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Observational searches for large-scale vorticity modes in the late time Universe are underexplored.
Within the standard ACDM model, this is well motivated given the observed properties of the cosmic
microwave background (CMB). However, this means that searches for cosmic vorticity modes can serve
as a powerful consistency test of our cosmological model. We show that through combining CMB
measurements of the kinetic Sunyaev-Zel’dovich and the moving lens effects with galaxy survey data we
can constrain vorticity fields independently from the large scale cosmic velocity field. This approach can
provide stringent constraints on the largest scale modes and can be achieved by a simple change in the
standard estimators. Alternatively, if one assumes there are no cosmic vorticity modes, this estimator can be
used to test for systematic biases in existing analyses of kinetic Sunyaev-Zel’dovich effect in a manner

analogous to curl-lensing.
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I. INTRODUCTION

Consistent measurements of the properties of the
Universe across 13 billion years has established the
ACDM cosmological model [1-6]. However, we still lack
insight into the two of the key components, dark matter and
dark energy, and there are now hints of potential cracks
in this model—in the form of tensions between probes
of different eras [see Refs. [7,8], for an overview of the
“Hubble” and “og” tensions]. Testing the ACDM model
through ever more powerful and varied tests is thus
essential if we are to advance our understanding on these
fundamental issues.

Perturbations to the homogeneous, isotropic background
Friedmann-Lemaitre-Robertson-Walker (FLRW) universe
can be decomposed into three types of perturbations:
scalars, vectors and tensors. At the linear level, these three
are decoupled and do not mix [see e.g., [9—11]]. Through
measurements of the cosmic microwave background
(CMB), we have discovered that the early Universe is
dominated by small scalar perturbations. As linear vector
and tensor decay within the standard ACDM model, these
high redshift measurements place tight bounds on the
expected level of vector and tensor modes [12-14].
While the evolution of the small, scalar perturbations is
nonlinear, these processes do not generate large levels of
large-scale vector and tensor perturbations [15-19]. Thus
an important prediction of our current model is the absence
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of late-time, large-scale, cosmic vorticity, velocity fields
that cannot be expressed as the gradient of a scalar and are a
type of vector perturbation. To date, there have been only
a few analyses of vorticity/vector modes in the late time
Universe—Motloch et al. [20] search for vorticity modes in
galaxy spins, while Namikawa et al. [21] use the CMB
lensing curl mode.

Recently numerous authors have shown how measure-
ments of the kinetic Sunyaev-Zel’dovich effect (kSZ) or
moving lensing (ML) effect, two CMB secondary anisot-
ropies imprinted on the CMB as photons propagate to the
observer from the surface of last scattering, can be used
to measure the large scale velocity field [22-28]. This
achieved via a technique called “kSZ/ML tomography”
where high resolution, low noise measurements of the
CMB are combined with measurements of the large scale
structure of the Universe, such as galaxy surveys. This
technique is a highly promising avenue for studying large
scale velocity fields with upcoming surveys predicted to
make O(100) s signal-to-noise ratio (SNR) measurements
of velocity fields on k < 1073 hMpc™' [26,29].

In this work we explore whether kSZ and ML measure-
ments can be used to study late-time vorticity modes. Such
measurements would provide strong tests of the standard
model expectation that these modes are small, constrain
novel cosmological models that can produce large, late-
time vorticity modes or, if one assumes there are no
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vorticity modes, act as a systematics-null test for kSZ
measurements. This work complements recent work by
Bonvin et al. [30], which explores how redshift space
distortions can be used to constrain vorticity modes, and we
find that our approach offers a significantly more powerful
means of constraining the largest scales.

Throughout this paper, we work in the snapshot geom-
etry described in Smith et al. [26] where we compute
our observables by treating the universe as a periodic box at
a distance y, from the observer. This setup allows the
intuition to be clearly developed and the results can be
extend to include light-cone effects and a treatment of
the curved sky in an analogous way to Terrana et al. [27]. In
Appendix we outline how this idea can be framed in the
framework of Terrana et al. [27].

This paper is structured as follows: in Sec. II we review
vorticity modes. In Secs. III and IV we show how vorticity
modes source kSZ and ML anisotropies. In Sec. V,
we describe how to use these effects to reconstruct the
vorticity perturbations and present a forecast of this
approach in Sec. VI. Our conclusions and outlook are
presented in Sec. VIIL.

II. VORTICITY MODES

An arbitrary vector can be decomposed with Helmholtz
decomposition into a part that is curl-free, u, and a part that
is divergence-free, . Thus, we can decompose the Fourier
space velocity perturbations into divergence, u(k), and curl
(vorticity), w;(K) contributions as

ik,

(k) + o (), (1)

Vi

where the curl component satisfies w;k; = 0. To proceed it
is useful to represent the divergence-free mode with the
polarization vectors

w;(k) =Y _ei(k)o (k). (2)

where €} are the polarization basis vector and s denotes the
two polarization states (41, —1). It is convenient to work in
a rotated basis defined as

ot = [0t +0=V] and o* =

V2

1
V2

a)(+1) —_ a)(_1> .
[ ]

(3)

In linear cosmological perturbation theory curl modes are
not sourced by density (scalar) modes and so are expected
to vanish. This means that these curl modes are a powerful
probe of new physics. As an example consider cosmologi-
cal vector perturbations. In the synchronous gauge, the
perturbed FLRW metric can be written as

ds? = a(7)?(—dr* + [(1 — 2¢)5;;
where ¢(x, 1) and D(x, t) are scalar perturbations, Q;(x, ¢)

is the transverse vector perturbation and A/"(x,1) is the

transverse, traceless tensor perturbation. The vector modes
source vorticity perturbations as

V20,
162Ga*(ey + po)’

(5)

w;(X,7) =

where a is the scale factor, G is the gravitational constant, '
denotes the conformal time derivative, and €, and p,, are the
energy density and pressure. Note that, in matter domina-

tion and without a source, the vector perturbations, €2,

decay as a2 and so their induced vorticity decays as, a~!.

To have observable vector modes they thus need to be
sourced. In general vector modes can be sourced whenever
there is nonvanishing anisotropic stress such as neutrino
velocity isocurvature modes [31] or primordial magnetic
field [32]. More exotic sources include modifications to
general relativity [33], topological defects [34—36], a global
rotation [37] and some dark energy models [38—40].

III. KINETIC SUNYAEV-ZEL’DOVICH EFFECT

The kinetic Sunyaev-Zel’dovich (kSZ) effect occurs
when CMB photons are Thomson scattering off electrons
that are moving with bulk motions, such as in galaxy
groups and clusters [41]. This scattering generates anisot-
ropies in the CMB, without altering the CMB blackbody
spectrum, that depend on the electron’s properties via

ATkSZ (ﬁ)

TCMB

:_/ dya(y)orn, (x)v(r) - e, (6)

where v is the electron velocity, n, is the electron density, y
is the comoving distance, o7 is the Thomson scattering
cross section and 7 is the optical depth. In our simplified
geometry the line-of-sight integral integrates across our box
and the observed angle n describes points of the surface of
the box at location (x,y) = yn.

In Fourier space we can see that the kSZ anisotropies are
given by

~ ne”" dik3  dk3
Fksz(py — ;4OTC / 1 2_ (27363
( ) l )(z (27[)3 (27[)3 ( ”) D

x ()Z— Kk, - k2>5€(k1)

x [cos O, u(k,) — sin O, 0™ (Ks)], (7)

where 59 (x) is the 3D Dirac delta function, 6, is the angle
between the line-of-sight and the k-mode and 5, (k) is the
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Fourier transform of the electron density fluctuation field.
The scalar and vector sources contribute via different
angular dependencies, implying that these effects can be
separated. Further note that the kSZ effect is only sensitive
to the @' modes.

IV. THE MOVING LENS EFFECT

The moving lens effect is a second-order effect that
generates anisotropies in the CMB. This effect can be
understood from two equivalent perspectives either as part
of the Rees-Scamia, or nonlinear integrated Sachs-Wolfe
effect, or as lensing by a moving cluster [23,28,42—45].
The first perspective describes how the energy of photons
is altered as they enter the potential of clusters moving
perpendicular to the line of sight: if they pass in-front of
the cluster they will be blueshifted as they fall into clusters
however as they leave they are redshifted by a larger
amount as the cluster has moved closer to the line of sight

|
. 2 [ &k (€
TML(f):xi/(zan)(X*_

where ¢, and ¢, are the azimuthal angles of the k and # in
the plane of the sky. There are several interesting features
here: first, the standard scalar velocity modes have a
different angular dependence than the kSZ effect (this is
expected as it probes transverse modes), which is essential
for breaking the degeneracies with the vector kSZ modes.
Second, the vorticity modes likewise have a different
angular dependence, and so in principle could be separated
out from the other ML contributions. Finally, the ML effect
is also sensitive to the cross component (@w>) of the vector
modes. However, this term is geometrically suppressed and
as it is thus likely unmeasurable we do not consider it
further here.

As was shown in Hotinli et al. [23] the moving-
lens anisotropies are generally smaller than the kSZ
anisotropies—their contribution to the power spectrum at
¢ ~ 3000 is an order of magnitude lower.

V. VELOCITY RECONSTRUCTION

Recent work [26,27,46,47] has shown that by combining
kSZ or ML anisotropies with galaxy position measurements
|

o

+ isin(¢y — )0 (k) + ot (k) <X£cos 0y cos(py — ¢pp) — ksin 6 cos 9,{)} , 9)

and deepened the potential. Note that there is no additional
blueshifting from the change in the potential as the cluster’s
velocity is perpendicular to the photon trajectory. The
opposite effect occurs for photons passing behind the
cluster. The second perspective can be understood by
considering photon trajectories as viewed in the cluster
rest frame. In this frame a dynamical dipole is seen and the
dipolar distorted photons are deflected by the cluster’s
mass. Boosting back to the CMB rest frame removes the
initial, unlensed dipole leaving a residual signal.
The size of the induced anisotropies is given by

ATME(n)

_ / dyv, -V, (8)
Tcvs
where @ is the gravitational potential. Inserting our
expressions for the velocities into this, we find that the
Fourier space ML anisotropies are given by

sin 0 cos(¢y — ) — ksin29k)

*

large scale scalar velocity modes, u(k), can be recon-
structed. The reconstruction uses a quadratic estimator

31,42
1X(K) = / %W(k,l)ﬂ(ﬁ)%(k)aﬁ

x(K—k—f>, (10)

A«

where 6,(k) is the 3D Fourier transform of the galaxy
density field, 7X(#) is the 2D Fourier transform of the
kSZ or ML anisotropies and W(k,1) is a set of weights.
This method is akin to CMB lensing where the lensing
potential is reconstructed from measurements of the
primary CMB anisotropies. Usually the weights in this
estimator are chosen to obtain a minimum variance,
unbiased estimator of the scalar velocity field i.e.,
(a(k)u*(k')) = (22)36®) (k — k')P,(k), where P, (k) is
the velocity power spectrum. Given these requirements,
the general case of reconstructing field X, the weights
are [48]

W(k.1) =

PG (k)CEPxx(—k =€ /x.) |J (2n)?

BYOT (—k — £y, k. 2/1.) { / @6 BT (k= €[y, k. E) BT (<k — /. k. £)]!

, 11
PO (k) CEPLy (K — 2/7.,) (1)
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where BX%T*(—k —€/y,,k,€/x,) is the bispectrum be-
tween the true field, X, and the two fields in the quadratic
estimator (5, and T), and Py, (k), Pyx(k) and C"* are the
power spectra where the superscript “tot” denotes that the
power spectra include all contributions: signal, instrument
noise, foregrounds and shot-noise—as appropriate. For
reconstructing scalar modes from the kSZ, this is (u6,T)
and is [26]

BuégT—kSZ <K, k, z)

*

K

= Mi Cos 91( |:Puu(K)Pge(k> __Pue(K)Pug(k):| .

2
*

k
(12)

where 71, is the mean electron density at the scattering
redshift, Py, P,, and P, are the galaxy-electron, velocity-
galaxy and velocity-electron power spectra. Similarly for
scalar sources with the ML effect we have

BuéyT—ML <K, k, z)

_z{w*

el Py (k) + Po(K)

Pgu(k):|
k
X {Késin Ok cos(px — Py) — KzsinzéK} . (13)

*

It is trivial to form a combined estimator by using the com-
bined bispectra, i.e., B*%!~Comb — Bus,T-kSZ | pud,T-ML

Extending these estimators to reconstruct the vorticity
modes is also straightforward. A quadratic estimator, @™,
can be formed in an identical manner to Eq. (10) with the
vorticity bispectra used instead. For a reconstruction from
kSZ anisotropies, this is

N = =T
Bw+§-‘7T_kSZ (K7 k9_> - _%i SlngKPeg(k)wa(K>’
X

*

(14)

where P, is the vorticity power spectrum and for recon-
struction from ML anisotropies this is

Bw+§qT—ML <K, k,£>
X

= P¢g(k)wa(K)L§cos9Kcos(¢K —¢,)—KsinOgcosby |.

*

(15)

As for the scalar case a combined estimator can be formed
by using the sum of the bispectra.

However, these vorticity estimators are not orthogonal
to the scalar velocity estimators. This is problematic as

measurements of the vorticity modes will likely be biased
by the scalar modes, which are expected to be much larger
than the vorticity terms. To avoid these biases we can
construct vorticity estimators which are orthogonal, i.e.,
have zero response, to the scalar modes.

The quadratic estimator that is unbiased, minimum
variance and orthogonal to the scalar modes is given by

d*¢ 14 1
Nt — R - - -
o (K) - / (2”)2 T(f)éq <K )(*> Ptgl(f(]t(K _%)Ct;)t

% 1 [AuuB*mgT _ Aua)B*ugT] ,
A0 Auu _ poU AUu®
(16)
where
de BXgTB*YgT
W) = [ S )
2P PK-D)C,

and BX9T = BX9T /pPXX_Note that the vector power spec-
trum in the estimator completely cancels with equivalent
terms implicit in the bispectra, so the estimator is inde-
pendent of the shape of the velocity power spectrum.

VI. FORECAST CONSTRAINTS

Using the formalism from Smith et al. [26] we inves-
tigate the constraining power on this method. Specifically
the noise power spectrum per mode for the standard
estimator is given by

1
NkSZ—scalar(K) — Auu(K) , (18)

and for the orthogonal vorticity estimator

vorticit — AT (K)
N Y(K) = Aww(K)A”"<K) _Aum(K)Amu(K) ) (19)

—note that the noise is highly anisotropic. Then the
uncertainty on the signal power spectrum, with an inverse
noise weighting is

1 B /K2szin9d9Kd¢K 1 20)

o*(PX(K)) (2m)? NY(K)

We consider how well a spectroscopic galaxy survey, like
DESI [49], in combination with a next generation CMB
survey, such as CMB-S4 [50], can measure these modes. For
the DESI-like survey we use the experimental setup from
Smith ef al. [26] [also see Ref. [51] ], thus we assume a mean
redshift of z = 0.75, a survey volume of 116 (A~' Gpc)?, a
galaxy number density of 1.7 x 10~ Mpc~> and a galaxy bias
of b, = 1.51. We use the CMB-S4 configuration described
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FIG. 1. A Fisher forecast for how well the DESI and CMB-S4

experiments can constrain the vorticity power spectrum. We show
the constraints obtained using the kinetic Sunyaev-Zel’dovich
effect alone and combining it with the moving lens effect. The
joint analysis of these two effects allows the vorticity modes to
be constrained independently of the scalar velocity modes. For
comparison we show the constraints obtainable on the scalar
velocity power spectrum, the expected ACDM scalar velocity
power spectrum (dotted) and the topological defect spectrum
given in Eq. (21). We use a logarithmic k-binning of width
Alnk =0.2.

in Abazajian et al. [52] and compute the noise curves after
component separation with the ILC method [53].

First, we consider what can be learnt from only studying
the kSZ anisotropies. The expected constraining power is
shown in Fig. 1. Enforcing that the vector estimator has
no response to the standard, scalar kSZ contribution comes
at a huge noise cost. As stated earlier, this condition is
necessary as the scalar modes are expected to be signifi-
cantly larger than any vector contribution and without it
vorticity measurements can be biased. The reason for the
large noise cost can be seen from Eq. (7)—while in
principle the two sources have different angular depend-
encies and so could be separated, the region of phase space
where there are purely scalar or vector sources is vanishing.
Thus the vector modes constraints come from modes that
are close to perpendicular to the line of sight. If the scalar
perturbations have an anisotropic power spectrum of the
form ~sin @/ cosOxP,,(|K|), their kSZ signature from
this region of phase space would be highly similar to the
vector modes. Our estimator makes no assumptions on the
properties of the scalar perturbations and the large noise
cost arises from accounting for the possibility of aniso-
tropic scalar modes.

For sufficiently low noise measurements it is possible to
disentangle the two contributions with kSZ alone. Though a
further complication arises as this separation requires mod-
eling the bispectrum beyond the squeezed limit and, while
the squeezed limit can be modeled with high accuracy [54],

accurately modeling the full bispectrum can be challenging.
The ML-effect on its own can similarly be used to constrain
vorticity modes, however it suffers the same issues and has
even larger noise than kSZ based estimator (similar to that
found for scalar velocity modes [23]).

To alleviate these issues we consider using a combined
estimator from the kSZ and ML effects. The ML and kSZ
effects are sensitive to orthogonal velocities which is the
precisely what is required to completely break the degen-
eracy. The result of the combined estimator is shown in
Fig. 1. The combined estimator provides powerful con-
straints on the large scale vorticity that are comparable to
those of the scalar velocity mode. Note that this is achieved
despite the low constraining power of the ML estimator; the
contribution of the estimator is removal of the possibility of
anisotropic scalar modes—as these would lead to a very
large ML signal. Note that on small scales the scalar and
vector bispectra have different shapes, driven by the fact
that the vector modes are linearly uncorrelated with the
galaxy field. Thus, the hardening procedure does not
degrade the constraints and so the noisy ML measurements
do not help improve the kSZ only constraints.

VII. CONCLUSIONS

Large-scale, cosmic vorticity modes in the late time
Universe are an interesting cosmological observable. In
the standard cosmological model these modes should be
absent. Thus, searching for these modes is a powerful
consistency test of our model and a discovery of these
modes would represent the detection of new physics.

In this work we show that the kSZ and ML effects, in
combination with a galaxy survey, are an ideal method to
search for these signals. Using tomography with galaxy
surveys, we are able to separate vorticity modes from velo-
city perturbations from scalar, density modes. Tomography
enables the differentiation of fluctuations in the velocity
field that are parallel to the velocity vector (density-source
velocity modes) from those perpendicular to the velocity
vector, vorticity modes. This joint method leads to almost
white noise up to the largest scales accessible with the
surveys, allowing for powerful constraints on the largest
scales. Through combining galaxy and CMB measure-
ments in a quadratic estimator to reconstruct the large
scales, the method should have fewer large scale systematic
effects. Especially as the nontrivial parity of the signal
[see e.g., [26]] provides an extra means to suppress
systematic biases.

As a demonstration of the power of this approach, we
consider constraining topological defects, a well known
source of vorticity. Within this model the vorticity power
spectrum is given as

2
Panti) =

kt/12 > o)

1+ (kr/12)313
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where Gu characterizes the amplitude of the topical
defects [55]. Using our formalism we find that we can con-
straint (Gu)? < 1.6 x 107'°. While topological defects leave
strong and distinct signatures on the CMB, so are con-
strained significantly better by CMB measurements [56-59],
constraints obtainable with this kSZ formalism are more
than two orders of magnitude tighter than those obtainable
redshift space distortions [30]. This approach provides com-
parable constraints to those from CMB curl lensing [21] and
by probing vector modes on a redshift slice, rather than the
integrated over the lensing kernel, is highly complementary.
This highlights the potential of this approach to probe new
regimes in the late-time Universe.

Here we have only discussed one way to separate these
scalar and vorticity modes, by combing the kSZ and ML
estimators, when in practice many methods would be
explored to ensure robust results. These could include
using direct measurements of the density perturbations,
such as through clustering measurements, to remove the
scalar velocity modes (that are linearly related to density
perturbations). We focused on the combined method as it is
always necessary to account for both effects simultaneously
to avoid biases from scalar modes from the other effect.
This is necessary as separating the two effects in CMB
maps is not possible with standard component separation
methods, as both effects produce anisotropies with the
same spectrum—the same as the primary temperature
anisotropies. The key other possible contaminants to this
measurement are the thermal-kinetic SZ effect [S51], which
can be removed due to its distinct frequency spectrum, and
gravitational lensing, which can be removed with estab-
lished delensing techniques [60-62].

A second use of the methods outlined here is as a null-
test for the measurement of scalar velocity modes. A key
goal of upcoming kSZ measurements is to search for
primordial non-Gaussianity [e.g., [29]] and one of the
biggest challenges for such analyses is mitigating system-
atic biases [63,64]. If we assume there is no new physics,
then the vector-mode velocity estimator can be used as a
null-test for these analyses. This is analogous to how curl
lensing [65] is ubiquitously used to test for systematic
effects in weak lensing analyses.

ACKNOWLEDGMENTS

The authors are grateful for fruitful discussions with
Colin Hill, David Spergel, Emmanuel Schaan, Anthony
Challinor and Oliver Philcox. This work was supported in
part by World Premier International Research Center
Initiative (WPI Initiative)y MEXT, Japan, and JSPS
KAKENHI Grants No. JP20J22055, No. JP20H05850,
No. JP20H05855, No. JP19H00677, and by Basic
Research Grant (Super AI) of Institute for AI and
Beyond of the University of Tokyo. K. A. is supported
by JSPS Overseas Research Fellowships. W. R. C. is grate-
ful to Kavli Institute for the Physics and Mathematics of the

Universe for hosting him during the beginning of this
project.

APPENDIX A: LIGHT CONE GEOMETRY

In this work we focused on discussing this analysis in the
“snapshot” geometry picture, however equivalent expres-
sions can be derived for the “light cone” picture. From this
perspective we no longer work in a periodic box at a single
redshift but instead in terms of spherical harmonic coef-
ficients on the full sky and account for a more complex line
of sight.

In Terrana et al. [27]; Deutsch et al. [66] an optimal,
quadratic estimator is derived for the remote dipole field,
v°, from galaxy data in redshifts bins, denoted by a. This
estimator is

. 6 f
IS SECVE M )

C1myEomy mymp  —m

T o
~ aflml(sg.fzmz

— e (A1)
TT (940,
e
where fo,ﬁom is the estimated dipole spherical harmonic

coefficients in a given redshift bin, N, is a normalization
constant, [%%7 . is a coupling matrix which combined with
the Wigner 3 symbol is the equivalent of the bispectrum in
Eqgs. (10)—(11), a?lml and 5Zfzmz are the spherical harmonic
coefficients of the CMB map and galaxy density map
and CXX are the power spectra of those maps. This can be
thought of as an equivalent expression to Eq. (10).

The expected contribution to this estimator from a scalar
mode is given by

=

&k Axit
”fofm:/d)(Wa()ﬁ/Wm@(k)Y?m( )

X [Cjooi(ky) = (€4 1) joi (kx)] (A2)
where j,(x) are the spherical Bessel functions and W*(y)
defines the redshift bin. Computing the equivalent expres-
sion for vector modes gives

&Pk it N
eff dywe / s(k Yt (kK
Ua,rf’m / Y ()() (271_)3 20+ 1 w ( )—s fm( )

26 +1)

. (43)

Lie—1(ke) + jeia(ky)].
The key difference between the two contributions is in
the spherical Bessel projections—one plus the other
minus—that is equivalent to the sin and cos terms in the
vector/scalar kSZ estimator. Thus the scalar and vector
modes can be differentiated by combining observations at a
range of redshift bins with different weightings.
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