The Moving Lens Effect: Simulations, Forecasts and Foreground Mitigation
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The peculiar motion of massive objects across the line of sight imprints a dipolar temperature
anisotropy pattern on the cosmic microwave background known as the moving lens effect. This
effect provides a unique probe of the transverse components of the peculiar velocity field, but has
not yet been detected due to its small size. We implement and validate a stacking estimator for the
moving lens signal using a galaxy catalog as a tracer of massive haloes combined with reconstructed
velocities from the galaxy number density field. Using simulations, we forecast detection prospects
for the moving lens signal from current and upcoming microwave background and galaxy surveys.
We demonstrate a new foreground mitigation strategy likely sufficient for current data sets, and
discuss various sources of systematic error and noise. Upcoming galaxy surveys will provide high-
significance statistical detections of the moving lens effect.

I. INTRODUCTION

The cosmic microwave background (CMB) serves as
a remarkable canvas that captures and preserves cru-
cial information about the large-scale structure of the
universe [I]. Several distinct physical effects associated
with galaxy cluster haloes have been detected: gravita-
tional lensing [2] (depending on the total halo mass dis-
tribution); the late-time Integrated Sachs-Wolfe (ISW)
effect [3] and the Rees-Sciama effect [4] (due to the time
evolution of cluster potentials); the thermal Sunyaev-
Zel’dovich (tSZ) effect [5] (proportional to ionized gas
pressure along the line of sight); and the kinematic
Sunyaev-Zel'dovich (kSZ) effect [0l [7] (depending on the
ionized gas momentum along the line of sight).

The last of these has been exploited in recent years
to detect the motions of objects at cosmological dis-
tances along the line of sight. The kSZ effect produces
a nearly blackbody distortion of the cosmic microwave
background in the direction of a cluster proportional to
the line-of-sight velocity, analogous to the Doppler effect.
Its small amplitude (typically a few micro-Kelvin for a
galaxy cluster with mass of 5 x 10'* M) makes a de-
tection for individual clusters challenging [§]. Statistical
kSZ detections have been accomplished with two distinct
techniques: mean pairwise velocities [9HI1], which de-
tects the slight tendency for random pairs to be moving
towards each other, and by stacking the sky signal around
all clusters, with the sign of each contribution determined
using a velocity template estimated from the galaxy den-
sity field [I2]. For a given galaxy catalog and microwave

* lali.beheshti@pitt.edu
T leschaan@stanford.edu
* kosowsky@pitt.edu

background map, the signal-to-noise ratio (SNR) of both
techniques is similar in principle [13].

The microwave background also provides a unique av-
enue for measuring velocities transverse to the line of
sight, known as the moving lens effect [I4HI7]. A small
dipole distortion of the microwave background tempera-
ture in the direction opposite the transverse component
of the peculiar velocity results from the interplay between
the transverse motion and the gradient of the gravita-
tional potential. Remarkably, the latter quantity corre-
sponds precisely to the lensing deflection, an observable
that can be measured independently. Consequently, com-
bining lensing and moving lens measurements provides
a path to obtaining the transverse velocity component.
In contrast, the kSZ effect is proportional to the optical
depth to Thomson scattering through the halo, which is
challenging to measure to high precision independently,
without additional astrophysical assumptions.

While the moving lens effect has not yet been detected,
current and forthcoming CMB surveys such as the Ata-
cama Cosmology Telescope (ACT [I8-21]), Simons Ob-
servatory (SO [22]), and the Stage-IV CMB experiment
(S4 [23]), combined with ever-expanding galaxy catalogs
from large scale structure (LSS) surveys such as Baryon
Oscillation Spectroscopic Survey (BOSS [24H26]), Dark
Energy Spectroscopic Instrument (DESI [27]) and the
Vera C. Rubin Observatory Legacy Survey of Space and
Time (LSST [28]), provide data sets of sufficient size
that statistical detection becomes possible. Moreover,
the accuracy and precision of photometric redshifts ex-
pected from forthcoming surveys such as Rubin Obser-
vatory [29] [30] will enable the use of far larger galaxy
catalogs. Notably, the estimation of velocity components
across the line of sight is less susceptible to photo-z errors
than the component along the line of sight [31].

This study revisits predictions related to the moving
lens effect [32H38], using well-known methodologies em-
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ployed previously in stacked kSZ measurements with ve-
locity reconstruction [39]. We underscore several salient
details of the moving lens signal, including its relatively
large angular extent of the signal and the importance
of the two-halo term. We update and correct the pub-
lic code AstroPaint [40] which generates mock moving
lens maps on the curved SkyE|, and introduce a new pub-
lic code for faster generation of mock moving lens maps
on the flat skyﬂ Careful consideration of convergence
properties of the signal is paramount to avoiding signif-
icant biases in the analysis. Similarly to Ref. [38], we
implement an estimator which performs oriented stacks
of the microwave background intensity along the direc-
tion of transverse velocities of galaxy clusters to estimate
the average angular profile of the moving lens tempera-
ture anisotropy. We use transverse components of the
reconstructed velocities from the galaxy number density
field, similar to the kSZ measurements. This stacking es-
timator is integrated into the public ThumbStackE| code.

Utilizing this framework, we provide realistic projec-
tions for forthcoming experiments. Identifying and con-
firming extragalactic foreground biases, as highlighted in
Ref. [41], leads us to advocate for a simple deprojection
technique using the galaxy catalog. We verify the effi-
cacy of this method in mitigating such biases. Further-
more, we argue that CMB lensing, responsible for local
dipoles in CMB maps aligned with the local microwave
temperature gradient, does not bias the moving lens es-
timator. Finally, we consider how miscentering in the
stacking analysis can degrade the signal to noise ratio of
the moving lens estimates.

This paper is structured as follows. In Section [[I we
review the moving lens effect and provide intuition for
the point mass and dark matter halo cases. Section [IT]
describes simulation of the moving lens signal maps. Sec-
tion [[V] gives details on the properties of our aperture
filter and dipole estimator, and presents model assump-
tions about cosmic microwave background experiments
and large scale structure surveys. Details on noise sim-
ulations, plus detection forecasts and a discussion about
mitigating biases, are given in Sec.[V] Finally, Section[V]]
looks ahead to a first detection of the moving lens effect
and its potential cosmological impacts.

II. GENERAL DERIVATION OF THE MOVING
LENS EFFECT

Consider the path of a photon through the gravita-
tional potential ® of a moving galaxy cluster. Since the
gravitational potential is time-dependent, the photon en-

I The updated AstroPaint version is available at https://github.
com/ali-beheshti/Astro-Paint
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ergy varies, such that
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where 79 and 7, are the conformal time today and at
the last scattering surface, respectively. The unit vector
n is along the line of sight. In the case of the moving
lens effect, the time dependence of the cluster gravita-
tional potential is due to the motion of its center, so
0p® = —V& . v, where the gradient is taken with re-
spect to comoving coordinates and the peculiar velocity
v = dx/dn is derivative of the halo’s comoving coordi-
nates with respect to conformal time. Then
X%
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where x is the comoving distance from us to the pho-
ton on its trajectory. We recognize 8 = —c% f dx Vo is
the deflection of the photon path due to gravitational
lensing by the cluster, pointing towards the center of
cluster. Hence the moving lens signal is a temperature
dipole, oriented along the direction of the peculiar veloc-
ity across the line of sight. This is similar to the lensing
dipole signal, 6T/T = (Dys/Ds) B-V T, where D)5 and Ds
are the comoving distances between the lens and source,
and between the source and observer. The difference be-
tween the moving lens dipole and the usual lensing dipole
are only their amplitudes and orientations. The lensing
dipole is oriented along the unlensed temperature gradi-
ent, whereas the moving lens dipole is oriented along the
cluster motion. In particular, the radial profiles of both
dipole signals are the same, determined by the deflection
amplitude profile |3], i.e. the profile of the gradient of the
gravitational potential. The microwave polarization map
also traces the cluster lensing signal while being insensi-
tive to transverse velocity; sufficiently good polarization
maps can increase the detection efficiency of the trans-
verse lensing signal by separating the lensing and trans-
verse velocity components of the temperature dipole.

A. Spherically Symmetric Cluster

For a spherically symmetric cluster, the time depen-
dence of the potential is given by

®(r,n) = @(|r —ro(n)), 3)

where r¢(n) and r are the comoving positions of the clus-
ter center and the photon, respectively. Hence:

_dO(|r —7ro(n)]) r—ro(n) d(r—7o(n))
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where vg = drg/dn is the peculiar velocity. In the second
equality, we redefine 7 = r — ry. Vector r connects the


https://github.com/ali-beheshti/Astro-Paint
https://github.com/ali-beheshti/Astro-Paint
https://github.com/EmmanuelSchaan/ThumbStack/tree/moving_lens
https://github.com/EmmanuelSchaan/ThumbStack/tree/moving_lens

halo center to the photon. Therefore, the energy varia-
tion of the photon reduces to:

oT 2 Xox r 9
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T = /X dx ®'(r) - — (5)
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In this integral, the component of vg along the line of
sight leads to a vanishing contribution by symmetry. The
moving lens effect is therefore only sensitive to v, , the
velocity perpendicular to the line of sight. Converting
from comoving distance x to comoving spherical radius
r gives

or D' (r)
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where r, is the transverse comoving distance from the
halo center to the trajectory of the photon.

(6)

B. Point mass features

Studying the point source case is helpful to understand
the radial dependence of the signal far away from the
massive object. For a point source, the matter density is

p(x) =m o7 (x), (7)

where 67 (z) is the Dirac delta. Such that the matter
overdensity field is simply

m
O = —0P — 1, 8
: (8)

which can be plugged into the Poisson equation to give
the gravitational potential ®. The Poisson equation in
terms of density per unit comoving volume p,,, and Lapla-
cian with respect to comoving coordinates reads

s
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where a is the scale factor, p,,(,—g) is the mean matter
density per unit comoving volume. For the point source
the Poisson equation yields the gravitational potential in
terms of comoving radius as

o(r) = 745:”. (10)

Plugging its derivative ®'(r) = Gm/ar? into Eq. @ leads
to the temperature distortion

oT 4Gm vy
— = — cos ¢
T c2ar c (11)
vo
= B(r)— cos ¢,
c

where 3(r) = —4GM/c*ar = —2Rgse/ar is the familiar
general relativity result for deflection angle of a photon
traveling near a point mass [42] and Rgq, = 2GM/c? is

the Schwarzschild radius. The signal thus scales as 1/r,
just like the lensing deflection. Interestingly, this scal-
ing implies that the integrated effect in a circular aper-
ture, once the angular dependence is accounted for, keeps
growing indefinitely as the aperture size increases. This
contrasts with, for example, the Sunyaev-Zel’dovich ef-
fects, where most of the integrated signal is concentrated
within a few virial radii of the object. We therefore ex-
pect the optimal filter or aperture for the moving lens
effect to be wider, cut off only by the increasing noise in
larger apertures.

C. NFW mass profile

In the case of an NFW density profile characterized by
virial mass My, and virial radius Ry [43], the density
profile is given by

Ps r

P(x)zma x -

(12)

where rs = Ry, /c is the scale radius, ¢ is the concentra-
tion parameter, ps = My /[4nr3(In(1 +¢) — ¢/(1 + ¢))]
is the characteristic density, and all quantities are co-
moving. Using the Poisson equation we obtain the grav-
itational potential of the cluster as

2
O(z) = 747er5;“5 @ (13)

and hence its derivative with respect to comoving radius:

®'(r) = d‘fli’“) = %dq;;x) = 47 G2 u(a),
In(1+ = 1
u(z) = (x_; - z(l+x) (14)

Thus, the corresponding signal caused by the moving
cluster on the sky can be obtained from Eq. @ as

) = PTELT L o (4) ).
fla) = i [ 83‘:507_(? —&—111(:5/2)} . (15)

To give intuition for the size of this signal, Fig. [1| show
the amplitude of the moving lens effect caused by three
moving clusters with various masses, v; = 200km/s and
z = 0.57. The NFW mass density profile, integrated
over all space, has infinite mass. In Appendix [A] we
display the large effect of the choice of truncation radius
on the predicted moving lens signal. For the purpose of
this study, we truncate the NFW density profile at the
virial radius of each halo, such that the mass enclosed is
exactly the virial mass. At distances much greater than
the virial radius (which is the finite extent of our mass
profiles), the signal scales inversely with radius r, as with
the point mass.
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FIG. 1. Amplitude of the temperature anisotropy caused by
the moving lens signal in the direction of clusters velocity for
three clusters with various masses, with v; = 200 km/s and
z = 0.57. This is similar to, but lower than the tSZ/kSZ
signals of the same halos, and much smaller than the RMS
primary CMB fluctuations of 110 uK.

III. SIMULATED SIGNAL MAPS

The analytical derivations in the previous section are
sufficient to simulate maps of the moving lens signal for
any catalog of galaxies. We introduce a new code for
the efficient generation of moving lens mock maps on a
flat sky patch, which is publicly available as part of the
ThumbStack library. Additionally, we have updated the
public AstroPaint code with corrections relevant to this
application, including: (1) correcting typos in the NFW
halo concentration parameters, (2) updating the expres-
sion for perit to account more accurately for its redshift
evolution, and (3) modifying the NFW halo deflection
angle and moving lens temperature anisotropy expres-
sions to simulate the effects of a truncated NF'W matter
density at a specified radius.

Since the signal scales like 1/r from each halo center,
the signal from nearby halos can add constructively or
destructively depending on the relative direction of their
velocities. For instance, if two nearby halos move in rela-
tively the same transverse directions on the sky and they
are located on the axis perpendicular to their transverse
velocity direction separated by a few Mpc, their moving
lens dipoles add constructively. But if the two haloes are
both along an axis parallel to their transverse velocity,
their moving lens dipoles will tend to cancel. In other
words, the signal measured at the location of each halo
can be written as the sum of two terms, one coming from
its own moving lens signal (known as the 1-halo term)
and one from the signals of other nearby halos around it
(the 2-halo term). Importantly, the mean density of the
Universe gives no moving lens effect, since a moving uni-
form distribution of mass does not lead to a time-varying
gravitational potential. Therefore any visible imprint on

the CMB from the moving lens effect has to come from
excess mass density, and only the neighboring galaxies
with correlated velocity contribute to the 2-halo term.
Since the velocity field of halos is coherent on large scales
of around 100 Mpc [31]), we expect to measure a signif-
icant 2-halo term in our stacking analysis, in particular
at large aperture sizes. By shuffling the velocities of ha-
los randomly across galaxies and simulating the shuffled
moving lens map, we can null this 2-halo term. Fig.
shows two simulated maps of the a catalog of galaxies
with true and shuffled velocities. These two allow us to
estimate the 1-halo and 2-halo terms separately.

IV. MODEL OBSERVATIONS
A. Aperture filter and stacked estimator

In order to measure the moving lens signal of each
cluster, we use concentric cosine ring aperture filters with
varying inner radius 6; and outer radius 6, = 6; +0.625’.
We can write the output of the filter on the temperature
map 671 as

T(0:0) = 5 [ d207(6.6) Waa,(6.0), (10

where A is the angular area inside the ring and the filter
W, 0.(8, @) is defined as

—2cos(¢), 6;<0<0,

17
0, otherwise (17)
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such that the angle ¢ is the angle between the velocity
direction of the cluster and the radial line connecting the
cluster to the points inside the ring aperture, and the
factor 2 is used to cancel out the 1/2 that is introduced
by the integration. Fig. 3] show an example of the cosine
ring filter aligned with the velocity vector of a galaxy.
The ring filter is preferred over disk filters for our analy-
sis because it reduces the correlation between apertures
at different sky locations. Furthermore, we apply a high-
pass filter to the maps to suppress large-scale noise corre-
lations from the CMB primary anisotropies. Such a filter
modifies the signal as it causes map-space ringing (which
can be modeled), but it does not change appreciably the
overall signal to noise ratio of the signal since most of
it is obtained from the smaller apertures. Fig. [4] shows
the effect of beam convolution and a high pass filter with
Loyt = 2000 applied to the dipolar pattern of the signal
in a cutout whose side size is equal to the diameter of
the larger aperture filter that we use in this study. The
high pass filter is a sigmoid (logistic) function in Fourier
space of the form 1/(1 + e~ (¢~4u)/50) We discuss the
noise correlations and the effect of the high pass-filter
further in section [VA] For our stacking analysis, since
the moving-lens signal is proportional to the transverse
velocity of the clusters, we use a minimum-variance un-
biased linear estimator that takes the velocity weighted
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FIG. 2. Simulated moving lens signal maps of the a catalog of galaxies with realistically correlated (left) and shuffled (right)
velocities. The shuffling of velocities removes the 2-halo term contribution to the average signal measured at each galaxy.

51 6, 2
g o !
§ (IR S A,gv 0o w
< .
—51 ‘ ‘ >
-5 0 5

0, [arcmin]

FIG. 3. A cosine ring filter used to measure the moving lens
signal. The vector v represents the velocity of galaxy, 6; and
0, are the inner and outer radius of the filter, and the angle ¢
is the angle between the velocity direction of the cluster and
the radial line connecting the cluster to the points inside the
ring aperture.

mean of the temperature measured 7;(6;, 8,) around each
cluster j. This estimator can be written as:

1S 227 T30, 00) (v /)

N
25 (WG /e)?
rec

where v is the transverse velocity of the galaxy cluster
J, and r,, =< v'evime > /Uurfcavlec is the correlation
coefficient between true and reconstructed velocity com-
ponents across the line of sight, estimated using simula-
tions. In what follows, we set r,, = 0.8 [31 [44], and
discuss the impact of ,, < 1 on the signal-to-noise ratio
in Sec. |V El The weightings and the prefactor v'°, . /cry |
are chosen such that this estimator provides an estimate
for the typical size of the moving lens signal in units of

T (05,0,) =

(18)
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FIG. 4. Dipolar pattern of anisotropy caused by a moving
cluster (left), 1’ beamed (middle), 1’ beamed and high-pass
filtered with £cue = 2000 (right). This cluster has a mass of
5 x 10'® Mg, transverse velocity of 450 km/s and redshift
z=0.5.

K (independent of r,, ). Indeed, the expectation value
of our estimator (i.e., mean over realizations of the mov-
ing lens signal and map noise) is:

true

(e (61, 00)) = (861, 00) ==, (19)

where f3(0;,0,) is the modulus of the lensing deflection
(Eq. (2)), integrated over the aperture Eq. (16). In App.
we provide a derivation of this estimator and show
that such a velocity weighted estimator will increase the
signal to noise ratio of the moving lens effect by a factor
of 2/\/m ~ 1.13 (for perfect reconstructed velocities)
compared to a uniform weighted estimator.

Using the velocity-weighted estimator, we perform the
stacking analysis on simulated maps of clusters with
true and shuffled velocities based on the constant mass
(CMASS) catalog from BOSS and obtain the 1-halo and



2-halo contributions to the moving lens signal profile as
a function of aperture size 6,. The result is presented in
Fig.[f|below. Interestingly, the 2-halo term is a negligible
contribution to the signal, once the moving lens map is
convolved with the beam and high-pass filtered. In App.
[C] we discuss the more complex case where no beam or
high-pass filter is applied, finding larger results for the
2-halo term.

Moving Lens Profile
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FIG. 5. The stacked profiles of the 1-halo and 2-halo contri-
butions to the moving lens signal for a simulated 45x45 deg?
patch of galaxy clusters based on BOSS catalog, after apply-
ing a high pass filter and 1 arcmin beam. The curves include
a correction at small apertures due to imperfect pixelation

(see App.[C).

B. CMB experiments and LSS surveys

We utilize the CMASS catalog from BOSS DR12,
which incorporates reconstructed velocities, as our pri-
mary galaxy catalog for simulating the moving lens sig-
nals. Specifically, we use the reconstructed velocities
from [45, 40] to simulate the true velocity correlation
across galaxies. Our analysis extends beyond CMASS
to encompass additional galaxy surveys, including DESI,
unWISE, and LSST. The respective galaxy counts for
these surveys are detailed in Table[[]in Section [V'A] For
the DESI survey, we adopt surface density values of 602
and 1677 galaxies deg™2 for its luminous red galaxies
(LRGs) and extended LRGs, respectively [47]. Similarly,
we asstuume surface densities of 5400 galaxies deg™2 for un-
WISE [48] and 48 galaxies arcmin~2 from LSST’s gold
sample [29], contributing to the comprehensiveness of our
estimates. Additionally, we use the Data Challenge 2
(DC2) extragalactic sample [49] to account for LSST’s
broad mass distribution of halos as well as finding its
mean halo mass (6.4 x 10'2Mg).

To gain insight into the relative magnitudes of the
moving lens signal compared to the thermal and ki-
netic Sunyaev-Zeldovich effects, we present a histogram

in Fig. [f] This histogram illustrates the integrated sig-
nals obtained from a 10x10 deg? region of the CMASS
catalog of BOSS. In these calculations, we assume all
baryons within the halo are in the form of homogeneous
fully ionized gas, and the total baryon mass is derived
from the virial mass of the halo using the cosmological
baryon fraction €5/Q,,. In our analysis of CMB exper-
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FIG. 6. Histograms of estimated signals for the clusters in
a 10x10 deg? patch of the BOSS catalog. The tSZ effect is
calculated at 150 GHz frequency. The dashed lines represent
the RMS values of the tSZ, kSZ and ML signals (0.938, 0.397
and 0.026 pK respectively). The spike in tSZ corresponds
to the mean mass of the sample and represents galaxies for
which we did not have a mass estimate. For the moving lens
whose effect is a dipole, the aperture integral also includes a
dipole weight (—2 cos ¢) to avoid cancellation (Eq. (17)).

iments, we consider the Atacama Cosmology Telescope,
Simons Observatory and CMB Stage-IV, characterized
by beam sizes of 1.4, 1.4, and 1 arcmin, and sensitiv-
ity levels of 10, 5, and 1 pK-arcmin, respectively. Our
forecasts involve a sky overlap between the DESI survey
and the CMB experiments encompassing 1500 deg? in
the first year (Y1) and expanding to 5000 deg? in the
fifth year (Y5). Additionally, for unWISE and LSST,
we assume complete coverage with the ACT experiment,
totaling approximately 9400 deg?.

V. SIMULATED STACKING DETECTION
A. Noise simulations and forecasts

In the forecasts below, we perform bootstrap resam-
pling of the galaxy catalog and repeat our stacking mea-
surement to estimate the covariance matrix of the mea-
sured profile. Bootstrap resampling assumes that the
various ring filters around each galaxy are independent.
This assumption breaks down for the densest galaxy sur-
veys considered here (unWISE and LSST), as shown in
[50). In these cases, a more accurate covariance could



be obtained by resampling in sufficiently large spatial
blocks or repeating the analysis on many simulations
which would be computationally expensive; we leave this
to future work. In practice, this is at most a factor of
~2.5 overestimate of the SNR for LSST. For unWISE,
this is a 20% change only, and we expect a much smaller
effect for DESI and the lower density samples (see Ta-
ble IT in [50]). Fig. |Z| shows how the high-pass filtering
greatly reduces the correlation coefficient across aper-
tures (right) compared to a raw temperature map (left).
This makes interpreting the observed profiles easier, by
decorrelating the various aperture radii. We considered
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FIG. 7. Correlation matrices of the CMB-S4 experiment’s
noise (lensed CMB, detector and atmospheric noise, extra-
galactic foregrounds at 150 GHz) between the different cosine
ring apertures in the absence of high pass filtering (left) and
after applying a high-pass filter with £cut = 2000 (right).

several high-pass filters with different f., for this pur-
pose, and decided to use the £.,; = 2000 as it could pro-
vide a significant decorrelation between apertures while
almost preserving the profile of the signal despite the
ringings. In App. [C] we show the impact of different
high pass filters with varying f.,+ on the profile of the
moving lens signal.

For the ACT experiment we have modeled the noise
based on the noise power spectrum of ACT DR6 Internal
Linear Combination (ILC) map, while for SO we used
the forecasted “goal” component separated noise power
spectrum [51]. For simulating the noise of S4 experiment,
we simulated a single frequency noise map at 150 GHz
containing lensed CMB, detector and atmospheric noise,
as well as extra-galactic foregrounds.

To have a better understanding of the contribution of
different sources of noise to our measurements we show
their individual estimated standard deviations as a func-
tion of cosine ring apertures in Fig. This plot shows
that in the smallest apertures the foreground noise is the
dominant component while as we go to larger apertures
the lensed CMB contributes the most to the total noise.
As mentioned earlier, our noise simulations include detec-
tor and atmospheric noise, lensed CMB and foregrounds,
but not the moving lens signal itself. There are two rea-
sons for this. First, since the moving lens effect has not
yet been detected, we are focusing on forecasting the de-
tection significance, rather than the precision on the am-

Various Noise Contributions
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FIG. 8. Standard deviations of different noise sources for
CMB-S4 experiment obtained from high-pass filtered simu-
lated sky maps without the moving lens effect. The various
contributions add in quadrature. The dashed line is a hypo-
thetical case that shows how the CMB noise contribution will
change if we use the unlensed power spectrum to generate
that component (see Sec. .

plitude of the effect. The difference is that when assessing
the detection significance, the question we ask is how well
we can rule out the null hypothesis, i.e. the hypothesis of
no moving lens signal. In this null hypothesis, one there-
fore should not include the signal to be detected, i.e. one
should not include the cosmic variance of the moving lens
signal. This point of principle is true in general: when
ruling out the hypothesis of no signal, one performs an
analysis without the signal of interest and shows that the
resulting model is a poor fit to the data. Second, once
the moving lens signal is detected, and we move from
ruling out the “no moving lens” hypothesis to measur-
ing the amplitude of this signal, the situation changes:
one should include the cosmic variance of the signal. In
other words, one should include the moving lens signal
in the “noise” simulations. However, this cosmic vari-
ance would be negligible anyway. Indeed, in a stacked
analysis, the cosmic variance of the signal matters once
the signal is comparable in size with the other sources of
noise on an individual object basis. That is, the cosmic
variance starts to matter once the SNR of the moving
lens effect on an individual object is of order unity. For
all the upcoming experiments considered in our forecast,
we are very far from detecting the moving lens effect per
object, such that this cosmic variance is negligible.

Finally, we present the signal to noise ratio forecast
for various combinations of the CMB experiments and
galaxy surveys in Table [l These SNR values are calcu-
lated using the vector S containing the amplitude of the
stacked moving lens signal at different apertures and the
noise covariance matrix Cp between apertures obtained
from the simulated sky maps without the moving lens



effect via bootstrap, as follows:
SNR? =8T.Cy'-S (20)

This number is indeed the SNR on an amplitude factor
a one would fit for, if the template for the spatial depen-
dence of the moving lens signal is assumed to be known.

We consider various variations of the ILC method,
comparing the standard ILC (the multifrequency lin-
ear combination which maximizes the overall SNR), and
ILCs which null tSZ or Cosmic Infrared Background
(CIB). In this table, the values in parentheses correspond
to further deprojecting tSZ, CIB or both in the internal
linear combination of recovering CMB maps. Table [I]
shows that the tSZ or CIB deprojected ILCs cause such
a large SNR penalty that a detection of the moving lens
effect would be impossible with these methods. We thus
focus on the standard ILC in the rest of the paper. We
assess the impact of the residual tSZ and CIB signals and
their potential biases in the moving lens measurements in
Sec. [VC] where we present and implement a mitigation
strategy on single frequency maps, selecting frequencies
which maximize the impact of tSZ and CIB, in order to
provide an upper limit to the size of the foreground biases
and show that for CMASS like samples our mitigation
strategy is sufficient in this worst case scenario, giving
confidence that it should apply in the case of the stan-
dard ILC, where the foreground amplitude is less than
in these single frequency maps. We will also mention in
Sec. [V (] that for samples with higher mass and redshift,
the foreground biases are more of a concern and further
mitigation strategies will be required. In practice, the
imperfect reconstructed velocities can lead to a degra-
dation in SNR by a factor equal to r,, =~ 0.8. This is
discussed in more detail in Sec. and Ref. [31] and
accounted for in Table [l

For the LSST survey, which encompasses a broad range
of galaxy masses, we provide four forecasts for each CMB
experiment. The first forecast assumes no individual
mass information, assigning equal weight to all galax-
ies, resulting in the lowest signal-to-noise ratio. The sec-
ond and third forecasts also employ equal weighting but
apply mass cuts of 102 Mo, < M and 10" M., < M, re-
spectively, based on the mass distribution from the DC2
extra-galactic sample [49]. The final forecast incorpo-
rates knowledge of individual galaxy masses, weighting
the signal contribution according to these masses, and
achieves the highest SNR. Due to the relatively low mean
mass of the overall sample (approximately 6.4 x 1012 M),
there is a notable improvement in SNR when mass infor-
mation is utilized and galaxies are weighted accordingly
in the estimator. Importantly, the SNR is predominantly
influenced by the more massive galaxy clusters, around
10** M. However, at these high masses, the foreground
emission and halo lensing associated with these objects
may be substantially greater compared to random sky
regions, potentially leading to an overestimation of the
SNR by approximately tens of percent. We leave further
investigation of this to future work.

In conclusion, the results of Table[|suggest that a high
significance detection of the moving lens effect should be
achievable in the near future with the combination of
data from SO/S4 experiments and LSST survey. Ad-
ditionaly, the forecast for the latest ACTxDESI data
shows a promising prospect for finding evidence of this
effect. We also note that improvements in CMB exper-
iment sensitivity and resolution do not significantly en-
hance the moving lens detection SNR, whereas increasing
the number of galaxies in the LSS survey can substan-
tially improve the SNR. This is consistent with the fact
that the noise in this measurement is primarily domi-
nated by other sky signals rather than detector noise, as
shown in Fig. [§

B. Consistency with existing forecasts

We compare our forecasted SNR to the results of
Ref. [38]. That study reports a signal-to-noise ratio of
~21 for the LSSTxS4 combination, assuming that the
signal around each galaxy is equally weighted, with no
mass cuts on the sample beyond the LSST selection.
For such a scenario, we would find SNR of ~28, slightly
higher, perhaps due to our neglect of the noise from halo
lensing which may contribute a non-negligible noise for
halos of masses 2 1014 M.

However, for a galaxy catalog with such a high num-
ber density, the jacknife ([38]) or bootstrap (this work)
estimates of the noise are underestimated. Indeed, both
pretend that the temperatures measured at the positions
of any two objects are independent. This assumption,
valid when the galaxy catalog is shot noise dominated,
breaks down at high galaxy number density. To account
for this effect, we use the SNR reduction factor found
in [50] and divide our SNR by it, reducing it 15. This
same SNR reduction factor is included in all the LSST
forecasts in this paper.

Furthermore, the LSST sample considered contains a
wide breadth of halo masses. The galaxy count is domi-
nated by the abundant low-mass halos, which contribute
almost no signal and dilute the stack. In this context,
the equal-weighting of object thus becomes highly sub-
optimal. If individual host halo masses are known, mass
weighting enhances the SNR by a large factor of ~6. Such
an ideal mass weighting may not be possible in practice;
we can however approach it with a simple low mass cut,
perhaps based on galaxy brightnesses.

The other differences in assumptions between this work
and Ref. [38] should have a small impact on the fore-
cast. Their study assumes lower resolutions and sensi-
tivities for S4, though this is not a significant factor, as
shown in Fig. |8] where we demonstrate that the analysis
is not dominated by detector noise. The total number
of galaxies assumed in both studies is nearly identical,
with our work assuming a higher galaxy surface density
but a lower sky fraction overlap. Finally, in our sim-
ulations we have considered a truncation of the NFW



SNR #Galaxies overlapping ACT SO S4

BOSS 350k 1.2 (0.2) 1.4 (0.7, 1.4, 0.3) 1.8

DESI LRGs Y1 900k 1.8 (0.4) 2.3 (1.2, 2.2, 0.5) 2.8

DESI LRGs Y5 3M 3.4 (0.7) 4.3 (2.2, 4, 0.9) 5.1

DESI LRGs + Ext. LRGs Y1 3.4M 3.7 (0.8) 4.6 (23,34, 1) 5.4
DESI LRGs + Ext. LRGs Y5 11.4M 6.4 (1.4) 8.3 (4.2, 7.8, 1.8) 9.9
unWISE 50.8M 11.9 (2.6) 14.8 (7.6, 14.0, 3.1) 17.8

LSST equal weight (pessimistic) 1.12B 10.2 (2.2) 12.7 (6.5, 11.9, 2.7) 15.1
LSST equal weight; 10**Mg <M 330M 18.0 (4.0) 22.5 (11.4, 21.1, 4.7) 26.8
LSST equal weight, 10" Mg <M 8.4M 51.6 (11.4) 64.6 (32.8, 60.4, 13.4) 76.7
LSST mass weight (optimistic) 1.12B 68.1 (15.1) 85.3 (43.2, 79.8, 17.6) 101.3

TABLE I. Moving lens detection signal-to-noise forecasts for different galaxy surveys and CMB experiments. The SNR, values
in parentheses for ACT correspond to deprojecting tSZ in the ILC, and for SO to deprojecting tSZ, CIB, or both in the ILC.
Realistic velocity reconstruction results in a factor 0.8 degradation in SNR [31] which is included in this table. We discuss the
impact of velocity reconstruction and the effect of miscentering between galaxy positions and center of host halo on the signal
to noise ratios in Sec. The LSST forecast is corrected by a factor 2 [50] since the bootstrap method of noise estimation
is optimistic as it neglects the correlations of nearby galaxies. For unWISE, this is roughly a 15% change in SNR which is
accounted for in the table, and for lower density galaxy samples the difference is negligible. For LSST, the broad range of
halo masses makes the equal weighting highly suboptimal, compared to mass weighting (which would optimistically require
individual mass estimates). In practice, a low mass cut can likely be implemented based on galaxy brightness. Imperfect
foreground cleaning at higher redshifts may incur a SNR penalty; see the discussion in Sec. [V A]and Sec. [VC|on foregrounds.

density profile at Ry, radius whereas they applied an ex-
ponential truncation of the moving lens profile at 8 Rog,
using AstroPaint. While this can affect the 2-halo term
contribution to the signal we showed in Fig. [5| that such
contribution is negligible after the high-pass filtering of
the map.

C. Foreground biases and mitigation strategies

The cosine-ring aperture we apply around each galaxy
should null the dust and tSZ signals from that particu-
lar galaxy. Indeed, this dipole filter integrates to zero,
and the dust and tSZ signals from the galaxy considered
have no angular dependence on average. However, the
dust and tSZ signals from other objects may bias our
moving lens estimate [41]. Indeed, the cosine-ring filter
is oriented in the direction of the peculiar velocity of the
galaxy considered. The large-scale linear peculiar veloc-
ity field preferentially points towards overdense regions,
which cause the peculiar motion in the first place, and
whose dust and tSZ signals are higher. Thus we expect
the dust and tSZ maps around each galaxy to have a
dipole structure aligned with the peculiar velocity, lead-
ing to a bias in the cosine-ring filter.

In this subsection, we confirm the existence of these
spurious signals in our moving lens measurements by run-
ning our pipeline on 20x20 deg? patches extracted from
CIB and tSZ WebSky maps [52], [63]. We select stacking
samples with different redshift and mass ranges from the
WebSky halo catalog to investigate the redshift and mass
dependence of the biases. In agreement with Ref. [41],

we find in Fig. [0 that for high mass or high redshift sam-
ples these biases are indeed significant, so a mitigation
strategy will be needed. However, if we only consider
relatively low redshift and masses such as the galaxies in
the CMASS catalog of BOSS for which we investigated
the moving lens signal in previous sections, the tSZ and
CIB biases are not as troublesome (see Fig. E[)

Furthermore, several foreground mitigation ap-
proaches exist to reduce this foreground bias to an ac-
ceptable level. Dust emission and tSZ decrement par-
tially cancel in single frequency maps at frequencies be-
low 220 GHz, since they have opposite signs. Multifre-
quency cleaning reduces the amplitude of dust or tSZ
in our maps. However, as we can see in Table [[, such
deprojections boost the overall CMB noise to an extent
where the SNR gets degraded significantly, so an ILC
with tSZ/dust deprojection is not preferred over the stan-
dard ILC for the purpose of the moving lens detection.
Masking the individually-detected point sources and clus-
ters in the map is also an effective way to remove the
high-mass objects, whose foreground bias is largest.

Finally, we propose and demonstrate an additional
foreground mitigation technique, based on template de-
projection. The dust and tSZ signals from the galaxies
in our sample are much larger than their moving lens ef-
fect. They can thus be measured at much higher SNR
(more than 10 times higher) with a standard isotropic
stack (e.g., ring filters without the cosine angular depen-
dence) or by cross-correlating the temperature map with
the galaxy catalog. One can then generate a foreground
template map where each galaxy is given the dust 4+ tSZ
signal thus measured. Running the cosine ring filter on



10

this template map should then capture part of the fore-
ground bias to the moving lens estimator. Indeed, this
template captures the effect that peculiar velocities point
towards overdense regions, which have more galaxies, and
thus more foreground emission. However, the foreground
template paints the same signal around each galaxy in
the catalog. Thus, it does not capture the effect that
overdense regions may host more massive halos, whose in-
dividual foreground emissions would also be higher. For
the same reason, the template deprojection will also be
ineffective when the foreground bias is dominated by a
few rare bright objects. This can be avoided by masking
the brightest sources in the map before deprojection.

In practice, the simplest way to implement this miti-
gation method is via template deprojection (see [54] for
a similar idea). We can think of the temperature map Tp
in Fourier space as the sum of a contribution correlated
with 2D galaxy number overdensity field g and a contri-
bution Tglean that is uncorrelated with gy such that:

clean
Te = auge + T with CJ7 =0. (21)

Now if we choose oy = CY7 /C99 we will have the cleaned
temperature map in Fourier space as

qgT

Ty =Ty — (22)

4
Ogg ge-

In this cleaned map, the quantity (ngT/ng)gl can be
thought of as a foreground template in real space, where
the same foreground profile (CY" /C99) is painted around
each object. The cleaning does not remove any of the
moving lens effect, since this signal already satisfies
CQ5TML —0.

‘

Fig. [0 shows the effectiveness of masking and the tem-
plate deprojection on the realistic WebSky tSZ and CIB
patches. The top panel shows the profiles of the tSZ and
CIB biases after performing the mitigation for a sample of
CMASS like halos in the WebSky catalog, in comparison
to the stacked moving lens signal profile. The mitigated
foreground bias is consistent with zero, and smaller than
the moving lens signal by a factor of several. The bot-
tom panels show the mass and redshift dependence of
the biases, as well as the effect of the mitigation strat-
egy. In each panel, the dashed lines represent the bias
profiles prior to the cleaning process and the solid lines
show the profiles after performing the deprojection strat-
egy. As expected, the samples that include higher masses
or redshifts introduce a larger bias. In such cases, this
cleaning method may prove insufficient, and additional
mitigation strategies may be required, which we leave for
future work. The template deprojection cleaning process
performs better whenever the highest mass halos are not
included in the map (e.g., after masking). Indeed, since
the template deprojection removes the same average dust
and tSZ profile around each galaxy, it is not effective
when a handful of rare bright objects dominate the bias.

Finally, several null tests from the data are possible.
For instance using sine filters rather than cosine nulls
the moving lens and foreground biases, or doing the
stacks on ILC maps where spectral energy distributions
of tSZ/CIB/both are deprojected reduces or nulls one
or more of the foreground biases. Performing the stack
on a Planck map at 545 GHz could also allow us under-
stand the dust component better and verify its effective
mitigation.

D. Impact of CMB lensing noise

CMB lensing due to the host halo of the galaxies in our
catalogs produces local dipoles in the temperature map,
similar to the moving lens effect. In fact, the CMB lens-
ing dipoles are much larger in amplitude than the moving
lens effect, and have already been detected at high sig-
nificance (see e.g., [55, [56]) However, these dipoles are
oriented along the unlensed CMB gradient, rather than
the peculiar velocities. Since these two vector fields are
independent, CMB lensing does not bias our moving lens
effect. One may worry that it constitutes a dominant
source of noise, since it is much larger in amplitude. How-
ever, we find this not to be the case.

Indeed, in the absence of foregrounds or detector noise,
the CMB power spectrum is dominated by lensing for
multipoles ¢ 2 5000. One may thus worry that the ag-
gregate lensing signal from all massive objects in the Uni-
verse could be the dominant source of noise in a futuristic
experiment. We account for this effect by including the
lensed CMB power spectrum in our simulated temper-
ature maps. In practice, due to the presence of extra-
galactic foregrounds, replacing the lensed CMB power
spectrum by the unlensed CMB power spectrum makes
little difference to the noise, as shown in Fig. [§] by solid
and dashed orange curves.

On the other hand, since the galaxies we consider are
large non-Gaussian fluctuations in the matter density
field, one may worry that their lensing may be a larger
source of noise than included in the lensed CMB power
spectrum. However, if the lensing dipole from a typi-
cal galaxy in our sample was the dominant noise source,
larger than the primary CMB, detector noise and resid-
ual foregrounds around that galaxy, it would imply that
the lensing signal from that galaxy can be detected in-
dividually. In other words, CMB cluster lensing would
be detectable around each galaxy individually. This is
not the case, as large galaxy catalogs are required to
measure CMB lensing in cross-correlation. Indeed, Fig.
53 in the CMB-S4 Science Book [23] (similarly Fig. 5
n [57]) shows that an arcminute resolution experiment
with a sensitivity of around 1pK-arcmin can determine
the mass of 1000 stacked clusters (of mass 5 x 1014My)
to approximately 2% precision, combining temperature
and polarization maps. This means a halo lensing SNR,
of approximately 1/0.02 = 50 is expected for stacking
on 1000 objects of mass 5 x 10M. However, for
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FIG. 9. Top. The stacked profiles of the moving lens signal for
to the stacked profiles of the deprojected tSZ and CIB biases

a sample of galaxies selected from BOSS catalog in comparison
obtained from a sample of halos in WebSky. We can see that

the template deprojection method along with masking of the most massive objects can reduce the sizes of these biases to few
factors smaller than the moving lens signal. Bottom. The 4 panels below are showing the mass and redshift dependence of tSZ
and CIB biases. The dashes lines represent the profiles of the biases prior to the cleaning method and the solid lines show the
results after performing the template deprojection. As described in the text, the samples that include higher redshift or higher
mass clusters introduce larger biases, however for lower masses and redshifts the amplitude of the biases after the template
deprojection can be reduced down to 2-5 times smaller than the moving lens signal, especially at low redshifts.

the same number of objects but with a typical mass of
2 x 1013M in our sample, the expected SNR can be
rescaled to 50 x (2 x 1013 My /5 x 10 M) ~ 2. Now, if
we consider the SNR on a per object basis it will become
2 x (1/4/1000) ~ 0.06, which implies that halo lensing
will be much smaller than other sources of noise, even

for the optimal halo lensing estimator, and a fortiori for
the moving lens estimator. Interestingly, this estimate
suggests that halo lensing will become a non-negligible
source of noise for more massive halos, ~ 104 M, since
the halo lensing signal scales roughly proportionally to
halo mass.
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E. Other systematics and potential biases

Several systematic effects may affect our measurement
of the moving lens effect. This can bias our interpretation
of the signal, and may also lower the detection SNR, com-
pared to our estimates above. In this subsection, we dis-
cuss miscentering between the galaxy positions and the
center of mass of the host halos, total matter profiles,
satellite fraction in the galaxy sample, and systematic
effects related to imperfect velocity reconstruction from
the galaxy number density field. To find out the impact
of miscentering error of our filters on the signal to noise
ratio, we add Gaussian noise of standard deviation o to
the positions of halos on the sky and run our pipeline
for each size of the miscentering noise. Fig. [10| shows the
ratio of SNR with miscentered filters over SNR, of per-
fectly centered filters as a function of miscentering noise
size. The miscentering between the galaxy positions and
halo centers is estimated to be ~ 0.2 [58], hence Fig.
suggests that only a ~ 5% degradation in SNR can be ex-
pected due to the miscentering effect. By broadening the
observed matter density profile with respect to the true
one, miscentering can bias our profile inference. Unlike
tSZ or kSZ, where the gas profile may be the quantity of
interest, here the matter density profile is not. However,
it multiplies the amplitude of the transverse velocity in
the moving lens effect, and may thus bias our inference
of the transverse velocity amplitudes.

o [Mpc]
0.0 0.2 0.4 0.6
1.0 : :
o
s |
% 5} 0.5
0.0 T - . T
0.0 0.2 0.4 0.6 0.8 1.0
o [arcmin]

FIG. 10. The impact of miscentering error on SNR forecasts
assuming CMB-S4 experiment specifications. The miscenter-
ing between position of galaxies and halo centers galaxy is
estimated to be ~ 0.2" [58], hence we do not expect a large
loss of SNR. (=~ 5%) due to it.

The satellite fraction of galaxies in the sample has
two effects. First, it introduces miscentering, discussed
above. Moreover, it may also affect the performance of
the velocity reconstruction from the galaxy number den-
sity field. Fortunately, Ref. [31I] shows that the satellite
fraction has little effect on the transverse velocity recon-
struction. This can be understood for two reasons. First,
while satellite galaxies typically have much larger pecu-
liar velocities due to virial motion inside their host halos,

this large virial velocity is not that of the host halo, which
is relevant for the moving lens effect. Furthermore, the
velocity reconstruction process is actually shown in [31]
to reconstruct the halo velocities, rather than the galaxy
velocities. Indeed, the velocity reconstruction only con-
siders large-scale linear motions, and does not contain
information about the small-scale nonlinear virial mo-
tions. Finally, the accuracy of the reconstructed veloc-
ities affect our forecasts which depend on alignment of
the filters based on our knowledge of the true velocities.
Thanks to our normalization Egs. and of the
moving lens estimator by 1/r, , the expected signal is
independent of 7, , while the uncertainty on it scales as
1/ (rv, /Ngal). As a result, our SNR forecasts in the

shot noise regime will scale as 7, \/Nga1. The better the
velocity reconstruction method performs and larger the
number of galaxies in the stacking sample we use, the bet-
ter signal to noise ratio is obtained. Refs. [31], [44] show
that the correlation coefficient of about 0.8 between true
and reconstructed velocities can be expected in an LSST
like survey. They also investigate the effect of photo-z
errors on the velocity reconstruction and show that the
transverse component of the velocities is less sensitive
to the uncertainty in photo-z’s, so the moving lens mea-
surements SNR is less penalized by photo-z uncertainties
than kSZ.

VI. CONCLUSION AND OUTLOOK

A galaxy cluster moving with a non zero velocity across
the line of sight induces a temperature anisotropy onto
the cosmic microwave background. This effect, smaller
in size than other secondary anisotropies like tSZ, kSZ
or lensing, has a unique signature as a dipole aligned
with the direction of the transverse motion. While this
effect has not yet been detected, our study confirms pre-
vious results [32, [35H38] that it may be marginally de-
tectable with existing datsets, and should be measurable
at high precision with upcoming experiments such as Si-
mons Observatory/CMB-S4 and DESI/LSST.

In this paper, we generated simulated maps of the mov-
ing lens effect and implemented a moving lens estimator,
using stacking weighted by the velocities reconstructed
from the galaxy number density field. We release this as
part of the public ThumbStack package which has been
used in ACT measurements of tSZ and kSZ effects, and
patchy screening forecasts [39] 46, [50].

We then performed realistic simulated analyses of the
moving lens effect for upcmoing surveys. We showed that
the 2-halo term in the signal is negligible, once high-pass
filtering is applied to the maps. We forecasted the sta-
tistical SNR in moving lens for upcoming experiments,
finding that the combination of ACT and DESI photo-
metric galaxies data may be sufficient to detect the effect.
Future galaxy surveys with much larger samples will dra-
matically increase the SNR.

We confirmed the foreground biases in the oriented



stacking analysis of the moving lens signal [41], com-
ing from the large-scale gradients in the tSZ and CIB
emissions around the more massive and clustered objects
in the CMB map. These biases are found to be most
significant at higher redshift and for more massive ob-
jects. We also found that the ILCs which null specific
foregrounds (e.g., CIB or tSZ) incur an increase in noise
power spectrum which dramatically reduces the statis-
tical SNR, making these methods impractical. We pro-
posed a simple new mitigation method, based on tem-
plate deprojection, i.e. the removal of the cross corre-
lations with galaxies from the temperature map. We
showed that this method, in combination with masking
and multifrequency cleaning, should reduce foregrounds
to an acceptable level for LRG-like galaxies at low red-
shift. We leave a detailed study of foreground mitigation
at higher redshift to future work.

Lastly, we presented a discussion on other noise sources
such as the cluster lensing signal, as well as potential sys-
tematics such as velocity reconstruction accuracy, photo-
z errors and the impact of miscentering of the filters in
this measurement.

The moving lens effect is a truly unique probe of ve-
locities across the LOS for extragalactic objects. Com-
bined with radial velocity information from e.g., kSZ or
redshift-space distortions, it will give us access to the
full 3D velocity field. With this 3D velocity information,
one can separate the scalar and vector components of the
velocities and study late-time vorticity modes [59].

Much like kSZ, the resulting velocity information is
a probe of the matter density on the largest scales,
and should allow us to constrain the degree of non-
Gaussianity in the primordial fluctuations (fnt,) [13} [60].

Unlike kSZ, the moving lens is a purely gravitational
effect, rather than a scattering effect. This distinction
is crucial because it means the moving lens effect is not
influenced by the complexities of baryonic physics, such
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as gas density, metallicity and ionization fraction within
clusters, which are degenerate with the amplitude of ve-
locities in kSZ measurements. Consequently, the moving
lens effect may offer a cleaner and more direct measure-
ment of cosmic velocities, allowing us to break the opti-
cal depth-velocity degeneracy inherent in kSZ measure-
ments. This should yield the growth rate of structure
and enable tests of gravity [37, 61I]. Finally, since the
moving lens effect depends on velocities across the LOS,
rather than along the LOS for kSZ, it is less affected by
photometric redshift errors [31], and thus well suited to
future large photometric surveys like Rubin LSST, Eu-
clid and Roman. The moving lens effect thus will enhance
our ability to test fundamental cosmological theories with
greater precision.
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Appendix A: Impact of NFW truncation radius on
the radial profile of the moving lens signal

If we truncate the NFW density profile at © = r/ry =
¢tr, the radial profile f(x) of Eq. for the moving lens
signal has the form

—x

fz) =
(14 cor ) (eer +
. In(1 + ¢y + In(x) — In(cer 4+ /2 — 72)
X

Cgr - 1:2)

(e — 2 + V=22 /@ = 22) (A1)
B V1 — 22
N In(1 + ¢;) + In(—2)
/1 — 22
for z < ¢, and
f(2) = —cur/(1+ cor) +In(1 + cer) (A2)

xT

for ¢, < z. Fig. shows the radial dependence of the
moving lense signal f(z) for various truncation radii of
the NF'W mass density profile.
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FIG. 11. Plot of f(x) for the untruncated and truncated NFW
mass density.

Appendix B: Derivation of velocity weighted
estimator and comparison with uniform weighted
estimator

In this section we first provide a derivation of the mov-
ing lens estimator of Eq. (18). Let us begin by writing
an estimator for the lensing deflection around any object
j as follows

i T,

5 e

(B1)

where v is the modulus of the 2D perpendicular velocity.
We want to linearly combine the 3; estimators in a way
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that is unbiased and has minimum variance. So we write
the estimator 3 as

>, wiB
Zj W

where w; = 1/Var(f3;) are the inverse variance weight-
ings. If we ignore the map depth variations we can ap-
proximate Var(7;) ~ o2 for all objects. Furthermore, to
compute the variance of our estimator, it is sufficient to
consider a fixed realization of the reconstructed veloci-
ties, and compute the variance as one varies the realiza-
tion of the temperature noise map. In this calculation,
the reconstructed velocity of each object is thus fixed,
and is no longer a random variable. Additionally, as dis-
cussed in Sec. [VA] in our noise simulations the temper-
ature map has effectively no velocity information in it,
thus can they can be assumed independent. Hence:

B= (B2)

Var(Bv) = Var ( 7; ) = Lﬂ(ﬂ)
J prec ( rec )2

1.5 Vi

Therefore we can write

>

>, w;iB;
Zj wj
> JJ ORI D i

2w )

Now if we wish to convert this deflection angle estima-
tor into an estimator for the moving lens temperature

anisotropy with units of typical temperature, we can de-
fine

_ Zj Var(]Bj)

B =

1
Zj Var(B;)

(B4)

rec

1,rms ﬁ

TML =
rec g .
,UJ_,rms Zj 7;’UJ—7]

= (B5)
c vl

which is what we have in Eq. assuming r,, = 1.
However, in practice 7,, < 1. In order to make the
expectation value of estimator Eq. independent of
r,, we normalize it by the prefactor 1/r,, and obtain
Eq. (18). Now we wish to compare the signal to noise
ratio obtained from the velocity-weighted estimator of
Eq. with a uniformly-weighted estimator for the
moving lens signal such as

>, T

N (B6)

T, =
For simplicity we assume clusters have the same masses
and redshifts, so the lensing deflection angle will be the
same for all, 3; = 8. In the case of a uniformly-weighted
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estimator of Eq. , the estimated signal Sy will be of
the form

N
1 rec rec
SU:ﬁNZvL,j:B<UL ) (B7)
J
and the variance of the signal will be
N
1 o2
J
Thus the signal to noise ratio in this case will be
rec N
SNRy = M (B9)

oT

On the other hand, for a velocity-weighted estimator as
in Eq. we can write the estimated signal Sy as

N
¢ Z]‘ (Urf,cj)2 ¢

with the variance

N
SV — vf,crms Zg /B’Uj_e,cj(vjicj) _ vf;msﬂ (BlO)

N

(vff:;msfzj o (Vi)
¢ ) () (02
_ (vfims>2 din

¢ ) )

J

rec 2 2
_ (UL,rms ) %
rec 2
c N(”L,rms)

Therefore, the signal to noise ratio in this case will be

rec /
UL,rms N

or

Ng =

(B11)

SNRy = (B12)

Now, if we take the ratio of the signal to noise ratios we
have:

SNRV ~ Urf,crms o i ~1.13
SNRy (079w

(B13)

where we have assumed the two-dimensional v** compo-

nents are independent gaussian random variables with
standard deviation ¢ such that v7°° follows the 2D
Rayleigh distribution, leading to v"*¢ = /20 and

1,rms

(V%) = y/m/20. So we can conclude that the velocity-
weighted estimator indeed improves the signal to noise
ratio of the moving lens measurement by 13%.

Appendix C: Pipeline validation

Fig. shows the effect of different high-pass filters
on the profile of the moving lens signal measured from
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0 [arcmin]

FIG. 12. The measured moving lens profile of a single galaxy
as a function of cosine ring aperture sizes after applying dif-
ferent high-pass filters to the simulated map.

a single galaxy cluster. As mentioned in section [V A] we
chose to use the It = 2000 as it can help with decorre-
lation of the apertures without causing too much ringing
in the profile. In order to obtain the stacked profile of
the moving lens signal and isolate its 1-halo and 2-halo
contributions, we simulated 45x45 deg? maps of the sig-
nal for galaxy clusters with true and shuffled velocities
based on the BOSS catalog. To speed up the simulation,
we downsampled the catalog by 5% which reduces the
2-halo contribution to the signal but we account for that
at the end by multiplying the 2-halo contribution by a
factor 20 = 1/0.05. Indeed, the 2-halo term should scale
as the number of neighboring halos around each galaxy,
i.e. linearly with the total number of objects. Also,
we chose to generate maps with 0.43” arcmin resolution
which causes discrepancies with the theoretical predic-
tion for the stacked profile in the smaller apertures. The
resulting profiles are presented in top panel of Fig.[L3|be-
low. We confirmed that the discrepancy between the the-
oretical prediction and the stacked profile of the shuffled
velocities map reduces by simulating maps with better
resolution which demand longer time to generate. Thus,
we decided to correct for this imperfect pixellation using
a transfer function that is equal to the ratio of theoret-
ical stacked profile over the measured profile from the
shuffied velocities map. This transfer function is shown
in bottom panel of Fig. [I3] The resulting 1-halo and
2-halo contributions after performing the process above
are shown in Fig. It is worth noting that in the sim-
ulations of the 2-halo term contributions, it is crucial to
choose a patch of sky large enough such that it samples
the velocity field evenly and there is no significant mean
transverse velocity in it, otherwise the shuffling of the
velocities will not completely null the 2-halo term and
it would lead to a component of the 2-halo term in the
stacked profile that is originating from the mean velocity
of the objects in the patch. Furthermore, we investigated
the convergence of 2-halo term contribution to the signal
as a function of the size of the patch of the clusters on
which we perform the stacking analysis. It is crucial to
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FIG. 13. Top. The stacked profiles and comparison with
theory prediction for a 5% down-sampled 45x45 deg? map of
7977 galaxy clusters with true and shuffied velocities. Bot-
tom. Profile of the transfer function used to correct for the
imperfect resolution in the simulated maps.
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FIG. 14. The stacked profiles of the 1-halo and 2-halo contri-
butions to the moving lens signal for a simulated 45x45 deg?
patch of galaxy clusters based on BOSS catalog. However,
Sec [[VA] shows that the 2-halo term has negligible effect in
practice, due to the high pass filter that we need to apply to
remove large scale noise of primary anisotropies of CMB.
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make sure that the stacking patch is large enough such
that it samples the correlations in the transverse veloc-
ity field correctly and also has enough galaxies outside of
it in the simulated map such that the measured signals
at galaxies inside the patch contains 2-halo contributions
from galaxies around it in all directions and we avoid
edge effects in our analysis. Fig. [[5] shows the profile of
the 2-halo term contribution to the moving lens signal
as a function of the stacking patch. This plot suggests
that within the size of the error bars, the convergence is
attained for the patches larger than 35x35 deg?.

2 Halo Convergence

—}— Full 45°x45°

Central 35°%35°
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Tyron[UK]
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FIG. 15. Convergence of the 2-halo term contribution to the
moving lens signal as a function of the patch size on which
the stacking analysis is performed.
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