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An observer that is moving toward a high-density region sees, on average, a higher matter density and
more foreground-emitting sources ahead than behind themselves. Consequently, the average abundance
and luminosity of objects producing cosmological signals around an in-falling dark matter halo is larger in
the direction of the halo’s motion. In this paper, we demonstrate this effect from simulated cosmological
maps of the thermal Sunyaev Zel’dovich effect and the cosmic infrared background. We find that, for a
wide range of halo masses and redshifts, oriented stacked profiles of these foregrounds show significant,
potentially detectable gradients aligned with the transverse velocity of halos. The signal depends on the
halo’s mass and redshift, as well as the physical properties of the cosmic web surrounding the halos. We
show that this signal is sufficiently prominent to be detected in future cosmic microwave background
experiments, therefore offering a new window into the study of cosmological structures. We argue that the
dipolar morphological structure of this signal, its orientation, as well as its overall large amplitude,
constitute a challenge for the detection of the transverse velocity through the study of the moving lens effect
for stacked halos.
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I. INTRODUCTION

Large-scale structure (LSS) evolves hierarchically, in
time forming a network of filaments, super-clusters and
virialized objects such as dark matter halos and galaxies
[e.g., [1–5]]. Most massive halos form at high-density
regions that are connected by filaments of dark matter and
see an accretion of mass in gas and smaller-mass halos
[e.g., [6]]. For observers moving toward a high-density
region (in-falling), structure in the local environment
would in average appear more clustered in the direction
of the peculiar velocity, toward the higher-density region.
Equivalently, a cosmologist observing the LSS would
expect to see more structure (and hence an enhancement
of cosmological signals) near and in front of halos that are
falling into higher-density regions. The same effect can
also be understood from linear theory, where the velocity
field is proportional to gravitational potential gradient. The

gravitational potential is strongly correlated with fore-
grounds (as the foreground emission comes from matter),
so the velocity is also in the direction of foreground density
gradients. Here we demonstrate this effect from simulations
of thermal Sunyaev Zel’dovich (tSZ) effect in the cosmic
microwave background (CMB) [7–9] and the cosmic
infrared background (CIB) [10–12], and propose this
enhancement along the transverse velocities ahead of in-
falling cosmological structure as a potential observable of
local matter density of high density regions.
Joint analyses of CMB and LSS open new windows of

opportunity for cosmological inference [e.g., [13–29]].
These programs are increasingly gaining attention as they
often increase the prospects to detect and characterise new
signals by reducing systematics, canceling cosmic variance
and breaking degeneracies. The CMB signal contains
valuable information about LSS, as the CMB photons
interact with LSS on their trajectories and source a variety
of signals. One such signal is the tSZ effect due to inverse-
Compton scattering of CMB photons off on energetic
electrons in the circumgalactic medium. Another such
signal is the CIB, i.e., thermal radiation of dust grains in
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distant star-forming galaxies. Dust grains absorb the ultra-
violet starlight, heat up and re-emit light in the infrared. As
star formation rate of our Universe peaks at around z ∼ 2–3,
CIB is sourced dominantly from galaxies around these
redshifts.
The tSZ and CIB signals correspond to the dominant

contribution to the extragalactic foreground contamination
in the CMB, obscuring our view of the pristine primordial
CMB fluctuations from the early Universe on small scales.
Nevertheless these signals are also a valuable source of
cosmological and astrophysical information and constitute
to significant science drivers for the upcoming CMB experi-
ments such as Simons Observatory [30,31] and CMB-S4
[32,33]. Here, we show these signals as measurable probes
of the cosmological structure along the direction of halo
transverse velocities. This paper is organized as follows: In
Sec. II, we show the foreground gradients along in-falling
dark matter halos using an oriented stacking method. In
Sec. III we perform a theoretical study on the relation
between the foreground gradients from single-frequency
maps and the moving-lens effect. We conclude in Sec. IV
with discussion.

II. FOREGROUND GRADIENTS

In order to demonstrate the anisotropic enhancement of
structure around clustering halos, we construct an oriented
stacking algorithm that selects CMB patches around halos,
rotates them to align the patches along the transverse
velocity on the 2-sphere, and maps them onto a N × N
grid of pixels, whose centers evenly cover the range
½−λr=rs; ;þλr=rs� in two orthogonal directions on the 2-
sphere. Here r is the physical distance from the halo center,
rs is the scale radius of a given halo defined with rs ¼
rvir=c where rvir is the radius within which the mean
density is 200 times the background density and c is the
concentration parameter, for which we assume the standard
NFW dark-matter halo model [34], and λ determines the
size of the stacked patches in the sky.1 Once rotated, we
stack theseN × N grid of pixels over a catalog of halos. We
detail our stacking algorithm in our upcoming paper [35].
We apply our stacking algorithm to websky dark matter

halo catalog2 and extragalactic CMB simulations [36]. The
websky catalog is modeled with ellipsoidal collapse
dynamics and the corresponding displacement field is
modeled with Lagrangian perturbation theory. The catalog
spans a redshift interval 0 < z < 4.6 over the full sky,
spanning a volume of ∼600 ðGpc=hÞ3 and consists of

approximately a billion halos of mass satisfying Mh >
1012M⊙ where M⊙ is the solar mass. The websky halo
catalog and the displacement field is also used to generate a
range of intensity maps to simulate scattering and lensing
effects on the CMB photons. These publicly available maps
include the tSZ and CIB effects, as well as the kinetic
Sunyaev Zel’dovich effect (kSZ) induced by scattering
from free electrons in bulk motion and the weak gravita-
tional lensing of the CMB due to intervening large-scale
structure. Here, we demonstrate the enhancement of struc-
ture ahead of in-falling halos using the tSZ and CIB maps
from websky. The simulation of tSZ effect corresponds to
painting the tSZ signal halos using a parametric model for
the electron gas and pressure profiles based on detailed
hydrodynamical simulations including AGN feedback in
Ref. [37], depending on halo redshift and mass. The CIB
signal is calculated similarly, based onRef. [38,39]. For tSZ,
continuous density and pressure profiles are used, while for
the CIB the group and cluster galaxies are approximated as
point-sources with a stochastic halo occupation distribution
(HOD) model. The CIB model parameters are chosen to fit
the CIB power spectrum to Herschel data [39] and match
Planck CIB power spectra at 545 GHz. Throughout this
paper, we show this effect with maps of tSZ and CIB at
frequencies 150 and 220 GHz, respectively. The maps we
use for demonstration in Figs. 1–3 have ∼0.80 resolution
(healpix3 format, NSIDE ¼ 4096).
Figures 1 and 2 show results from stacking ∼10 million

tSZ and CIB patches, distributed over the full sky, around
halos of mass Mh ∼ 1012M⊙, at frequencies ν ¼ 150 GHz
and ν ¼ 220 GHz, respectively. The top row of panels in
Fig. 1 corresponds to stacks from patches oriented along
the transverse velocity of the halos (along the x-axis,
to the left). The middle row of panels in the same figure
corresponds to stacks from patches oriented randomly.
The foreground gradient can be seen from the top row of
panels, which is absent in the middle row. The bottom row
in the same figure corresponds to the difference between
the top and the middle panels. For all stacks, the redshift
range of halos of each patch is labeled at the top of the
panels. The pixel values (in μK) correspond to the mean
temperature of the patches in that stack. The enhanced
signal along the direction of the transverse velocity is
apparent on all stacks shown in the bottom row, and is
most pronounced at redshift bins spanning the range
z∈ ½0.5 − 2.0�, where the contribution to the tSZ signal
from halos of mass Mh ∼ 1012M⊙ is most significant.
Figure 2 corresponds to the same analysis performed on
maps of CIB, where redshift and mass choices are
otherwise identical. As the CIB signal is sourced at higher
redshifts, the gradient becomes apparent only for stacks
composed of halos at redshifts z≳ 1.

1For the standard NFW model and LCDM cosmology
assuming latest Planck measurements, the scale radius of a 1013
solar mass halo at redshifts z¼f0.5;1:;2:g correspond approx-
imately to f0.170; 0.140; 0.130g. For 1012 and 1014 solar mass
halos, rs is roughly f0.070; 0.050; 0.050g and f0.440; 0.270; 0.240g,
respectively.

2mocks.cita.utoronto.ca/data/websky/v0.0/. 3https://healpix.sourceforge.io/.
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FIG. 1. Oriented stacks of tSZ signal at frequency ν ¼ 150 GHz. Each patch is taken around halos in the websky simulation
satisfying the mass rangeMh ≃ 1012M⊙ and within the ranges of redshifts shown above each panel. The top row of panels correspond to
stacks of the tSZ signal from patches oriented along the true velocities of halos in the simulation (along the x-axis, to the left). The
gradient of the signal along the x-axis can be seen clearly in most of the stacks. The middle row of panels corresponds to stacks of
patches oriented randomly, where the gradient is absent. The lower row of panels shows the difference between the two panels, i.e.,
between stacked patches oriented along the true transverse velocities of corresponding halos and those that are oriented randomly.
Values of pixels at each panel correspond to the mean temperature of stacked patches in Kelvin. The density gradient along the direction
of transverse velocity shows an increased average tSZ signal ahead of the halos, apparent at all redshifts. The gradient becomes less
apparent both at lowest z∈ ½0 − 0.5� and highest redshifts z∈ ½2.5 − 3.0� we consider, as we discuss in the text.

FIG. 2. Oriented stacks of CIB signal at frequency ν ¼ 220 GHz. Figure otherwise identical to the lowest row of panels in Fig. 1. Note
that as the CIB signal is sourced at redshifts z∈ ½1 − 4�, the gradient in the patches become observable for redshifts satisfying z≳ 1.
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The mass dependence of the foreground gradients are
shown in Fig. 3. The left (right) three columns correspond
to tSZ (CIB) signals, similarly at frequency 150 GHz
(220 GHz). The top row of columns corresponds to stacks
from halos within the redshift range z∈ ½0; 0.5� while
middle and bottom rows of panels correspond to redshift
ranges z∈ ½1.4; 1.8� and z∈ ½2.5; 3.0�, respectively. The
gradients can be clearly seen on the tSZ stacks at all
redshifts for halos of masses Mh ≃ 1012M⊙ and ≃1013M⊙.
At the highest range of redshifts we consider, oriented
stacking around the most massive halos Mh ≃ 1014M⊙ do
not lead to a foreground gradient, as at high redshifts these
halos constitute to the central, most massive halos in the
overdensities (hence they are not in-falling). At low red-
shifts, halos up to Mh ∼ 1014M⊙ appear to be still falling
into denser environments as evident in the tSZ stacks.
The shape of the enhancement of the foregrounds along
the direction of velocity can be seen to be dependent
on the halo mass and redshift. For lower mass halos, the
peak of the enhancement falls further from the center of
the stacks, in a way dependent on the difference between
the scale radius of the stacked halo and the central, more
massive halos in that overdensity. The same results apply
for the stacks of CIB with the noteable difference that the
CIB signal is not sourced on low redshifts, hence the
foreground gradient becomes apparent only for the middle
and bottom panels. The number of halos in the stacked

patches shown in this Figure are approximately 106;
105; 104 for masses ≃1012, ≃1013 and ≃1014, respectively,
for both tSZ and CIB.

III. RELATION TO THE MOVING-LENS SIGNAL

The redshift and mass dependence of the CIB and tSZ
foreground gradients suggest observations of this signal
can be useful for probing both the linear and nonlinear
structure formation, which we return later in Sec. IV. This
signal can also be a potential nuisance for measuring the
moving-lens effect (also known as the Birkinshaw-Gull
effect [40]), a specific dipolar signature aligned with the
transverse velocity of halos [26,41]. The moving-lens
effect is a Doppler effect of the CMB photons that get
redshifted or blueshifted upon traversing gravitational
potentials that are moving transverse to the line of sight.
Upcoming CMB experiments are expected to make this
detection in the near future for the first time in cross-
correlation with galaxy surveys.
The upper (2 × 3) panels in Fig. 4 show stacks from

maps consisting of moving-lens effect only, produced from
the same websky catalogue. The dipolar structure of this
signal has similarities with the tSZ and CIB showed in
Figs. 1–3, but it is overall much smaller. It is therefore
expected that the tSZ and CIB signals will impact the
detection and measurement of the moving-lens effect.

FIG. 3. Oriented stacks of tSZ maps at 150 GHz (left panels) and CIB maps at 220 GHz (right panels), around halos of varying mass.
The top row of panels corresponds to halos within the redshift range z∈ ½0.0; 0.5�. The middle row of panels corresponds to halos
satisfying z∈ ½1.4; 1.8�. Lowest row of panels corresponds to halos satisfying z∈ ½2.5; 3.0�. The approximate mass of the halos for each
stack is shown above the panels. For the highest redshift range (lowest row of panels), the gradients are apparent only for the lowest mass
halos. As the CIB signal is sourced most dominantly at redshifts z ∼ 2, the middle row of panels show a more apparent gradient for most
halo masses. We discuss the physics leading to these expected characteristics in the text.
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Ultimately, component separation methods, like the stan-
dard Internal Linear Combination (ILC), can reduce the
contamination from frequency-dependent foregrounds
(such as CIB and tSZ) by combining information from
various frequency channels. However, some foreground
residuals are expected in the component-separated map.
Here we take a simple approach to gain a theoretical
understanding of how impactful the CIB and tSZ effects
could be, if untreated, on the moving-lens stacked images
(on the determination of peculiar velocities from the
moving-lens stacked images).
We apply a standard matched filter [e.g., [43–45]] to

stacked single frequency maps which is optimized for
detecting the moving lens effect and to determine the
transverse velocity sourcing the effect, as defined in
Ref. [27]. The simplest version of the filter is designed
to be optimal and produce unbiased results in case no
foregrounds are present, and the maps only contain the
moving lens signal, the CMB and instrumental noise. We
apply a generalized version of this filter to simulated single-
frequency maps of CIB and tSZ, as well as a map of the
moving-lens effect. Here we apply a filter designed for a
CMB-S4 like survey with the Fourier-space shape

Ψ̃ð l!Þ ¼ Nrec M̃ð l!jM; zÞ
C̃TT
l

;

where M̃ð l!jM; zÞ is the Fourier-space profile of the
moving-lens signal given halo mass and redshift, aligned
with the transverse velocity of the halo, and C̃TT

l is the lensed
CMB temperature power-spectrum (including single-
frequency tSZ, CIB foregrounds, the late-time and reioni-
zation kSZ effect as well as radio sources as described in
[25]) with CMB-S4 specific 1.40 beam and ∼1 μK0 residual
white noise appropriate for a single cutout. The moving-
lens, CIB and tSZmapswe use are filteredwith the same 1.40
beam. The estimator variance satisfies

Nrec ¼ a−20

Z
d2 l
!

ð2πÞ2 jΨ̃ð l
!Þj2C̃TT

l ;

where a0 ¼ 16πGρsr2sc−3.
Our results are shown in Fig. 4 (lower panels). We find

the amplitude of the spurious velocity estimates from the
CIB and tSZ maps to be significant (an order of magnitude
larger) compared to the velocity estimates from the moving-
lens effect. The observed bias depends on masses and
redshifts of the stacked halos. Our results clearly show that
upcoming cosmological applications of the moving lens
effect will be largely dependent on how well the gradients of
CIB and tSZ will be cleaned by the component separation
technique adopted.
A tailored component-separation technique may lever-

age frequency dependencies of the various signals (as, e.g.,

FIG. 4. The comparison between the moving-lens effect and
single-frequency CIB and tSZ maps. The upper (2 × 3) panels
correspond to stacked profiles from a map of the moving lens
effect generated using the websky simulation. The first and
second rows correspond to stacks of halos within the redshift
ranges z∈ ½0; 0.5� and z∈ ½1.4; 1.8�, respectively. The stacks of
the moving lens effect show a dipolar pattern that is expected to
be detected in with upcoming CMB surveys in the near future. In
order to acquire a theoretical understanding of the potential effect
of foreground gradients to velocity estimation, here we use a
matched filter appropriate for the anticipated 1 μK0 noise and 1.40
beam of the upcoming CMB-S4 survey at single frequencies to
estimate the transverse peculiar velocity from the moving-lens-
only signal. We describe our filter and the CMB spectrum we use
in more detail in Sec. III. We apply the same filter to single-
frequency CIB and tSZ maps. The lower two panels show the
ratio of the spurious velocity estimates from single-frequency
CIB and tSZ maps to velocity estimates from the moving-lens
effect. We find single-frequency CIB and tSZ foreground maps
lead to velocity estimates that are around an order magnitude
larger than the signal, which may indicate a significant challenge
for moving-lens effect detection. The left and right lower panels
demonstrate the mass and redshift dependence of this effect. We
find the spurious velocities from lowest-mass higher-redshift
(higher-mass lower-redshift) stacks to be most (least) significant
in comparison. In practice, stacks will include other signals
including the lensed (or delensed, see, e.g., Ref. [42]) primary
CMB and survey-specific and frequency-dependent noise, for
example, and ILC-cleaning will reduce the net contamination
from CIB and tSZ foregrounds.
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in the standard ILC) but also on morphological differences
of the moving-lens from the foregrounds. The foreground
gradients from single-frequency CIB and tSZ maps have a
different spatial morphology than the moving lens signal.
The largest contribution to the tSZ and CIB foregrounds
away from the halo centers, for example, can be seen to
peak at farther distances from the halo center for lower
mass halos. In addition, in particular for the CIB fore-
ground, the gradients are absent for stacks of low-redshift
halos, as the signal comes from high redshifts. These
unique characteristics can potentially be utilized to over-
come the bias on the moving-lens analyses, once realistic
survey-specific considerations are taken into account.
Nevertheless, our results warrant further study and fore-
casts on the detection prospects of the moving-lens effect
taking into account this potential bias from residual CIB
and tSZ on ILC-cleaned maps of CMB, which was
previously unnoticed. We perform these analyses in our
upcoming paper on this subject [35].

IV. DISCUSSION AND CONCLUSIONS

Foreground and matter gradients aligned with transverse
velocities—and hence the enhancement of cosmological
signals including CMB foregrounds ahead of in-falling
halos—is an expected outcome of standard structure for-
mation. Here, we demonstrated this effect from simulations
of tSZ and CIB signals. Our analysis is limited to making
the observation that the oriented stacked patches of these
foregrounds see a clearly noticeable gradient aligned along
the transverse velocities of halos. This effect can be thought
as both a new signal, as well as a previously unknown bias
to the analysis of the moving-lens effect.
Measurements of cosmological velocities have signifi-

cant value for cosmological inference as they can be used to
probe dark energy, modified gravity and the effects of
neutrino mass, for example. In upcoming works, we assess
the detectability of the CIB and tSZ foreground gradients

with existing and upcoming data and demonstrate the
potential scientific value of such measurements [46],
showing, for example, whether the deviation of these
foreground gradients from the linear-theory prediction
can provide an important insight into the growth of
large-scale structure throughout cosmic time. There is also
a polarization signal in the form of relativistic Doppler
effect, i.e., kinetic polarized Sunyaev Zel’dovich (kpSZ)
effect [see, e.g., [47]], proportional to the square of the
transfer velocity. The effect studied here can potentially be
a confusion on the future measurement of this effect,
although both the kpSZ signal and this effect are likely
very small to be detected in the near future.
In Ref. [35], we also assess the potential bias from this

effect on the measurement of the moving lens signal with
survey-specific forecasts, taking into account realistic
CMB noise, non-Gaussian correlated foregrounds and
ILC-cleaning. Different mass and redshift dependence
of the CIB and tSZ gradients compared to the moving-
lens signal, their different profiles as well as the fact that
the tSZ and CIB gradients are in opposite directions at
CMB frequencies hence they partly cancel, can potentially
be utilized to circumvent these biases–the analysis of
which we leave for upcoming work.
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