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The kinetic Sunyaev-Zel’dovich (kSZ) effect is a secondary cosmic microwave background (CMB)
anisotropy induced by the scattering of CMB photons off intervening electrons. Through cross-
correlations with tracers of large-scale structure, the kSZ effect can be used to reconstruct the
3-dimensional radial-velocity field, a technique known as kSZ tomography. We explore the cross-
correlation between the CMB and line-intensity fluctuations to retrieve the late-time kSZ signal
across a wide redshift range. We focus on the CII emission line, and predict the signal-to-noise
ratio of the kSZ tomography signal between redshifts z = 1 − 5 for upcoming experiments. We
show that while instruments currently under construction may reach a low-significance detection
of kSZ tomography, next-generation experiments will achieve greater sensitivity, with a detection
significance of O(102 − 103). Due to sample-variance cancellation, the cross-correlation between
the reconstructed velocity field from kSZ tomography and intensity fluctuations can improve mea-
surements of contributions from new physics to the power spectrum at large scales. To illustrate
this improvement, we consider models of the early Universe that induce primordial local-type non-
gaussianity and correlated compensated isocurvature perturbations. We show that with CMB-S4
and an AtLAST-like survey, the uncertainty on fNL and ACIP can be reduced by a factor of ∼ 3,
achieving σ(fNL) . 1. We further show that probing both low and high redshifts is crucial to break
the degeneracy between the two parameters.

I. INTRODUCTION

The cosmic microwave background (CMB)
anisotropies have been measured with increasing
precision and are foundational to our current under-
standing of the standard cosmological model. On large
scales, the CMB temperature power spectrum is domi-
nated by primary anisotropies—those produced at the
surface of last scattering—and the temperature fluctua-
tions have been measured close to their ultimate cosmic
variance limit [1]. However, on smaller angular scales,
the leading contributions to the CMB power spectrum
are secondary anisotropies, which are produced as CMB
photons travel across the Universe and interact with
intervening matter. These secondary anisotropies are at
the forefront of current observational developments and
will be measured with much higher significance with the
next generation of CMB experiments [2–4].

The kinetic Sunyaev-Zel’dovich (kSZ) effect is a sec-
ondary anisotropy induced by the scattering of CMB pho-
tons off intervening electrons with bulk peculiar motion
relative to the CMB frame [5]. For multipoles ` & 4000,
the kSZ effect becomes the dominant black-body com-
ponent of the CMB. The kSZ effect has two main con-
tributions: patchy kSZ, produced during the epoch of
reionization, and late-time kSZ, generated by scatter-
ing off electrons in ionized gas present in halos in the
post-reionization Universe. The latter contribution has
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been detected both in the CMB temperature power spec-
trum [6] and by cross-correlating the CMB temperature
anisotropies with galaxy surveys [7–12].

Cross-correlations with large-scale structure are key to
fully exploit the cosmological information encoded in the
secondary CMB anisotropies. In particular, this cross-
correlation enables the determination of the kSZ contri-
bution as a function of redshift, a technique called kSZ
tomography [13–18]. Since the kSZ effect is, to lowest or-
der, a Doppler shift, this cross-correlation can be used to
reconstruct the line-of-sight velocity field of the electrons.
A variety of cosmological applications for measurements
of the large-scale velocity field have been proposed, such
as constraining primordial non-Gaussianity [19], test-
ing modified gravity [20–22], probing the properties of
dark energy and dark matter [23–26], measuring neutrino
masses [27], testing homogeneity [28, 29], etc. The veloc-
ity field is an unbiased tracer of the matter density and
can therefore also be an important additional probe for
multi-tracer cosmological analyses.

Galaxies are currently the sole tracers of large-scale
structure employed for a detection of the kSZ effect.
However, this situation is expected to change with the re-
cent developments in line-intensity mapping (LIM). LIM
is a technique that measures the integrated emission of
atomic or molecular spectral lines along the line-of-sight.
While galaxy surveys become less effective at high red-
shifts as sources become too faint to be resolved, LIM is
sensitive to all emitters, whether they can be individually
resolved or not. Since photons emitted at larger distances
are more highly redshifted, it enables the construction of
three-dimensional maps of the Universe.
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Intensity mapping has the potential to deliver statis-
tical measurements of large-scale structure at high red-
shifts. In cross-correlation with the CMB, this technique
is uniquely suited to probe the velocity field deep into
the observable Universe. Previous works have focused
on cross-correlating the CMB with the 21-cm neutral hy-
drogen line to measure the patchy kSZ signal [30–32] and
on mitigating foregrounds and other systematic effects in
order to retrieve the kSZ signal at low redshifts [33].

In this work, we investigate the potential to measure
late-time kSZ tomography using the cross-correlation be-
tween LIM and the CMB across the full post-reionization
Universe. To demonstrate this technique, we focus
on intensity-mapping experiments that target the fine-
structure line in singly ionized carbon (CII), with a rest-
frame frequency of ν = 1901.0 GHz. We consider LIM
and CMB experiments on two timescales: those currently
under construction, with first light expected in the next
few years, and next-generation experiments expected to
be operating in the next decade. The near-future LIM
and CMB experiments we consider are the Epoch of
Reionization Spectrometer (EoR-Spec) on CCAT-prime
[34] and Simons Observatory (SO) [2]. For the next-
generation experiments, we consider a survey design in-
spired by AtLAST [35] and CMB-S4 [3].

While a kSZ detection is beyond reach for the first-
light CCAT-prime design, we show that an upgraded
“Phase II” design can achieve a 3σ detection of the
kSZ signal in cross-correlation with SO at the redshift
of z ∼ 3.7. We expect substantial improvements from
next-generation instruments, yielding a detection signif-
icance of O(102 − 103).

To illustrate the benefits of measuring kSZ tomogra-
phy with LIM, we assess its potential to test theories of
the early Universe. Primordial non-Gaussianity (PNG)
of the local type and correlated compensated isocurva-
ture perturbations (CIPs) are two potential signatures of
inflation. Both induce a contribution to the halo bias
with the same scale dependence, but with different red-
shift evolution [36, 37]. Reference [38] showed that this
degeneracy can be broken by considering galaxy samples
with different biases, while Ref. [39] showed that using
kSZ tomography in correlation with galaxies can capture
this redshift evolution. Here we show that this degen-
eracy can be more efficiently broken by probing a wider
redshift range, enabled by using intensity mapping in-
stead of galaxies to perform the kSZ tomography.

We forecast the uncertainties on the measurements of
the contributions of PNG and CIPs to the halo bias
with and without the reconstructed velocity field. For
the fiducial instrument design, we find that the uncer-
tainty on the determination of both contributions can be
improved by a factor of 3 by the addition of the recon-
structed velocity field with LIM. When only PNG is con-
sidered, the observational goal of σ(fNL) . 1 (see, e.g.,
Ref. [40]) can be achieved. We show that including a
wide range of redshifts is key to breaking the degeneracy

between PNG and CIPs, achievable with intensity map-
ping. While measurements at high redshifts (z & 1.5)
can offer tighter constraints on the relevant parameters,
a combination with low redshifts (z . 0.75) is essential
due to their different degeneracies.

This paper is organized as follows. In Section II we
describe the approach adopted to model the signal and
noise for kSZ tomography, and the model for the cluster-
ing of the intensity fluctuation is outlined in Section III.
In Section IV we discuss the LIM and CMB instruments
considered in this work, and show the signal-to-noise ra-
tio for kSZ tomography measurements and for the re-
constructed velocity field. The effect of PNG and CIPs
on the halo bias and constraints on the corresponding
parameters are shown in Section V. We conclude in Sec-
tion VI.

We adopt the standard ΛCDM cosmology as our fidu-
cial model throughout, with the following parameters
from Planck 2018 [1]: a reduced Hubble constant h =
0.674, an optical depth to reionization τre = 0.054, mat-
ter and baryon density parameters today Ωm = 0.315 and
Ωb = 0.049, respectively, and spectral index and ampli-
tude of the primordial scalar power spectrum ns = 0.965
and As = 2.2× 10−9, respectively.

II. THE KSZ EFFECT

The temperature fluctuation induced by the kSZ effect
in the n̂nn direction on the sky is given by

T (n̂nn) = −TCMBσT

∫
dχ

1 + z
e−τ(χ)ne(n̂nn, χ) n̂nn · vvv, (1)

where TCMB is the mean CMB temperature today, σT is
the Thomson scattering cross section, and τ is the op-
tical depth from the observer to a scatterer with pecu-
liar velocity vvv located at a comoving distance χ at red-
shift z. The electron number density can be written as
ne(n̂nn, χ) = n̄e(χ)[1 + δe(n̂nn, χ)], where n̄e is the average
electron number density and δe is the electron density
perturbation.

In order to extract redshift information, the CMB map
can be cross-correlated with a tracer of the large-scale
structure, in a procedure known as kSZ tomography.
While several statistics have been proposed to measure
the kSZ tomography, Ref. [41] showed that most of these
various approaches are equivalent to a bispectrum esti-
mation of the form 〈δδT 〉. This technique can be used to
reconstruct the radial velocity field, which can in turn be
added to cosmological analyses as an additional matter
tracer. In what follows we summarize some of the main
results we use. The kSZ estimator and an outline of the
derivation of the kSZ bispectrum are shown in App. A,
but we refer the reader to Ref. [41] for further details.
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A. Estimator and Noise

The fundamental statistical quantity that carries the
kSZ tomography signal is the 3-point function involving
two powers of the overdensities δX, corresponding to a
tracer X of large-scale structure, and one power of the
integrated temperature fluctuation induced by the kSZ
effect T , i.e. 〈δXδXT 〉. It can be shown that the squeezed
limit dominates the kSZ bispectrum signal, which we dis-
cuss in greater detail in App. A. In this limit, the bispec-
trum is given by

B(kL, kS , `, kLr) = −K∗kLr
χ2
∗

PXv(kL)

kL
PXe(kS), (2)

where PXv is the cross-correlation between δX and the ve-
locity field, PXe is the cross-correlation with the electron
density perturbations, kL is the long-wavelength mode
(with kLr as its component along the line of sight), kS is
the short-wavelength mode, fulfilling kL � kS , and ` is
the spherical harmonic multipole. We have defined

K∗ ≡ −TCMBσT n̄e,0e
−τ(χ∗)(1 + z∗)

2, (3)

where the subscript ∗ denotes quantities evaluated at red-
shift z∗, and n̄e,0 is the mean electron number density
today.

The total signal-to-noise ratio S/N of the kSZ bispec-
trum in the squeezed limit is given by(

S

N

)2

=V
K2
∗

8π3χ2
∗

[∫
dkL

∫
dkLr

k2
Lr

kL

P 2
Xv(kL, kLr)

P tot
XX(kL, kLr)

]
×

[∫
dkS kS

P 2
Xe(kS , kLr)

P tot
XX(kS , kLr)

1

Ctot
`=kSχ∗

]
,

(4)

where V is the survey volume, P tot
XX is the total auto-

power spectrum for the tracer X including all relevant
sources of noise, Ctot

` is the total delensed CMB temper-
ature power spectrum including instrument noise, and
the integral over kLr is from −kL to kL. The relevant
integration regions for kL and kS are kL . 0.1 Mpc−1

and 1 . kS . 5 Mpc−1.
We include in the calculation of Ctot

` the contribution
from primary CMB anisotropies, late-time kSZ, and in-
strumental noise. We compute the contribution of the
kSZ effect to the CMB following the standard kSZ mod-
eling, using the fully non-linear electron distribution (see,
e.g., Refs. [42, 43] and App. B in Ref. [41]). The instru-
mental noise power spectrum of the CMB experiment is
modelled as

NCMB
` = s2 exp

[
`(`+ 1)θCMB

FWHM

8 ln 2

]
, (5)

where θCMB
FWHM is the beam profile full width at half max-

imum of the CMB experiment, and s is the map temper-
ature sensitivity.

B. Velocity Reconstruction

A quadratic estimator for the large-scale modes of the
velocity field can be obtained by summing over the small-
scale modes of the CMB temperature and matter tracer
fluctuations [44]. This method, as shown in Ref. [41], is
equivalent to the the optimal kSZ bispectrum estimator.

The noise in the reconstruction of the radial velocity
field is [41]

Nvr (kLr) =
χ2
∗

K2
∗

[∫
dkS kS

2π

P 2
Xe(kS , kLr)

P tot
XX(kS , kLr)Ctot

`=kSχ∗

]−1

.

(6)
Notice that the reconstruction of the large-scale modes
of the radial velocity field depends on the sensitivity to
small-scale modes, and kLr = kSr due to symmetry (see
App. A). The noise for the total (radial and transverse
components) velocity is then given by

Nvv(kL, kLr) =

(
kLr
kL

)2

Nvr (kLr). (7)

C. Extracting cosmological information

The kSZ effect can offer new insights into both astro-
physics and cosmology due to the connection between
electron density, its velocity field, and the CMB. As
shown in Eq. (2), kSZ tomography is sensitive to the
small-scale electron distribution within dark matter ha-
los and to the large-scale velocity field of electrons. The
latter is of primary interest for cosmology.

At linear order, the matter velocity and density fields
are linked by the relation

vvv(kkk) = k̂kk
faH

k
δ(kkk), (8)

where f is the growth rate, a is the scale factor, and H
is the Hubble parameter. The velocity field is therefore
an unbiased tracer of the matter density field and can
be combined with a galaxy or LIM survey to perform
a multi-tracer analysis. This technique can be used to
achieve sample variance cancellation [45], allowing high
signal-to-noise measurements of the largest scales in a
survey. The idea behind cosmic variance cancellation is
that observations of different tracers of large-scale struc-
ture sample the same realization of the matter density
field. A mode-by-mode comparison of the different trac-
ers can therefore avoid sample variance.

As evidenced by Eq. (2), the kSZ bispectrum measures
the product of PXe and PXv. A factor can therefore be
exchanged between power spectra while keeping the to-
tal signal constant. This potential source of confusion is
called the optical depth degeneracy. When reconstruct-
ing the velocity field, the uncertainty on PXe can be ac-
counted for through the parameter bv, the velocity recon-
struction bias, which we include in our modelling.
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We consider the data vector δ, built as the concatena-
tion of the reconstructed velocity field and the perturba-
tions in the X field. That is, δ = {v, δX} (k, µ, z), where
µ ≡ kr/k can take values from −1 to 1. The covari-
ance therefore depends on the auto-power spectrum of
the overdensities of the tracer X, of the velocity field v,
and their cross-correlation: PXX, Pvv, and PXv, respec-
tively. The signal and noise covariances of the X and v
perturbations can be expressed as

S(k, µ, z) =

(
Pvv PXv

PXv PXX

)
,

N(k, µ, z) =

(
Nvv 0

0 NXX

)
,

(9)

respectively. The full covariance matrix is then given by
the sum of the signal and noise covariances

C(k, µ, z) = S(k, µ, z) + N(k, µ, z). (10)

Finally, for a single redshift bin and a set of cosmo-
logical parameters θθθ, the Fisher matrix element can be
written as

Fαβ = V

∫ ∫
k2dk dµ

8π2
Tr

[
∂C

∂θα
C−1 ∂C

∂θβ
C−1

]
. (11)

III. CLUSTERING MODEL

The tracer of large-scale structure for kSZ tomography
we consider in this work is the intensity fluctuation of a
given spectral line. Since dark matter halos host star-
forming galaxies that source the line emitters, we assume
a relation between line intensity and halo mass. We can
therefore compute the LIM power spectrum using the
halo model [46]. In this framework, the power spectrum
is modelled as a sum of the correlation within a single
halo and between different halos, which correspond to the
one-halo (P1h) and two-halo (P2h) terms, respectively.
For two different tracers X and Y , we have that

PXY
1h (k, z) =

∫
dM

dn

dM
FX(k,M, z)FY(k,M, z)

PXY
2h (k, z) =

[∫
dM

dn

dM
bX(M, z)FX(k,M, z)

]
×

×
[∫

dM
dn

dM
bY(M, z)FY(k,M, z)

]
Plin(k, z),

(12)

where M is the halo mass, dn/dM is the halo mass func-
tion, bX is the weighted linear halo bias for the tracer
X (weighted by the luminosity of the line in the case of
intensity maps), FX is a profile function that depends on
the tracer X, and Plin is the linear matter power spec-
trum. We use the halo bias fitting function and the halo
mass function from Ref. [47]. In this work, we apply the

halo model formalism to compute the auto and cross-
power spectra for CII intensity and electron clustering.

The discreteness of the line emitters leads to an addi-
tional contribution to the LIM auto-power spectrum: the
shot-noise. This scale-invariant term is given by

PX
shot(z) =

[
c

4πνH(z)

]2 ∫
dM L2

X(M, z)
dn

dM
, (13)

where c is the speed of light, ν is the emission frequency
of the spectral line, and LX is the luminosity of the line
X associated to a halo of mass M . The full LIM signal
is therefore given by the sum of the clustering and shot-
noise terms, i.e.

PXY(k, z) = PXY
1h (k, z)+PXY

2h (k, z)+δXY
K PX

shot(z). (14)

where δK is the Kronecker delta.
The expression above describes the intrinsic LIM

power spectrum signal. However, the observed signal is
limited by instrumental white noise as well as the res-
olution and finite volume of the survey. The latter two
effects limit the access to small and large scale modes, re-
spectively. We implement this loss of observed modes by
multiplying each power of LIM fluctuations in Eq. (14) by
the square root of the total window function W (k, µ, z)
(see Ref. [48] for further details). Residual foreground
contamination and line interlopers are additional sources
of noise, but we neglect their contribution in this work.

Assuming a uniform observation of the survey volume,
where each voxel volume element Vvox, covering an area
Ωpix, is observed over a time tpix, then the LIM instru-
mental noise power spectrum can be modelled as

NX = σ2
NVvox =

σ2
pix

tpix
Vvox, (15)

where σpix is typically given in terms of a noise equiv-

alent intensity (NEI), in units of Jy s1/2/sr, and σN is
the final survey sensitivity per voxel. The NEI can be
converted to a noise equivalent flux density (NEFD) us-
ing the solid angle of the pixel (taken here to be given
by the solid angle of a Gaussian beam Ωpix = Ωbeam =
[σXbeam]2 = [θXFWHM]2/8 ln 2); that is, NEI = NEFD/Ωpix.
The observing time per pixel is computed as tpix =
tobs/Npix, where tobs is the total observing time, and
Npix = Ωfield/Ωbeam is the number of pixels.

IV. POTENTIAL OF KSZ WITH LIM

In this section we apply the formalism outlined above
to CII intensity mapping. We begin by describing the
model we adopt for the clustering of the CII line and
provide details for the CII and CMB experiments con-
sidered. We then predict the detectability of the kSZ
bispectrum signal and of the reconstructed velocity field.

Current observations indicate that CII emissions are
primarily originated in photodissociation regions [49, 50].
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Experiment Frequencies FWHM Resolving power Survey area Observing time Variance per voxel Noise power spectrum

(GHz) (arcsec) (deg2) (h) (Jy sr−1) (Mpc3 Jy2 sr−2)

CCAT-prime 388− 428 30 100 8 4000 5.7× 104 2.3× 1010

AtLAST-like 320− 950 8 1000 7500 10000 5.6× 104 1.5× 108

TABLE I. Experimental parameters for the LIM instruments considered in this work. We report in this table the noise white
power spectrum at z = 3.5, with a bin width of ∆z = 1 for the AtLAST-like survey.

These are regions of the interstellar medium that are pre-
dominantly neutral, where the far ultra-violet radiation
plays a key role in determining the gas properties. A cor-
relation between CII luminosity and star-formation rate
can be established from the relation between CII and
far ultra-violet radiation, with far infrared luminosity as
an intermediate step. We adopt the model presented in
Ref. [51], which assumes CII emissions are sourced within
dark matter halos and parametrizes the relation between
CII and star-formation rate, converting it into a relation
between CII and halo mass.

With the CII luminosity-halo mass relation at hand, we
can proceed to calculate the relevant power spectra: the
CII auto-correlation and the cross-correlation between
the CII intensity and the electron distribution. We as-
sume the CII intensity follows a Navarro-Frenk-White
(NFW) density profile [52] using the halo concentration-
mass relation from Ref. [53], and that the electron gas
follow the AGN feedback profile given in Ref. [54]. For
each tracer, we have

FCII(M, z) =
c

4πνH(z)
LCII(M, z)uNFW(k,M, z),

Fe(M, z) =
M

ρ̄m
ugas(k,M, z),

(16)

where ρ̄m is the present-day mean matter density and u
is the Fourier transform of the density profile.

A. Detectability

We assess the detectability of the cosmological kSZ sig-
nal in the near future with current and upcoming CMB
and LIM surveys. To do so, we compute the signal-to-
noise ratio S/N of the measurement of the kSZ bispec-
trum using Eq. (4). We consider the following CII exper-
iments:

• The Epoch of Reionization Spectrometer (EoR-
Spec) on CCAT-prime is designed to probe CII
emissions at high-redshift [34]. The survey spans
the redshift range z = 3.5−8.1, and covers Ωfield =
8 deg2 of the sky over an observing time of tobs =
4000 h . Here we consider observed frequencies be-
tween νobs = 388−428 GHz, with a resolving power
of R = δν/νobs = 100, where δν is the spectral res-
olution.

• The Atacama Large Aperture Submillimeter Tele-
scope (AtLAST) is a proposed next-generation
50 m single dish telescope [35]. Its goal is to achieve
a combination of angular and spectral resolution,
as well as sensitivity and mapping speed, neces-
sary for probing large-scale structure. The exper-
iment aims to cover the entire SDSS field of view
of Ωfield = 7500 deg2. We consider the frequency
range 320 − 950 GHz, corresponding to redshifts
z = 1− 5 for the CII line.

The instrumental parameters used for the experiments
above are summarized in Table I. We consider a single
redshift bin for CCAT-prime centered at z = 3.7, with
width ∆z = 0.5. For the AtLAST-like survey, we divide
the total frequency range in 4 bins of width ∆z = 1. In
addition to the instrument design, we report the total
variance per voxel and the white noise power spectrum,
defined in Eq. (15). Since the AtLAST-like configuration
encompasses multiple redshift bins, we report only the
value of the noise power spectrum for the bin centered at
z = 3.5. The beam FWHM is set to a conservative value
of θFWHM = 8 arcsec.

The two LIM experiments described above are then
cross-correlated with SO and CMB-S4. We consider
θCMB

FWHM = 1.4 arcmin and s = 6 µK-arcmin for the
SO configuration. Although a precise instrument spec-
ification is yet to be defined for CMB-S4, we assume
θCMB

FWHM = 1 arcmin and s = 1 µK-arcmin.

Figure 1 shows the total signal-to-noise ratio of the kSZ
bispectrum measurements using CII intensity mapping,
summed over all wavenumbers and, for the AtLAST-
like survey, over all redshift bins. The resulting sen-
sitivity is shown as a function of relative changes in
σN for each of the 4 experiment combinations, where 1
corresponds to the fiducial value. We show that a 1σ
measurement of kSZ tomography at z ∼ 3.7 with the
spectroscopic-imaging module on CCAT-prime in cross-
correlation with SO would require the LIM noise power
spectrum to be reduced by a factor of 5. With CMB-
S4, a reduction of the instrumental noise by a factor of 2
suffices for a 1σ detection.

In the forecasted S/N shown in Fig. 1, we assumed
the first-light experimental design for CCAT-prime. We
note, however, that the instrument has substantial up-
grade potential. The current Phase I design has the pos-
sibility of accommodating seven instrument modules [55],
with further extensions (e.g. Phase II) housing up to
19 optics tubes. We also consider a “Phase II” instru-
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FIG. 1. Signal-to-noise ratio of the total kSZ tomography sig-
nal as a function of the variance per voxel (σN) in the LIM
survey, relative to the fiducial value (σfid

N ) given in Table I. We
consider the cross-correlations between the CII intensity map-
ping surveys CCAT-prime and AtLAST-like, and the CMB
experiments SO and CMB-S4.

ment design, with a field of view of Ωfield = 16 deg2, a
longer observing time of tobs = 10000 h, 7 spectrometers,
a higher resolving power of R = 300, and a total variance
per voxel of σN = 5 × 103 Jy sr−1. Under this configu-
ration, we find that a 3σ detection of the kSZ signal can
be achieved at z ∼ 3.7 in cross-correlation with SO.

While instruments that are currently under construc-
tion may offer a modest but unprecedented kSZ detection
at high redshifts, we show that a high signal-to-noise de-
tection [O(102 − 103)] of the kSZ effect can be achieved
with a wide-field LIM survey such as AtLAST. These
high-precision measurements will open the possibility for
exploiting the kSZ effect measured with LIM for cosmo-
logical analyses, thanks to a powerful reconstruction of
the velocity field at large scales and high redshift.

B. Velocity Reconstruction

Here we envision the next generation of LIM surveys
and forecast their potential to infer cosmological param-
eters across cosmic times using kSZ tomography. In this
section we consider the cross-correlation between CMB-
S4 with a wide-field single-dish telescope based on At-
LAST.

The benefit of combining the reconstructed velocity
field with the LIM power spectrum stems from sample-
variance cancellation. This reduction of sample variance
boosts the significance of observations at large scales

(i.e., those that are sample-variance limited). In order to
achieve a precise velocity reconstruction at large scales,
high sensitivity to both large and small scales is required,
since the kSZ effect relies on physics on both regimes.
For LIM experiments, this requirement translates to sur-
veying large volumes and having sufficient angular and
spectral resolution.

We show the signal-to-noise ratio (Pvv/Nvv) of the
power spectrum of the reconstructed velocity field as
function of scale Fig. 2. In each panel, we show how
Pvv/Nvv depends on certain experimental parameters of
interest. Logarithmic bins of width ∆(log10 k) = 0.05
have been assumed. In what follows, we discuss some of
the main features observed in Fig. 2.

High σN leads to a noise power spectrum that domi-
nates over the LIM power spectrum at small scales, which
translates to a reduction of the Pvv/Nvv at large scales.
In a similar way, as Ωfield increases, so does the noise
power spectrum (for a fixed σN). This effect dominates
over the reduction of cosmic variance; therefore, increas-
ing Ωfield presents a similar behavior to increasing σN.
Reducing θFWHM increases the number of voxels and re-
duces their volume, which results in a smaller noise power
spectrum for a fixed σN. Moreover, it also improves the
resolution of the survey, granting access to smaller scales,
so that the Pvv/Nvv also improves for large k. Finally,
the Pvv/Nvv decays with redshift because the overall am-
plitude of the LIM power spectrum decreases due to am-
plitude of the matter perturbations (even if the CII lumi-
nosity peaks at z ∼ 2). Pvv/Nvv at large scales degrades
faster with redshift due to the loss of modes along the
line of sight, since the size of the volume probed falls
with redshift for bins with the same width in redshift.

This study shows how the modes that can be recon-
structed depend on the instrumental parameters of the
LIM survey and the redshift at which it is being observed.
This study highlights the impact of both large and small
scale sensitivity in the LIM survey. Furthermore, it can
clarify what survey design is required to achieve different
scientific goals using kSZ tomography.

V. CASE STUDY: PNG AND CIPS

The possibility of testing models of the primordial
Universe is one of the most compelling motivations to
probe clustering on the largest scales. Here we con-
sider inflationary theories that feature local-type PNGs,
parametrized by fNL, and CIPs, parametrized by ACIP,
that are fluctuations of baryons and cold dark matter
that leave the total matter distribution unchanged and
are correlated with adiabatic perturbations. Both signa-
tures of inflation leave an imprint on the halo bias that
scales as 1/k2.
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FIG. 2. Signal-to-noise ratio of the reconstructed velocity power spectrum, where the reconstruction noise is computed using
Eqs. 6 and 7. Each panel shows Pvv/Nvv as a function of scale and how it depends on a given parameter of the LIM instrument.
The upper left corresponds to the noise sensitivity per voxel, the upper right to the survey area, the lower left to the FWHM
of the beam profile full-width half maximum of the LIM experiment, and the lower right to the redshift.

A. Model

In order to assess the gain in information on cosmologi-
cal parameters offered by adding kSZ velocity reconstruc-
tion to the analysis of a future LIM survey, we compute
the Fisher information matrix given in Eq. (11). We in-
clude the contribution from both PNG of the local type
and correlated CIPs in our power spectrum model, as
well as the effect of redshift-space distortions.

The relevant power spectra are then given by

PXX(k, µ, z) =
[
bX(z) + fµ2 + fNL∆bfNL

X (k, z)+

+ ACIP∆bACIP

X (k, z)
]2
T 2

X(z)W (k, µ, z)Plin(k, z)

PvX(k, µ, z) =

(
bvfaH

k

)[
bX(z) + fµ2+

+ fNL∆bfNL

X (k, z) +ACIP∆bACIP

X (k, z)
]
×

× IX(z)
√
W (k, µ, z)Plin(k, z)

Pvv(k, z) =

(
bvfaH

k

)2

Plin(k, z)

(17)

where the Gaussian bias bX is modulated by the scale-

dependent biases induced by PNGs (∆bfNL

X ) and CIPs

(∆bACIP

X ), and IX is the mean specific intensity of the
spectral line of interest. We note that only the linear mat-
ter power spectrum is considered, since the reconstructed
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FIG. 3. Change in the halo bias induced by local-type PNG
and CIPs as a function of redshift. The solid lines correspond
to negative values and the dashed to positive.

modes are restricted to large scales. The scale-dependent
bias contributions have been defined as [37–39]

∆bfNL

X (k, z) = (bX − 1) δcr
3ΩmH

2
0

k2Tm(k, z)
,

∆bACIP

X (k, z) = bbc(z)fbc
5ΩmH

2
0

2k2Tm(k, z)
,

(18)

where δcr = 1.68 is the critical density for spherical col-
lapse, Ωm is the matter density parameter at z = 0,
Tm(k, z) is the matter transfer function, and we define
fbc ≡ 1+Ωb/Ωc, where Ωb and Ωc are the density param-
eters of baryon and cold dark matter today, respectively.
The quantity bbc(z) is the bias coefficient corresponding
to the CIP contribution to the halo density perturbation,
which was fit to be [39]

bbc(z) = −(0.16 + 0.2z + 0.083z2). (19)

Figure 3 shows the redshift dependence of the bias
modulation k2∆bCII on large scales for both the PNG
and CIP contributions. The redshift evolution of the
two contributions only differ significantly for z . 1.5,

where ∆bfNL

CII changes sign at z ∼ 0.6. We note that the
aforementioned features in ∆bCII depend on the spec-
tral line under study, since the bias term bX in Eq. (18)
is a luminosity-weighted bias. This dependence and its
impact on the redshift evolution of ∆bfNL can be used
to further break the degeneracy between fNL and ACIP.
Furthermore, Fig. 3 shows that the effect of PNGs and
CIPs grow significantly at higher redshifts. We therefore
expect measurements at high redshifts to offer tighter
constraints of fNL and ACIP, albeit highly degenerate.
The degeneracy can then be broken by including a low-
redshift measurement.

Model PNG CIP PNG+CIP

Parameter fNL ACIP fNL ACIP

PS 1.5 2.3 19 29

PS+kSZ 0.7 1.1 7 10

TABLE II. Forecasted marginalized 68% confidence-level con-
straints on fNL and ACIP for the different models and com-
bination of observables considered. The first row corresponds
to forecasts assuming only a measurement of the LIM power
spectrum. In the second row, we show forecasts for a combi-
nation of both the LIM power spectrum and kSZ tomography.

B. Forecasts

The CMB and LIM instruments we consider in our
forecasts are CMB-S4 and the AtLAST-like survey, with
the fiducial parameters given in Sec. IV. We include the
potential presence of both local-type PNG and CIPs, un-
less otherwise stated. The complete set of parameters
considered here are: h, Ωm, Ωb, ns, As, fNL, ACIP, and
bv. The results presented are marginalized over all stan-
dard ΛCDM parameters and velocity reconstruction bias.

We show in Fig. 4 how the uncertainty on fNL and
ACIP depend on LIM and CMB instrumental parame-
ters. We report the forecasted marginalized 68% confi-
dence level uncertainties for both a study that only con-
siders a measurement of the CII intensity fluctuations
and one that additionally includes the reconstructed ve-
locity field. The results shown include the redshift range
z = 1− 5, divided in bins of width ∆z = 1.

We show in Table II the constraints on fNL and ACIP

for different models. With both PNG and CIPs, assum-
ing the fiducial set of instrumental parameters, we find
that the CII experiment alone can achieve an uncertainty
of σ(fNL) = 19 and σ(ACIP) = 29. By including the re-
constructed velocity field from kSZ tomography, we find
σ(fNL) = 7 and σ(ACIP) = 10, both roughly correspond-
ing to an improvement by a factor of 3. The left panel of
Fig. 4 shows that cosmic-variance cancellation becomes
more pronounced as the LIM instrumental noise is re-
duced due to a more precise velocity reconstruction.

The first column in Table II corresponds to the more
commonly adopted model where only local-type PNG is
considered and ACIP is fixed to zero. We show that the
standard observational goal of σ(fNL) . 1 may be within
reach for the next generation of wide-field LIM experi-
ments and that the inclusion of kSZ tomography can be
a significant step to achieve this limit. The second col-
umn shows the analogous result for ACIP, when fNL is
fixed to zero.

In order to explore the degeneracy between fNL and
ACIP, we show in Fig. 5 the constraints as a function
of redshift. We expand the redshift range of the LIM
survey to z = 0−5 in order to capture the sign change in
the bias modulation described in Section V A. Since the
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Notice the change in scales in the y-axis for each panel. The forecasts include the redshift range z = 1− 5, divided in bins of
width ∆z = 1. Note that the curves in the bottom row for fNL and ACIP are overlapping.

parameters are perfectly degenerate for a single redshift
bin, we consider thinner bins of ∆z = 0.25 and add the
corresponding Fisher matrices in the intervals displayed
in Fig. 5.

Figure 5 shows that the degeneracy between fNL and
ACIP differs for low (z . 0.75) and high (z & 1.5) red-
shifts. While forecasts at redshifts above ∼ 1.5 show
tighter constraints, including lower redshifts is essential
to break the degeneracy between the two parameters, ev-
ident from Fig. 3. Note that our choice of thinner redshift
bins in Fig. 5 leads to the loss of large-scale radial modes,
resulting in weaker constraints than those reported in Ta-
ble II and Fig. 4.

VI. CONCLUSION

Line-intensity mapping has emerged as a new observa-
tional technique capable of offering a window into large
cosmological volumes beyond the reach of galaxy sur-
veys. The prospect of cross-correlating intensity maps
with CMB observations has recently garnered attention,
due to its potential to probe large-scale structure across
a wide range of redshifts. In this work, we consider the
measurement of kSZ tomography in the post-reionization
Universe using LIM.

We predict the expected sensitivity to the kSZ sig-
nal for different combinations of planned LIM and CMB
experiments. Here we focus on CII intensity mapping,

but emphasize that the technique can be applied to any
atomic or molecular line. We consider two generations
of experiments: those currently under construction ex-
pected to operate in the next few years (CCAT-prime
and SO) and next-generation experiments planned for
the upcoming decade (AtLAST and CMB-S4).

We show that while the first-light instrument design
for CCAT-prime is unable to measure kSZ tomography
at z ∼ 3.7 in cross-correlation with SO, a low significance
detection may be within reach for an upgraded “Phase
II” design. Furthermore, the detection significance will
be substantially increased through the next generation
of experiments, with a signal-to-noise ratio of roughly
O(102 − 103) for the cross-correlation between CMB-S4
and an AtLAST-like survey.

High-significance measurements of kSZ tomography in
cross-correlation with the next generation of wide-field
LIM surveys will enable the large-scale velocity field to be
recovered with high fidelity. Three-dimensional maps of
the velocity field may therefore be extended to redshifts
beyond the reach of planned galaxy surveys, offering in-
formation about gravity and matter clustering at high
redshifts. We provide a study of how the signal-to-noise
ratio of the power spectrum of reconstructed velocities
depends on the LIM survey parameters, which provides
insight to optimize the design of LIM experiments. As a
case example, we estimate the performance of kSZ tomog-
raphy with LIM to constrain models of inflation through
its impact on clustering on large scales. Both PNG and
CIPs induce a contribution to the halo bias with the same
scale dependence, although with differing redshift evolu-
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tion.
We show that while next-generation LIM instruments

alone may offer competitive constraints on inflation, in-
cluding the velocity field reconstructed from kSZ tomog-
raphy can significantly boost these constraints. With
LIM and CMB experiments based on AtLAST and CMB-
S4, we show that the inclusion of the reconstructed ve-
locity field can improve constraints on fNL and ACIP by
a factor of ∼ 3. We further explore how these constraints
depend on the chosen instrumental parameters and show
that the LIM noise power spectrum is the main limitation
to velocity reconstruction.

We then investigate the source of the broken degener-
acy between fNL and ACIP. We compute the constraints
on both parameters as a function of redshift and show
that the degeneracy at low redshifts (z . 0.75) and at
high redshifts (z & 1.5) are different in our case of study.
While we show that higher redshifts can offer tighter con-
straints, including low redshifts is essential to break this
degeneracy. The need to combine low and high-redshift
observations stresses the importance of measuring large-
scale structure over a wide redshift range and LIM is a
promising technique to achieve this goal.

Recent proposals for next-generation wide-field LIM
experiments suggest a promising future for cosmologi-
cal applications of intensity maps as tracers of large-
scale structure. LIM offers a complementary probe to
galaxy surveys at low redshifts and is uniquely suited
to extend measurements of matter clustering deeper into
the observable Universe. Cross-correlations between LIM
and the CMB can therefore be critical to fully retrieve

the cosmological information present in the secondary
anisotropies and to maximize the impact of both LIM
and CMB experiments.
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Appendix A: kSZ Tomography bispectrum

The fundamental statistical quantity that carries the
kSZ tomography signal is the 3-point function involving
two powers of the overdensities δX, corresponding to a
tracer X of large-scale structure, and one power of the
integrated temperature fluctuation induced by the kSZ
effect T , i.e. 〈δXδXT 〉 [41]. The kSZ bispectrum B is
then defined as

〈δX(kkk)δX(kkk′)T (`̀̀)〉 =iB(k, k′, `, kr)(2π)3×

× δ(3)
D

(
kkk + kkk′ +

`̀̀

χ∗

)
,

(A1)

where the subscript ‘r’ denotes the component along the
line-of-sight, and kkk, kkk′, and `̀̀/χ∗ are wave vectors. Note
that the assumed geometry is of a periodic box, where
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δX(kkk) is defined over 3 spacial dimensions, at a given
redshift z∗, which corresponds to the comoving distance
χ∗, while T (`̀̀) is defined on 2 spacial dimensions. Notice
that the Dirac delta function fixes kr = k′r, and rotational
invariance in the 2D plane implies that the kSZ bispec-
trum will additionally depend only on the magnitude of
the vector wavenumbers k, k′, and `.

We define the bispectrum amplitude estimator as Ê ≡
B̂/B, where B̂ is a bispectrum estimator. Since three-
point correlation functions are expected to have low
signal-to-noise for each individual mode configuration, we
sum over all modes with an optimal weight W (kkk,kkk′, `̀̀).
Its most general form is given by

Ê =

∫
d3kkk

∫
d3kkk′

∫
d2`̀̀

W (kkk,kkk′, `̀̀) [δX(kkk)δX(kkk′)T (`̀̀)]×

× (2π)3δ
(3)
D

(
kkk + kkk′ +

`̀̀

χ∗

)
,

(A2)

where we have defined
∫
d3kkk
≡
∫

d3kkk
(2π)3 , and

∫
d2`̀̀
≡
∫

d2`̀̀
(2π)2 .

We impose the constraint 〈Ê〉 = 1 for an unbiased esti-
mator.

The optimal weight for the bispectrum estimator (see,
e.g., Ref. [56]) is given by

W (kkk,kkk′, `̀̀) =
1

2FBB

−iB∗(k, k′, `, kr)
P tot

XX(k)P tot
XX(k′)Ctot

`

(A3)

where superscript ‘∗’ denotes the complex conjugation
and FBB is the bispectrum Fisher matrix element.

In the limit where all three modes correspond to large
scales, the kSZ bispectrum can be approximated by its

tree-level contribution, which is given by

B(k, k′, `, kr) =
K∗kr
χ2
∗

[
PXe(k)

PXv(k
′)

k′
−

− PXv(k)

k
PXe(k

′)

]
,

(A4)

where PXe is the cross-correlation between δX and
the electron density perturbations, PXv is the cross-
correlation with the velocity field, and we have defined

K∗ ≡ −TCMBσT n̄e,0e
−τ(χ∗)(1 + z∗)

2. (A5)

However, as shown in Ref. [41], the signal-to-noise ra-
tio of the kSZ bispectrum is dominated by the squeezed
limit, as given by Eq. (2). This fact can be intuitively
understood by considering that the kSZ anisotropy dom-
inates the contributions to the CMB at ` & 4000, with
a corresponding wavenumber of ∼ 1 Mpc−1 at relevant
redshifts. Since the power in the velocity field comes
mostly from large scales (k . 0.1 Mpc−1), the remaining
mode must have a large wavenumber in order to satisfy
the triangle condition.

We note that kS falls within the nonlinear regime and
make the crucial assumption that the kSZ bispectrum can
be approximated by the tree-level expression, but using
the nonlinear power spectrum. Ref. [41] checked the va-
lidity of this assumption against N-body simulations and
found the tree-level approximation to be accurate to a
few percent.
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