8er/8Oa/cdvmoK0PZni8N8POvlgwqrTrfltLyyura+uVjerm1vbOrr23f6+yXBLwScYy2YmxAkY5+JpqBh0hAacxg3Y8bE789iNIRTN+p0cCwhT3OU0owdpIkX3YjAJg7KEIhlgIPOvjyK65dXcKZ5F4JamhEq3I/gp6GclT4JowrFTXc4UOCyw1JQzG1SBXIDAZ4j50DeU4BRUW0/PHzolRek6SSVNcO1P190aBU6VGaWwmU6wHat6biP953Vwnl2FBucg1cDJ7KMmZozNnkoXToxKIZiNDMJHU3OqQAZaYaJNY1YTgzX95kfhn9au6d3tea1yXaVTQETpGp8hDF6iBblAL+YigAj2jV/RmPVkv1rv1MRtdssqdA/QH1ucP+lSVtA==</latexit><latexit sha1_base64="KANs/NGsE6Z4U89clxPi61B8e3E=">AAAB/XicbVBNS8NAEN34WetXVDx5CRbBU0lEUG/FXjxWMLbQxLDZTtqlm82yuxFKKPhXvHhQ8er/8Oa/cdvmoK0PZni8N8POvlgwqrTrfltLyyura+uVjerm1vbOrr23f6+yXBLwScYy2YmxAkY5+JpqBh0hAacxg3Y8bE789iNIRTN+p0cCwhT3OU0owdpIkX3YjAJg7KEIhlgIPOvjyK65dXcKZ5F4JamhEq3I/gp6GclT4JowrFTXc4UOCyw1JQzG1SBXIDAZ4j50DeU4BRUW0/PHzolRek6SSVNcO1P190aBU6VGaWwmU6wHat6biP953Vwnl2FBucg1cDJ7KMmZozNnkoXToxKIZiNDMJHU3OqQAZaYaJNY1YTgzX95kfhn9au6d3tea1yXaVTQETpGp8hDF6iBblAL+YigAj2jV/RmPVkv1rv1MRtdssqdA/QH1ucP+lSVtA==</latexit><latexit sha1_base64="KANs/NGsE6Z4U89clxPi61B8e3E=">AAAB/XicbVBNS8NAEN34WetXVDx5CRbBU0lEUG/FXjxWMLbQxLDZTtqlm82yuxFKKPhXvHhQ8er/8Oa/cdvmoK0PZni8N8POvlgwqrTrfltLyyura+uVjerm1vbOrr23f6+yXBLwScYy2YmxAkY5+JpqBh0hAacxg3Y8bE789iNIRTN+p0cCwhT3OU0owdpIkX3YjAJg7KEIhlgIPOvjyK65dXcKZ5F4JamhEq3I/gp6GclT4JowrFTXc4UOCyw1JQzG1SBXIDAZ4j50DeU4BRUW0/PHzolRek6SSVNcO1P190aBU6VGaWwmU6wHat6biP953Vwnl2FBucg1cDJ7KMmZozNnkoXToxKIZiNDMJHU3OqQAZaYaJNY1YTgzX95kfhn9au6d3tea1yXaVTQETpGp8hDF6iBblAL+YigAj2jV/RmPVkv1rv1MRtdssqdA/QH1ucP+lSVtA==</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="q/Lk3fT9Wg9wcH8SFpnU2dHKuX4=">AAAB8nicbZBPS8MwGMbf+nfOqVXw5CU4BE+j9aLehF08TnBusNaSZm+3sLQNSSqMMvCrePGg4ofx5rcx+3PQzQcSfjxPQt48sRRcG8/7dtbWNza3tis71d3a3v6Be1h70HmhGLZZLnLVjalGwTNsG24EdqVCmsYCO/GoOc07T6g0z7N7M5YYpnSQ8YQzaqwVucfNKEAhHstgRKWk830SuXWv4c1EVsFfQB0WakXuV9DPWZFiZpigWvd8T5qwpMpwJnBSDQqNkrIRHWDPYkZT1GE5G39CzqzTJ0mu7MoMmbm/b5Q01XqcxvZkSs1QL2dT87+sV5jkKix5JguDGZs/lBSCmJxMuyB9rpAZMbZAmeJ2VsKGVFFmbGNVW4K//OVVaF80rhv+nQcVOIFTOAcfLuEGbqEFbWBQwgu8wbvz7Lw6H/O21pxFbUfwR87nD4nClEw=</latexit><latexit sha1_base64="q/Lk3fT9Wg9wcH8SFpnU2dHKuX4=">AAAB8nicbZBPS8MwGMbf+nfOqVXw5CU4BE+j9aLehF08TnBusNaSZm+3sLQNSSqMMvCrePGg4ofx5rcx+3PQzQcSfjxPQt48sRRcG8/7dtbWNza3tis71d3a3v6Be1h70HmhGLZZLnLVjalGwTNsG24EdqVCmsYCO/GoOc07T6g0z7N7M5YYpnSQ8YQzaqwVucfNKEAhHstgRKWk830SuXWv4c1EVsFfQB0WakXuV9DPWZFiZpigWvd8T5qwpMpwJnBSDQqNkrIRHWDPYkZT1GE5G39CzqzTJ0mu7MoMmbm/b5Q01XqcxvZkSs1QL2dT87+sV5jkKix5JguDGZs/lBSCmJxMuyB9rpAZMbZAmeJ2VsKGVFFmbGNVW4K//OVVaF80rhv+nQcVOIFTOAcfLuEGbqEFbWBQwgu8wbvz7Lw6H/O21pxFbUfwR87nD4nClEw=</latexit><latexit sha1_base64="iZPOCZXib8xHAcHqk7Aytwvl9aY=">AAAB/XicbVBNS8NAEN3Ur1q/ouLJy2IRPJXEi3or9uKxgrGFJobJdtMu3WzC7kYooeBf8eJBxav/w5v/xm2bg7Y+mOHx3gw7+6KMM6Ud59uqrKyurW9UN2tb2zu7e/b+wb1Kc0moR1Keym4EinImqKeZ5rSbSQpJxGknGrWmfueRSsVScafHGQ0SGAgWMwLaSKF91Ap9yvlD4Y8gy2DeJ6FddxrODHiZuCWpoxLt0P7y+ynJEyo04aBUz3UyHRQgNSOcTmp+rmgGZAQD2jNUQEJVUMzOn+BTo/RxnEpTQuOZ+nujgESpcRKZyQT0UC16U/E/r5fr+DIomMhyTQWZPxTnHOsUT7PAfSYp0XxsCBDJzK2YDEEC0SaxmgnBXfzyMvHOG1cN99apN6/LNKroGJ2gM+SiC9REN6iNPERQgZ7RK3qznqwX6936mI9WrHLnEP2B9fkD+RSVsA==</latexit><latexit sha1_base64="KANs/NGsE6Z4U89clxPi61B8e3E=">AAAB/XicbVBNS8NAEN34WetXVDx5CRbBU0lEUG/FXjxWMLbQxLDZTtqlm82yuxFKKPhXvHhQ8er/8Oa/cdvmoK0PZni8N8POvlgwqrTrfltLyyura+uVjerm1vbOrr23f6+yXBLwScYy2YmxAkY5+JpqBh0hAacxg3Y8bE789iNIRTN+p0cCwhT3OU0owdpIkX3YjAJg7KEIhlgIPOvjyK65dXcKZ5F4JamhEq3I/gp6GclT4JowrFTXc4UOCyw1JQzG1SBXIDAZ4j50DeU4BRUW0/PHzolRek6SSVNcO1P190aBU6VGaWwmU6wHat6biP953Vwnl2FBucg1cDJ7KMmZozNnkoXToxKIZiNDMJHU3OqQAZaYaJNY1YTgzX95kfhn9au6d3tea1yXaVTQETpGp8hDF6iBblAL+YigAj2jV/RmPVkv1rv1MRtdssqdA/QH1ucP+lSVtA==</latexit><latexit sha1_base64="KANs/NGsE6Z4U89clxPi61B8e3E=">AAAB/XicbVBNS8NAEN34WetXVDx5CRbBU0lEUG/FXjxWMLbQxLDZTtqlm82yuxFKKPhXvHhQ8er/8Oa/cdvmoK0PZni8N8POvlgwqrTrfltLyyura+uVjerm1vbOrr23f6+yXBLwScYy2YmxAkY5+JpqBh0hAacxg3Y8bE789iNIRTN+p0cCwhT3OU0owdpIkX3YjAJg7KEIhlgIPOvjyK65dXcKZ5F4JamhEq3I/gp6GclT4JowrFTXc4UOCyw1JQzG1SBXIDAZ4j50DeU4BRUW0/PHzolRek6SSVNcO1P190aBU6VGaWwmU6wHat6biP953Vwnl2FBucg1cDJ7KMmZozNnkoXToxKIZiNDMJHU3OqQAZaYaJNY1YTgzX95kfhn9au6d3tea1yXaVTQETpGp8hDF6iBblAL+YigAj2jV/RmPVkv1rv1MRtdssqdA/QH1ucP+lSVtA==</latexit><latexit sha1_base64="KANs/NGsE6Z4U89clxPi61B8e3E=">AAAB/XicbVBNS8NAEN34WetXVDx5CRbBU0lEUG/FXjxWMLbQxLDZTtqlm82yuxFKKPhXvHhQ8er/8Oa/cdvmoK0PZni8N8POvlgwqrTrfltLyyura+uVjerm1vbOrr23f6+yXBLwScYy2YmxAkY5+JpqBh0hAacxg3Y8bE789iNIRTN+p0cCwhT3OU0owdpIkX3YjAJg7KEIhlgIPOvjyK65dXcKZ5F4JamhEq3I/gp6GclT4JowrFTXc4UOCyw1JQzG1SBXIDAZ4j50DeU4BRUW0/PHzolRek6SSVNcO1P190aBU6VGaWwmU6wHat6biP953Vwnl2FBucg1cDJ7KMmZozNnkoXToxKIZiNDMJHU3OqQAZaYaJNY1YTgzX95kfhn9au6d3tea1yXaVTQETpGp8hDF6iBblAL+YigAj2jV/RmPVkv1rv1MRtdssqdA/QH1ucP+lSVtA==</latexit><latexit sha1_base64="KANs/NGsE6Z4U89clxPi61B8e3E=">AAAB/XicbVBNS8NAEN34WetXVDx5CRbBU0lEUG/FXjxWMLbQxLDZTtqlm82yuxFKKPhXvHhQ8er/8Oa/cdvmoK0PZni8N8POvlgwqrTrfltLyyura+uVjerm1vbOrr23f6+yXBLwScYy2YmxAkY5+JpqBh0hAacxg3Y8bE789iNIRTN+p0cCwhT3OU0owdpIkX3YjAJg7KEIhlgIPOvjyK65dXcKZ5F4JamhEq3I/gp6GclT4JowrFTXc4UOCyw1JQzG1SBXIDAZ4j50DeU4BRUW0/PHzolRek6SSVNcO1P190aBU6VGaWwmU6wHat6biP953Vwnl2FBucg1cDJ7KMmZozNnkoXToxKIZiNDMJHU3OqQAZaYaJNY1YTgzX95kfhn9au6d3tea1yXaVTQETpGp8hDF6iBblAL+YigAj2jV/RmPVkv1rv1MRtdssqdA/QH1ucP+lSVtA==</latexit><latexit sha1_base64="KANs/NGsE6Z4U89clxPi61B8e3E=">AAAB/XicbVBNS8NAEN34WetXVDx5CRbBU0lEUG/FXjxWMLbQxLDZTtqlm82yuxFKKPhXvHhQ8er/8Oa/cdvmoK0PZni8N8POvlgwqrTrfltLyyura+uVjerm1vbOrr23f6+yXBLwScYy2YmxAkY5+JpqBh0hAacxg3Y8bE789iNIRTN+p0cCwhT3OU0owdpIkX3YjAJg7KEIhlgIPOvjyK65dXcKZ5F4JamhEq3I/gp6GclT4JowrFTXc4UOCyw1JQzG1SBXIDAZ4j50DeU4BRUW0/PHzolRek6SSVNcO1P190aBU6VGaWwmU6wHat6biP953Vwnl2FBucg1cDJ7KMmZozNnkoXToxKIZiNDMJHU3OqQAZaYaJNY1YTgzX95kfhn9au6d3tea1yXaVTQETpGp8hDF6iBblAL+YigAj2jV/RmPVkv1rv1MRtdssqdA/QH1ucP+lSVtA==</latexit><latexit sha1_base64="KANs/NGsE6Z4U89clxPi61B8e3E=">AAAB/XicbVBNS8NAEN34WetXVDx5CRbBU0lEUG/FXjxWMLbQxLDZTtqlm82yuxFKKPhXvHhQ8er/8Oa/cdvmoK0PZni8N8POvlgwqrTrfltLyyura+uVjerm1vbOrr23f6+yXBLwScYy2YmxAkY5+JpqBh0hAacxg3Y8bE789iNIRTN+p0cCwhT3OU0owdpIkX3YjAJg7KEIhlgIPOvjyK65dXcKZ5F4JamhEq3I/gp6GclT4JowrFTXc4UOCyw1JQzG1SBXIDAZ4j50DeU4BRUW0/PHzolRek6SSVNcO1P190aBU6VGaWwmU6wHat6biP953Vwnl2FBucg1cDJ7KMmZozNnkoXToxKIZiNDMJHU3OqQAZaYaJNY1YTgzX95kfhn9au6d3tea1yXaVTQETpGp8hDF6iBblAL+YigAj2jV/RmPVkv1rv1MRtdssqdA/QH1ucP+lSVtA==</latexit>

Cg
`

<latexit sha1_base64="WElfb0DedogwYrCq7zw+iYFQOnY=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoN6KvXisYGyhjWGy3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd2/U0kmCfVIwhPZCUFRzgT1NNOcdlJJIQ45bYej5tRvP1CpWCJu9TilfgwDwSJGQBspsKvNoEc5v897I0hTwINJYNecujMDXiZuQWqoQCuwv3r9hGQxFZpwUKrrOqn2c5CaEU4nlV6maApkBAPaNVRATJWfz06f4GOj9HGUSFNC45n6eyKHWKlxHJrOGPRQLXpT8T+vm+nows+ZSDNNBZkvijKOdYKnOeA+k5RoPjYEiGTmVkyGIIFok1bFhOAuvrxMvNP6Zd29Oas1roo0yugQHaET5KJz1EDXqIU8RNAjekav6M16sl6sd+tj3lqyipkD9AfW5w9vTJOq</latexit><latexit sha1_base64="WElfb0DedogwYrCq7zw+iYFQOnY=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoN6KvXisYGyhjWGy3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd2/U0kmCfVIwhPZCUFRzgT1NNOcdlJJIQ45bYej5tRvP1CpWCJu9TilfgwDwSJGQBspsKvNoEc5v897I0hTwINJYNecujMDXiZuQWqoQCuwv3r9hGQxFZpwUKrrOqn2c5CaEU4nlV6maApkBAPaNVRATJWfz06f4GOj9HGUSFNC45n6eyKHWKlxHJrOGPRQLXpT8T+vm+nows+ZSDNNBZkvijKOdYKnOeA+k5RoPjYEiGTmVkyGIIFok1bFhOAuvrxMvNP6Zd29Oas1roo0yugQHaET5KJz1EDXqIU8RNAjekav6M16sl6sd+tj3lqyipkD9AfW5w9vTJOq</latexit><latexit sha1_base64="WElfb0DedogwYrCq7zw+iYFQOnY=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoN6KvXisYGyhjWGy3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd2/U0kmCfVIwhPZCUFRzgT1NNOcdlJJIQ45bYej5tRvP1CpWCJu9TilfgwDwSJGQBspsKvNoEc5v897I0hTwINJYNecujMDXiZuQWqoQCuwv3r9hGQxFZpwUKrrOqn2c5CaEU4nlV6maApkBAPaNVRATJWfz06f4GOj9HGUSFNC45n6eyKHWKlxHJrOGPRQLXpT8T+vm+nows+ZSDNNBZkvijKOdYKnOeA+k5RoPjYEiGTmVkyGIIFok1bFhOAuvrxMvNP6Zd29Oas1roo0yugQHaET5KJz1EDXqIU8RNAjekav6M16sl6sd+tj3lqyipkD9AfW5w9vTJOq</latexit><latexit sha1_base64="WElfb0DedogwYrCq7zw+iYFQOnY=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoN6KvXisYGyhjWGy3bRLN5uwu1FK7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8MOVMacf5tkorq2vrG+XNytb2zu6eXd2/U0kmCfVIwhPZCUFRzgT1NNOcdlJJIQ45bYej5tRvP1CpWCJu9TilfgwDwSJGQBspsKvNoEc5v897I0hTwINJYNecujMDXiZuQWqoQCuwv3r9hGQxFZpwUKrrOqn2c5CaEU4nlV6maApkBAPaNVRATJWfz06f4GOj9HGUSFNC45n6eyKHWKlxHJrOGPRQLXpT8T+vm+nows+ZSDNNBZkvijKOdYKnOeA+k5RoPjYEiGTmVkyGIIFok1bFhOAuvrxMvNP6Zd29Oas1roo0yugQHaET5KJz1EDXqIU8RNAjekav6M16sl6sd+tj3lqyipkD9AfW5w9vTJOq</latexit>

Cgg
`
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Calibration method 
removes bias
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Calibration method is stable
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Is sensitive to mis-identified redshift distributions
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x Adv. ACTPol



Next Steps for EG

• LSS predictions for alternative 
models - massive gravity? 

• Improve EG statistics using 
joint lensing-clustering mocks 

• Non-projected EG estimator - 
3D lensing?

EG(`) = �
Cg

`

�Cgg
`

ÊG(k, z) =
c
2
P̂r2( ��)g(k)

3H2
0 (1 + z)fP̂�g(k)



Summary
• EG is a promising method for testing ΛCDM and gravity on large 

scales. 

• Surveys with lensed galaxies can bias EG measurements using 
galaxy-lensing cross-correlations 

• This bias is more significant for higher redshift surveys with lower 
clustering bias 

• Our calibration method can remove magnification bias to below 
statistical levels 

• More work is needed to analyze the effects of other EG systematics 
and design mitigation techniques.


