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Abstract Measuring weak lensing cosmic magnification signal is very challenging due to the overwhelming
intrinsic clustering in the observed galaxy distribution. In this paper, we modify the Internal Linear
Combination (ILC) method to reconstruct the lensing signal with an extra constraint to suppress the
intrinsic clustering. To quantify the performance, we construct a realistic galaxy catalogue for the LSST-
like photometric survey, covering 20 000 deg2 with mean source redshift at zs ∼ 1. We find that the
reconstruction performance depends on the width of the photo-z bin we choose. Due to the correlation
between the lensing signal and the source galaxy distribution, the derived signal has smaller systematic
bias but larger statistical uncertainty for a narrower photo-z bin. We conclude that the lensing signal
reconstruction with the Modified ILC method is unbiased with a statistical uncertainty < 5% for bin width
∆zP = 0.2.
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1 INTRODUCTION

Weak lensing is a powerful probe of large-scale structure
and geometry of the universe (Bartelmann & Schneider
2001; Kilbinger 2015). It contains tremendous information
on dark energy, dark matter and gravity at cosmological
scales.

The most successful method to measure weak
gravitational lensing is through cosmic shear (Bacon et al.
2000; Hoekstra & Jain 2008). With the coming of large
and deep surveys, such as Euclid, the Large Synoptic
Survey Telescope (LSST) and the Square Kilometre Array
(SKA), cosmic shear measurement has great promise to
improve. However, weak lensing measurement through
cosmic shear suffers from systematic errors associated
with galaxy shape, such as the point spread function
(Rhodes et al. 2007) in the measurement, galaxy intrinsic
alignment contamination (Okumura et al. 2009; Troxel
& Ishak 2015), and etc. Only galaxies with good shape
measurement are used in the cosmic shear analysis.

Another way of lensing measurement is through cos-
mic magnification. Cosmic magnification is the lensing-
induced changes in galaxy number density. On one hand,

lensing effect increases (decreases) the flux of sources and
more (less) sources can be detected. On the other hand,
cosmic magnification enlarges (reduces) the solid angle of
the sky patches. The galaxy number density after lensing
suffers from the two competing effects and depends on the
logarithmic slope of source galaxy luminosity function. In
ideal case, the cosmological information extracted from
cosmic magnification two point statistics is equivalent
to that from cosmic shear. The measurement of cosmic
magnification does not require a good estimation of galaxy
shapes because we simply count the galaxy number and
therefore is free of the systematic errors that cosmic shear
suffers much.

However, cosmic magnification signal is overwhelmed
by the galaxy intrinsic clustering, which is the correlation
of galaxy number density from the evolution of the
Universe. Galaxy intrinsic clustering (noise) is the
main obstruction to measure weak lensing by cosmic
magnification. In order to improve signal-to-noise ratio,
very massive objects are used as lenses, such as luminous
red galaxies (LRGs) and clusters (Broadhurst et al. 1995;
Chiu et al. 2016), and high redshift objects are used as
sources, such as Lyman break galaxies (Hildebrandt et al.



247–2 S. Hou, Y. Yu & P. Zhang: Weak Lensing Reconstruction by the Modified Internal Linear Combination Method

2009; Morrison et al. 2012) and quasars (Bartelmann &
Schneider 1993; Scranton et al. 2005). In this way, cosmic
magnification is measured through cross correlations of
two spatially well separated samples. In addition to this,
the magnification effects have been detected through the
shift in number count (Seldner & Peebles 1979; Garcia-
Fernandez et al. 2018), magnitude (Ménard et al. 2010),
flux (Jain & Lima 2011), and size (Huff & Graves 2014).

The application of cross-correlation is limited by the
unknown foreground galaxy bias. The direct measurement
of cosmic magnification is of great importance for the
precision cosmology. Zhang & Pen (2006) first tried to
separate the magnification bias from the intrinsic clustering
in flux space since magnification and galaxy clustering
differently depend on galaxy flux. Magnification bias
changes sign with the increase of flux while galaxy bias
is nearly unchanged with flux (Yang et al. 2017). Yang
& Zhang (2011) proposed a method to reconstruct the
lensing convergence map from the surface number density
distribution of galaxies using this idea. Zhang et al. (2018)
proposed an analytical blind separation method to extract
the cosmic magnification by counting galaxies.

The internal linear combination (ILC) method is a
sophisticated method in the cosmic microwave background
analysis. A clean map is reconstructed by co-adding the
data at different fluxes with a set of weights that minimizes
the variance of the map. Bennett et al. (2003) first proposed
the ILC method to obtain maps with foregrounds and noise
being suppressed as far as possible. The main advantage of
this method is that it has no assumption about the noise.
Another advantage is that it is easy to implement and
computationally fast (Basak & Delabrouille 2012).

Analog to the cosmic microwave background case,
the cosmic magnification signal is hidden in the galaxy
maps of different bands. The dependence on the flux
is known. The intrinsic clustering is the overwhelming
unknown noise we want to remove. The future surveys will
provide huge number of galaxies with good photometry
and photometric redshift estimation. LSST will observe
∼ 10 billion galaxies with number density of 30 arcmin−2

in u, g, r, i, z, y bands (LSST Dark Energy Science
Collaboration 2012). The great survey power enables us
to reconstruct the cosmic magnification signal by counting
the galaxies.

In this work, we modify the ILC method and validate
the reconstruction of the lensing magnification signal in
the context of future LSST-like survey. The structure of
the paper is organized as follows. We describe the lensing
basics and the methodology of the Modified ILC method
in Section 2. In Section 3, our simulation and the mock
data are introduced . We quantify the performance of the
Modified ILC method in Section 4. A conclusion is made
in Section 5.

2 LENSING MAGNIFICATION AND THE
MODIFIED ILC METHOD

2.1 Lensing Basics

The foreground matter distribution deflects the light-rays,
leading to the lensing effects on the galaxies. To describe
the lensing field, a common quantity is the dimensionless
lensing convergence κ, which is the projection of the
matter overdensity δm weighted by the lensing kernel WL,

κ(θ, zs) =

∫ zs

0

δm(θ, zL)WL(zL, zs)
dzL

H(zL)/H0
, (1)

WL(zL, zs) =



3

2
Ωm(1 + zL)χ̃(zL)(1− χ(zL)

χ(zs)
) ,

zL < zs

0 , zL ≥ zs

.

(2)
Here, zs and zL are the redshift of source and lens. χ is the
comoving distance and χ̃ = χ/(c/H0). Ωm is the matter
density today and H is the Hubble parameter.

The lensing convergence is related to the lensing
potential through ∇2ψ = 2κ, and the deflection angle
α = ∇ψ. All the galaxy positions are changed according
to this deflection field. We can derive the change of galaxy
shape and flux by looking at the Jacobian,

Aij = δij−
∂2ψ

∂θi∂θj
=

(
1− κ− γ1 −γ2

−γ2 1− κ+ γ1

)
. (3)

The diagonal part κ = 1
2∇

2
θψ describes the isotropic zoom

of the image, and the off-diagonal part γ = γ1 + iγ2

describes the shear of the galaxy shape. Since the lensing
effect does not change the surface brightness, the flux of
the galaxy is changed by µ = 1

‖A‖ = 1
(1−κ)2−|γ|2 . In weak

lensing regime, µ ≈ 1 + 2κ.
Weak lensing signal could be extracted from the

coherent change of the galaxy shape, so called cosmic
shear. Here we focus on the cosmic magnification, the
combined effect of the change of sky area and the galaxy
flux. Totally, the galaxy number overdensity after lensing
(Bartelmann 1995; Scranton et al. 2005) is

δLg = δg + gκ . (4)

The prefactor

g = 2(α− 1) , α = −d lnn(F )

d lnF
− 1 , (5)

is determined by n(F ), the number of galaxies per flux
interval.

The power spectrum of the observed galaxy distribu-
tion CLgg = Cgg+g2Cκκ+2gCgκ. The lensing signal Cκκ
is overwhelmed by the intrinsic clustering Cgg . Usually
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we use galaxies within a wide photo-z bin to ensure the
good measurement of the clustering. In this case, the cross-
term cannot be ignored. Under the Limber approximation
(Limber 1954), the angular cross-power spectrum of two
fields X and Y is an integral of the 3D matter power
spectrum along with the corresponding kernel,

CXY (`) =

∫
dz
H(z)

c
WX(z)WY (z)

× 1

χ2
PXY

(
k =

`

χ
; z

)
.

(6)

Here, X,Y = κ, g. For galaxy field, W g(z) = n(z),
which is the normalised redshift distribution of the galaxy
sample. For lensing field,Wκ(z) =

∫
WL(z, zs)n(zs)dzs.

2.2 The Modified ILC Method

Extracting the lensing signal from Equation (4) is chal-
lenging, since the intrinsic clustering is overwhelming. The
ILC method is based on a simple premise (Delabrouille &
Cardoso 2007; Saha et al. 2008): suppose there are NF
observed overdensity maps with different fluxes, adding
the maps with a set of weights and the aim is to minimize
the variance of the map. First, the galaxies are divided into
NF flux bins. For each bin, δLg,i = biδm + giκ. bi is the
deterministic bias in the ith flux bin. For brevity, δLg,i is

denoted as δLi . The estimated convergence map is defined
as

κ̂ =

NF∑
i=1

wiδ
L
i . (7)

Note that the weighting can be performed over δLg (θ)
in real space and over δLg (`) in Fourier space. The
following methodology is same but they are not equivalent
to each other. In Fourier space, it minimize the noise for
each angular scale `. In this work we only validate the
performance in Fourier space.

We extend the widely used ILC method in CMB
analysis to extract cosmic magnification. The weights of
ILC are to minimize 〈κ̂2〉, up to the constraint

NF∑
i=1

wigi = 1 . (8)

However, since it does not distinguish intrinsic clustering
and shot noise, we find that it leads to significant bias
to the reconstruction (refer to Appendix A and Fig. A.1).
Therefore we modify the ILC method by including an extra
constraint

NF∑
i=1

wibi = 0 . (9)

This eliminates the intrinsic clustering in the limit of deterministic bias. For a rough approximation, bias bi is regarded
as a constant and Equation (9) is reduced to

NF∑
i=1

wi = 0 . (10)

The auto power spectrum of Equation (7) can be written as〈(
NF∑
i=1

wiδ
L
i

)2〉
=

NF∑
i,j=1

wiwjCij . (11)

Here, Cij is the cross-power of two maps, and for each ` they form an NF ×NF matrix C.
Using the Lagrangian multiplier method,

NF∑
i,j=1

wiwjCij − λ1

NF∑
i=1

wigi − λ2

NF∑
i=1

wi = 0 , (12)

(
2

NF∑
i=1

wiCij − λ1gj − λ2

)
δwj = 0 . (13)

We find the solution to be

wi =
1

2

λ1

NF∑
j=1

[C−1]ijgj + λ2

NF∑
j=1

[C−1]ij

 . (14)

Here, the two Lagrangian multipliers are given by

λ1 =
2
∑NF
i,j=1 [C−1]ij

(
∑NF
i,j=1 [C−1]ijgigj) · (

∑NF
i,j=1 [C−1]ij)− (

∑NF
i,j=1 [C−1]ijgi)

2
, (15a)
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λ2 =
−2
∑NF
i,j=1 [C−1]ijgj

(
∑NF
i,j=1 [C−1]ijgigj) · (

∑NF
i,j=1 [C−1]ij)− (

∑NF
i,j=1 [C−1]ijgi)

2
. (15b)

The Modified ILC method takes use of the prior knowledge that for each flux bin, the lensing contribution to the
clustering is proportional to the lensing prefactor g. The weights are constructed under this prior knowledge independent
of the cosmology and noise, and are obtained from the noisy data itself.

In the Modified ILC method, we require a measurement of the prefactor g = 2(α− 1) for each flux bin. According to
the definition (Eq. (5)), α could be measured from the change of the galaxy counts in response to some small shift in the
flux. We numerically add an extra shift on the observed flux catalogue, F ′ = F (1 + 2ε), and compare the number counts
pre to and post to the shift. Equivalently, α of the flux bin [a, b] is estimated by

α =
log(

∫ b/(1+2ε)

a/(1+2ε)
n(F )dF )− log(

∫ b
a
n(F )dF )

log(1 + 2ε)
. (16)

We find that the numerical calculation converges for |ε| < 0.1. We take the average result from positive and negative shift
ε = ±0.025.

The noise term post to reconstruction
∑
i wiδi will be largely suppressed due to the requirement

∑
i wi = 0. However,

the galaxy bias has weak flux dependence and the noise term may not be eliminated completely. The remaining part has
weak correlation with the lensing signal, and thus it serve as a systematic bias for the Modified ILC method.

3 SIMULATION AND THE MOCK CATALOGUE
CONSTRUCTION

3.1 Simulations

We use simulations and mocks to validate the Modified
ILC method. Light-cone simulation covering the full
Stage-IV lensing survey footprint is still challenge. Here
we construct 200 sky portions of size 10◦ × 10◦ instead
to mimic the statistical power of the future survey. We use
Ωcdm = 0.223, Ωb = 0.045, ns = 0.968, ΩΛ = 0.732,
h = 0.71, and σ8 = 0.83 as the cosmological parameters
in this work.

For the source galaxies, we use FASTPM (Feng et al.
2016) to generate 200 boxes with size of 411.604 h−1Mpc.
This box size corresponds to the map size 10 deg at
z = 1 in the cosmology used in this work. The particle
number is chosen to be 15363 and we save the Friends-of-
Friends (FoF) halos with mass above 2.86 × 1010M�/h.
In the flat-sky approximation, we randomly pick three
boxes with random axis as the line-of-sight direction,
and stack them together to cover a sufficiently wide true
galaxy distribution. We add Gaussian photo-z scatter with
σz = 0.05(1 + z) to each galaxy. Totally we obtain 200
independent galaxy distributions.

To obtain mock galaxy catalogues with realistic
observation properties, we use the public cosmoDC2
(Korytov et al. 2019) mock catalogue to assign the
observed galaxy flux in this validation. CosmoDC2
catalogue covers 440 deg2 of sky area to a redshift of
z = 3. The mass limit is 1.25 × 1010M�/h, smaller
than the halo catalogue we constructed. We list all the
cosmoDC2 galaxies in redshift range 0.8 < z < 1.2 and
divide them into 30 mass bins spanning 2.86×1010M�/h

to 1.18 × 1015M�/h. For each halo, we randomly pick
one galaxy in the above list within the corresponding mass
bin, and assign the photometry data to the halo. We use
three bands, r, i, g to test the reconstruction. The flux limits
are chosen as 27 to ensure a flux-limited sample similar
to LSST. The number density of the final catalogue is
∼ 12 arcmin−2 for photo-z range 0.8 < zP < 1.2.

3.2 Lensing Effects

The lensing maps are generated according to the theoret-
ical lensing power spectrum at z = 1 obtained by CAMB
code (Lewis et al. 2000) and Limber approximation. Here
we ignore the non-Gaussianity of these lensing maps and
this does not impact the validation of the Modified ILC
method. In real Universe, the lensing field and a given
photometric source galaxy sample has weak correlation
(Hamana 2001; Yu et al. 2015), i.e., the overlap between
W g andWκ. We modify the lensing fields to introduce the
correct correlation with the source galaxy distribution.

κ̃(`) = rκg

√
Cκκ
Cgg

δg(`) +
√

1− r2
κg · κ(`) . (17)

Here, r2
κg ≡

C2
κg

CggCκκ
. We measure this quantity under

the Limber approximation for a given galaxy sample
and fiducial cosmology. δg(`) is the Fourier transform
of galaxy field, and κ is the convergence map with no
correlation with the galaxy sample. Obviously, the power
of κ̃ in Equation (17) is Cκκ and the correlation of κ̃ and
δg is Cκg . When rκg = 0, the lensing convergence is
independent of the galaxy number density, and κ̃ = κ.

In the above construction, both the galaxy distributions
δg and lensing maps κ̃ satisfy the periodic boundary
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Fig. 1 The cross-correlation coefficient between the
distribution of the source and lensing field in the r-band

is presented in r2
κg ≡

C2
κg

CggCκκ
. The correlation is larger for

the wider photo-z bin case.

condition. We use Fourier transform to compute the
lensing deflection field and magnification field. Since the
light is deflected at the lens plane, it is an inverse problem
that we need to solve for the observed galaxy position at
which the inverse deflection converges with the unlensed
galaxy position. We use iteration to obtain the lensed
position for each galaxy. The galaxy flux is modified
according to the magnification at the observed galaxy
position. We use 40962 meshes to process the galaxy
catalogue according to the resolution dependence test in
Appendix B (Fig. B.1).

4 THE PERFORMANCE OF THE MODIFIED ILC
METHOD

We use the constructed lensed galaxy catalogues and the
true lensing maps to test the performance of the Modified
ILC method. First, a given flux-limited photometric
galaxy sample is divided into different flux bins. The
galaxy overdensity fields are measured by the CIC mass
assignment and converted into Fourier space δi(`) with i =
1, · · · , NF . Then, the g prefactors for each bin is numer-
ically obtained from Equations (5) and (16). The weights
wi and the Fourier space lensing field κ̂(`) is obtained by
the Modified ILC method (Eqs. (7) and (14)). Although
the reconstructed lensing map has minimal variance by
design, the shot noise is still large. Thus, extracting the
cosmological information from the reconstructed lensing
field itself is challenge. However, this noise is usually
uncorrelated with the lensing measurement from other
approaches such as cosmic shear. The reconstruction is
very useful to extract the cosmological information in the
cross correlation with another lensing measurement. We
quantify the performance by the comparison with the true
lensing map κ,

R(`) =
〈κ̂(`)κ∗(`)〉√

1− r2
κg〈κ(`)κ∗(`)〉

. (18)

Here, the cross correlation with the true lensing field in
the nominator picks out the correlated part in the recon-
structed lensing field. Particularly, if the reconstruction is
perfect, the nominator will be

√
1− r2

κgCκκ according to

Equation (17). Thus, we add the prefactor
√

1− r2
κg in the

denominator to cancel this effect.
We test the performance for two cases. The first one

has a wide photo-z range 0.8 < zP < 1.2, while the
second case has a narrow photo-z range 0.9 < zP <
1.1. We present the cross-correlation coefficient of the
convergence and galaxy number density for the r-band in
Figure 1. The wide photo-z range encloses more source
galaxies in the analysis, and thus the shot noise is lower.
However, the residual intrinsic clustering is large. r2

κg is
about 0.015 at ` < 2000. In the narrower photo-z range
case, the number density is lower. Meanwhile, a small
cross-correlation is observed, with r2

κg is about 0.009 at
` < 2000. This cross-correlation will downgrade the
Modified ILC reconstruction, and thus we expect a larger
bias for the wider photo-z range.

4.1 A Wide Photo-z Range

First we chose a wide photo-z bin range as 0.8 < zP <
1.2. The detailed galaxy number density depends on the
band, and for the r-band the number density reaches
12 arcmin−2. For each band, we divide the galaxies
into eight flux bins with the same number in each bin.
We measure the g prefactors for all the bins according
to Equations (5) and (16). The result is presented in
Figure 2. The behavior for different bands has the same
tendency with slight differences. The galaxy overdensity
is measured for all the flux bins and for all the bands. We
use 40962 meshes to perform the analysis. This resolution
is sufficient to obtain reliable statistics for the range of
interest.

We first test the performance for each band individu-
ally. The resulting weights from Equation (14) is shown
in solid lines in Figure 3. The weights of different bands
have a similar dependence on the flux. For each band, the
lensing signal is reconstructed by adding the lensed galaxy
overdensities in these flux bins with the corresponding
weights. The reconstruction performance is presented in
the first three panels of Figure 4.

We observe a ∼ 5% underestimation of the lensing
signal over the whole ` range we investigate. The detailed
number depends on the scale and band. The error bars are
calculated from the 200 sky portions and scaled to a survey
with area of 20 000 deg2. The uncertainty is larger at larger
scales due to cosmic variance. The error bar reduces from
∼ 5% to 1% on the scales ` = 160 to ` = 10 000.
This bias is significant compared to the statistical power.
Since the number density, the true galaxy distribution and
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Fig. 2 The g prefactors on each flux bin and each band for
the wide photo-z sample.

the weights for different bands are similar, it is expected
that both the systematics and the statistical uncertainty are
similar for all bands.

Given that we have flux measurement on multiple
bands, a natural and optimal way is to perform the
Modified ILC reconstruction on the combined data from
all the bands. Since the g dependence on the flux is slightly
different for each band (Fig. 2), we gain information
from the combined sample, and thus the reconstruction
is expected to be better. We keep the binning scheme in
each band and totally we have 24 flux bins. The resulting
weights are presented in dashed line in Figure 3. The
reconstruction performance is presented in the bottom right
panel of Figure 4.

The performance is better when combining all bands.
It has less fluctuations at different scales, and the statistical
uncertainty is smaller due to the larger number of galaxies.
However, combining the data from all bands does not
alleviate the underestimation. This also implies that the
source of the underestimation is the residual intrinsic
clustering.

This residual noise has weak correlation with the
lensing signal. We can reduce this correlation by simply
using a narrow photo-z bin.

4.2 A Narrow Photo-z Range

The disadvantage of a narrow photo-z bin is the
low number of galaxies, which increases the statistical
uncertainty in the reconstruction. The number density in
this case is reduced to ∼ 6 arcmin−2. As shown in
Figure 1, r2

κg is reduced by a factor of 2− 3.
Again, we test the performance for each band

individually and for combined sample. The result is
presented in Figure 5. Compared with the wide photo-z bin
result, we observe large fluctuations in the reconstruction
performance at different scales and in different bands. As
expected, the statistical uncertainty is large in this case. For
single band, at the large scale the statistical uncertainty

1 2 3 4 5 6 7 8
ith flux bin

3

2

1

0

1

2

w
i

i band
r band
g band
i,r,g bands

Fig. 3 The weights obtained by Eq. (14) for individual
bands are presented in solid lines. The dashed lines are the
weights for the combined data with i, r, g bands.

is about 8% and for combined sample it is reduced to
5%. However, there is no obvious underestimation of the
lensing signal. The deviation from 1 is within 1σ error for
the combined sample.

We present the result for the case that the galaxies are
divided into four flux bins for each band in Appendix C.
The performance is similar.

4.3 Comparison with a Straightforward Weighting
Scheme

From δLg,i = biδm + giκ, one can construct a
straightforward weighting scheme, wi = gi/

∑
g2
i . This

weighting also has the property
∑
i wigi = 1. Similar

to the traditional ILC method, no constraint to suppress
the intrinsic clustering is made. In the case that the
galaxy distribution has non-negligible correlation with the
lensing signal, the residual noise

∑
i giδi/

∑
i g

2
i leads to

systematics in the reconstruction.
Here we test the performance of the wi = gi/

∑
g2
i

weighting for the r-band in Figure 6. We observe severe
systematic bias in the result for both wide photo-z bin
(left panel) and narrow photo-z bin (right panel) cases. The
bias is larger for wider photo-z bin. The residual intrinsic
clustering has a large impact on this straightforward
weighting scheme, even a narrow photo-z bin is adopted.
Also plotted is the result from the Modified ILC method
on the same data. The Modified ILC method has well
suppressed systematics thanks to the requirement

∑
wi =

0.

5 CONCLUSION AND DISCUSSION

In this work, weak lensing magnification signal is
reconstructed by the Modified ILC method on a realistic
i, r, g photometric mock data constructed from FASTPM
simulations and cosmoDC2 mock catalogue. The lensing
fields are generated from theory and Modified to have
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Fig. 4 The Modified ILC performance is presented for three individual bands and the combined data for a wide photo-z
range 0.8 < zP < 1.2. The error bars are the statistical uncertainty scaled to sky coverage of 20 000 deg2. We observe
5% systematic bias in all cases due to the residual intrinsic clustering.

realistic correlation with the galaxy distribution. Then,
the cosmic magnification effects are added to the galaxy
sample. We quantify the performances for two photo-z bin
selections, and for cases using data from individual bands
and from the combined sample.

The sample for the wide photo-z bin (0.8 < zP < 1.2)
has a number density ∼ 12 arcmin−2 for each band. We
obtain 5% reconstruction uncertainty at the large scale for
a survey with sky coverage 20 000 deg2. Towards small
scale the statistical error decreases to 1%. However, the
reconstruction underestimates the lensing power at level
of ∼ 5%. Using the combined sample reduces the error
bars but the underestimation is unchanged. This systematic
bias is the result of the correlation between the galaxy
distribution and lensing signal.

Using a narrow photo-z bin (0.9 < zP < 1.1)
can reduce the correlation between the signal we want
to extract and the noise we want to remove. r2

κg is
reduced by a factor of 2 − 3 depending on the scale.
We observe no obvious systematic underestimation for the
cases using individual bands. The statistical uncertainty
at the large scale is increased to ∼ 8% due to the
low source number density (∼ 6 arcmin−2). Due to
the same reason, the performances for individual bands
show slightly large fluctuations on different scales. The
performance for the combined data is stable and has small
statistical uncertainty.

In the Modified ILC method we made a rough
assumption that galaxy bias is constant in all flux bins.
Future work will include the construction of new weight
scheme considering the galaxy bias dependence on the
flux. In the construction of the source galaxy catalogue, we
assigned one galaxy to each halo. The true Universe has the
complexity that one massive halo can hold several galaxies
and very small halo may contain no galaxy. In other
words, we approximated the galaxy bias as halo bias. This
simplification will influence the detailed performances at
the small scales. However, thanks to the extra constraint,
the impact is not expected to be large. We will use more
realistic galaxy sample mock in future validation.

In this work, we use the flux limit 27 for all bands,
similar to the future LSST survey. Including the faint
galaxies decreases the shot noise and samples g over a
wider flux range, leading to a better performance. We
presumably will use all the available galaxies for a given
flux-limited sample. Thus, we do not test performance
dependence on the flux cuts. In this work, galaxies are
divided into flux bins with the same number of galaxies
in each bin. This might not be an optimal choice since
the brightest flux bin is very wide and the faintest bin is
very narrow. The dependence of g on the flux is not well
sampled. We will explore to search for an optimal binning
scheme in flux space.

In real observation, the measurement suffers the
effects of survey geometry and mask. The reconstructed
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Fig. 5 The Modified ILC performance for a narrow photo-z bin is presented. The four panels show the result for three
individual bands and the combined data. A narrow photo-z bin reduces the residual intrinsic clustering, and thus the
systematic underestimation is suppressed, at the cost of slightly large statistical error.
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Fig. 6 We compare two weighting schemes used to reconstruct the lensing convergence. The left and right panels show
the r-band result for 0.8 < zP < 1.2 and 0.9 < zP < 1.1. The yellow lines correspond to the Modified ILC method, and
the blue lines correspond to the weighting wi = gi/

∑
g2
i . The Modified ILC method has a much better performance.

lensing field is a linear combination of the galaxy density
field, and thus suffers from the same effect. One should
take the mask effect in the theoretical prediction in the
analysis. On the other side, the Modified ILC method can
also be developed in real space. We leave this to the future
work. Besides the mask effect, the gray dust may change
the flux of the source galaxies, and add complexities in the
Modified ILC method.
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Appendix A: NECESSITY OF EXTRA
CONSTRAINT IN THE
RECONSTRUCTION

Our modified ILC method includes an extra constraint∑NF
i=1 wi = 0 to suppress to intrinsic clustering. When

the extra constraint is not included, the performance of
reconstruction is bad as shown in Figure A.1. 〈κ̂(`)κ∗(`)〉

〈κ(`)κ∗(`)〉
decreases from ∼ +0.7 to ∼ −1.5 towards increasing
`. The influence of intrinsic clustering on magnification
reconstruction with the tradition ILC method is catastroph-
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Fig. A.1 Reconstruction with the traditional ILC method
(no constraint

∑NF
i=1 wi = 0) on the r-band. The photo-z

range is 0.8 < zP < 1.2.

ic and cannot be ignored. So we add the extra constraint∑NF
i=1 wi = 0.

Appendix B: RESOLUTION DEPENDENCE

We use an iterative method to solve for the lensed galaxy
position where the inverse deflected position overlaps
with the original galaxy position. Interpolation is adopted
to calculate the deflection angle at given positions. In
weak lensing regime, the deflection angle is small. Thus
this process is suspicious to resolution effects. We use
the following convergence test to validate the process of
adding lensing effects.

We only test whether we can recover the input lensing
signal from the lensed galaxy positions. We construct an
unrealistic galaxy sample, with high number density ∼
40 arcmin−2 and no intrinsic clustering. Lensing fields are
generated on 10242, 20482 and 40962 meshes for 10◦ ×
10◦ maps. We solve for the lensed galaxy positions from
these lensing deflection maps with different resolutions.
Theoretically, the power spectrum of the lensed sample
directly related to the input lensing signal, CLgg = 4Cκκ
and CLκg = 2Cκκ.

In Figure B.1, the top panel shows the ratio CLκg/2Cκκ
and the bottom panel shows CLgg/4Cκκ. The error bars
are the r.m.s. of 200 realizations. We find that for the two
cases with low resolution, both the auto power spectrum
and the cross power spectrumare underestimated at small
scales. There is no bias observed in the result using 40962

meshes. From this convergence test, we determine to use
40962 meshes in the analysis.

Appendix C: DEPENDENCE ON THE NUMBER OF
FLUX BINS

We test the dependence on the number of flux bins
used in the Modified ILC method. Generally, the density
measurement for each flux bin becomes noisy when a large
number of bins is adopted. However, the reconstruction
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Fig. B.1 The top and bottom panels are CLκg/2Cκκ and
CLgg/4Cκκ used to diagnose the resolution dependence
in the process of adding lensing effects. The green, blue
and red lines show the result of 10242, 20482 and 40962

meshes, respectively. The result using 40962 meshes shows
no bias for all the scales we investigate.
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Fig. C.1 The performance of the Modified ILC method for
the combined data whenNF = 4 (the blue line) andNF =
8 (the yellow line). The photo-z range is 0.9 < zP < 1.1.

takes use of the measurement over all flux bins. We do
not expect a large difference as long as the choice is
reasonable. The number of bins is chosen to be sufficiently
large to sample the flux dependence of the clustering, and
small enough to obtain a reliable clustering measurement
for each bin. Finding the optimal binning strategy is a non-
trivial task.
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We compare the result of four bins in each band to
the one with eight bins in Figure C.1. The galaxies have
0.9 < zP < 1.1 and all bands are used. We only observe
a very mild difference between the two cases. The result
from eight bins has slightly smaller statistical uncertainty
due to a better sampling of the flux dependence.
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