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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 three-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 singly ionized carbon 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(10>~103). Due to sample-variance
cancellation, the cross-correlation between the reconstructed velocity field from kSZ tomography and
intensity fluctuations can improve measurements 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 fy; and Acp can be reduced by a factor
of approximately 3, achieving o(fxnr) < 1. We further show that probing both low and high redshifts is

crucial to break the degeneracy between the two parameters.

DOI: 10.1103/PhysRevD.103.083519

I. INTRODUCTION

The cosmic microwave background (CMB) anisotropies
have been measured with increasing precision and are
foundational to our current understanding of the standard
cosmological model. On large scales, the CMB temperature
power spectrum is dominated by primary anisotropies—
those produced at the surface of last scattering—and the
temperature fluctuations 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
photons off intervening electrons with bulk peculiar motion
relative to the CMB frame [5]. For multipoles £ 2 4000, the
kSZ effect becomes the dominant blackbody component
of the CMB. The kSZ effect has two main contributions:
patchy kSZ, produced during the epoch of reionization, and
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late-time kSZ, generated by scattering off electrons in
ionized gas present in halos in the postreionization
Universe. The latter contribution has been detected both
in the CMB temperature power spectrum [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 contribu-
tion as a function of redshift, a technique called kSZ
tomography [13-18]. Since the kSZ effect is, to lowest
order, 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], testing
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 velocity
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
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recent 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.

Intensity mapping has the potential to deliver statistical
measurements of large-scale structure at high redshifts.
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 hydrogen
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
between LIM and the CMB across the full postreionization
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 v =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 inspired by Atacama Large Aperture
Submillimeter Telescope (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 3o 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 significance of O(10>~103).

To illustrate the benefits of measuring kSZ tomography
with LIM, we assess its potential to test theories of the early
Universe. Primordial non-Gaussianity (PNG) of the local
type and correlated compensated isocurvature perturbations
(CIPs) are two potential signatures of inflation. Both induce
a contribution to the halo bias with the same scale
dependence, but with different redshift 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 degeneracy can be more efficiently broken
by probing a wider redshift range, enabled by using
intensity mapping instead 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 uncertainty on the
determination of both contributions can be improved by a
factor of 3 by the addition of the reconstructed velocity
field with LIM. When only PNG is considered, the
observational goal of o(fny) S1 (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 mapping. While mea-
surements at high redshifts (z 2 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 Sec. II, we describe
the approach adopted to model the signal and noise for
kSZ tomography, and the model for the clustering of the
intensity fluctuation is outlined in Sec. III. In Sec. IV, we
discuss the LIM and CMB instruments considered in this
work and show the signal-to-noise ratio for kSZ tomog-
raphy measurements and for the reconstructed velocity
field. The effect of PNG and CIPs on the halo bias and
constraints on the corresponding parameters are shown in
Sec. V. We conclude in Sec. VI

We adopt the standard ACDM cosmology as our fiducial
model throughout, with the following parameters from
Planck 2018 [1]: a reduced Hubble constant 7 = 0.674; an
optical depth to reionization 7,, = 0.054; matter and baryon
density parameters today €, = 0.315 and Q, = 0.049,
respectively; and spectral index and amplitude of the
primordial scalar power spectrum ng; = 0.965 and
Ay = 2.2 x 107, respectively.

II. kSZ EFFECT

The temperature fluctuation induced by the kSZ effect in
the 72 direction on the sky is given by

X e~ Wn (h.y)R
e n,(n,y)n-v, 1
e (a -y, (1)

T(n) = —TCMBUT/
where Tcyp is the mean CMB temperature today, o is
the Thomson scattering cross section, and 7 is the
optical depth from the observer to a scatterer with peculiar
velocity v located at a comoving distance y at redshift z.
The electron number density can be written as n, (i, y) =
i,(x)[1 4+ 6,(ft,y)], where i, is the average electron
number density and J, 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 estimation of the
form (56T). This technique can be used to reconstruct the
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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 Appendix, but we refer
the reader to Ref. [41] for further details.

A. Estimator and noise

The fundamental statistical quantity that carries the kSZ
tomography signal is the three-point function involving two
powers of the overdensities dx, corresponding to a tracer X
of large-scale structure, and one power of the integrated
temperature fluctuation induced by the kSZ effect 7, i.e.,
(6x8xT). It can be shown that the squeezed limit dominates
the kSZ bispectrum signal, which we discuss in greater
detail in Appendix. In this limit, the bispectrum is given by

B(kkaSvl’ﬂv kLr) = -

where Py, is the cross-correlation between Jx and the
velocity field; Py, is the cross-correlation with the electron
density perturbations; k; is the long-wavelength mode
(with k;, as its component along the line of sight); kg is
the short-wavelength mode, fulfilling k; < kg; and £ is the
spherical harmonic multipole. We have defined

K, = -Teyporii, e "% (1 + 2,)2, (3)

where the subscript * denotes quantities evaluated at
redshift z, and 7, 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 k%P3 (kr, k
<_> |:/ dkL/dkLr Lr t)stb L Lr>:|
N ki PRx(kp. ki)

P2 (ks, kL ) !
dkek Xe r ’ !
X [/ S SP;?%((kSskLr) Ct;;ksﬂf* N

where V is the survey volume, P} is the total autopower
spectrum for the tracer X including all relevant sources of
noise, C¥" is the total delensed CMB temperature power
spectrum including instrument noise, and the integral over
ky, is from —k; to k;. The relevant integration regions for
k; and kg are k; < 0.1 Mpc™ and 1 < kg <5 Mpc™.

We include in the calculation of CTOt the contribution
from primary CMB anisotropies, late—time kSZ, and
instrumental noise. We compute the contribution of the
kSZ effect to the CMB following the standard kSZ
modeling, using the fully nonlinear electron distribution
(see, e.g., Refs. [42,43] and Appendix B in Ref. [41]). The
instrumental noise power spectrum of the CMB experiment
is modeled as

(¢ + I)H%EM]’ (5)

Ne™ ZS%XP[ 81n2

where 0SB is the beam profile full width at half
maximum (FWHM) of the CMB experiment and s is the
map temperature 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 optimal kSZ bispectrum estimator.

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

N, (k ):ﬁ /dksks Py (ks ki) 7! (6)
TR 2 PRx(ks ki, )CPly, |

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

Nm;(kLv kLr) = (%) 2Nt‘,<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 halos 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

i) = k25 50, (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
multitracer 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 observa-
tions of different tracers of large-scale structure sample the
same realization of the matter density field. A mode-by-
mode comparison of the different tracers can therefore
avoid sample variance.
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As evidenced by Eq. (2), the kSZ bispectrum measures
the product of Py, and Px,. A factor can therefore be
exchanged between power spectra while keeping the total
signal constant. This potential source of confusion is called
the optical depth degeneracy. When reconstructing the
velocity field, the uncertainty on Px, can be accounted
for through the parameter b,, the velocity reconstruction
bias, which we include in our modeling.

We consider the data vector 8, built as the concatenation of
the reconstructed velocity field and the perturbations in the X
field. Thatis, 6 = {v, 6x }(k, u, z), where u = k,/k can take
values from —1 to 1. The covariance therefore depends on
the autopower spectrum of the overdensities of the tracer X,
of the velocity field v, and their cross-correlation: Pxx, P,,,
and Px,, respectively. The signal and noise covariances of
the X and v perturbations can be expressed as

va PXU
S(k.pu.z) = ;
PXU PXX
NMJ 0
XX

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

C(k,pu,z) =

Finally, for a single redshift bin and a set of cosmological
parameters @, the Fisher matrix element can be written as

Fop = //kzdkd” [ ggﬁcl]. (11)

III. CLUSTERING MODEL

S(k,p,z) + N(k, u, 2). (10)

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
modeled as a sum of the correlation within a single halo and
between different halos, which correspond to the one-halo
(Py;,) and two-halo (P,,) terms, respectively. For two
different tracers X and Y, we have that

d
PXY(k,2) = /dMH"lFX(k M.2)Fy(k,M.2)

PRY(k2) = | [ b (. 2) .2

U de—MbY(M 2)Fy (k.M z)]Pnn(k,z),

(12)

where M is the halo mass, dn/dM is the halo mass
function, by is the weighted linear halo bias for the tracer
X (weighted by the luminosity of the line in the case of
intensity maps), F'x is a profile function that depends on the
tracer X, and Py, is the linear matter power spectrum. 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 autopower spectrum: the
shot noise. This scale-invariant term is given by

PX (2)= [m]z/cmﬁ (M, z)j;[ (13)

where c is the speed of light, v is the emission frequency of
the spectral line, and Ly 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) = Py (k. 2) + P3 (k. 2) + 6K Py (2).  (14)
where J 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 resolution and finite
volume of the survey. The latter two effects limit the access
to small- and large-scale modes, respectively. We imple-
ment 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, u, 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 V,,, covering an area
iy, is observed over a time 7y, then the LIM instrumental

noise power spectrum can be modeled as

O
pix
NX —U%Vvox Tvvoxv (15)
pix
where o, is typically given in terms of a noise equivalent

intensity (NEI), in units of Jy s!/?/sr, and oy is the
final survey sensitivity per voxel. The NEI can be
converted to a noise equivalent flux density (NEFD) using
the solid angle of the pixel (taken here to be given by the
solid angle of a Gaussian beam Qi = Queqm = [oX > =
[0 wim]?/81n2); that is, NEI = NEFD/Q,;;,. The observ-
ing time per pixel is computed as #,ix = fons/Npix» Where
fops 18 the total observing time, and Ny = Qfieia/Rpeam 1
the number of pixels.
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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 considered. 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].
These are regions of the interstellar medium that are pre-
dominantly neutral, where the far ultraviolet radiation plays
a key role in determining the gas properties. A correlation
between CII luminosity and star-formation rate can be
established from the relation between CII and far ultraviolet
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 autocorrelation and the cross-correlation between
the CII intensity and the electron distribution. We assume
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 follows
the active galactic nuclei feedback profile given in
Ref. [54]. For each tracer, we have

Fep(M,z) = Len(M, 2)unpw (k. M, 2),

avH(z7)

M
F,(M,z) zp—ugas(k,M,z), (16)

where p,, 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
signal 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 bispectrum using
Eq. (4). We consider the following CII experiments:

(i) The 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

TABLE I

Qs = 8 deg? of the sky over an observing time of
tops = 4000 h. Here, we consider observed frequen-
cies between v, = 388-428 GHz, with a resolving
power of R = §,/vy,, = 100, where §, is the spec-
tral resolution.

(i) The 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, necessary
for probing large-scale structure. The experiment
aims to cover the entire Sloan Digital Sky Survey
field of view of Qgeq = 7500 deg?. 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 Az = 0.5. For the AtLAST-like survey, we divide the
total frequency range in four bins of width Az =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
> = 3.5. The beam FWHM is set to a conservative value of
Orwim = 8 arc sec.

The two LIM experiments described above are then
cross-correlated with SO and CMB-S4. We consider
OB\, = 1.4 arc min and s = 6 pK-arc min for the SO
configuration. Although a precise instrument specification
is yet to be defined for CMB-S4, we assume OSyoy =
1 arc min and s = 1 uK-arc min.

Figure 1 shows the total signal-to-noise ratio of the kSZ
bispectrum measurements using CII intensity mapping,
summed over all wave numbers and, for the AtLAST-like
survey, over all redshift bins. The resulting sensitivity is
shown as a function of relative changes in oy for each of the
four experiment combinations, where 1 corresponds to the
fiducial value. We show that a 16 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 lo
detection.

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 Az = 1 for the AtLAST-like survey.

Frequencies FWHM  Resolving Survey area Observing time Variance per voxel Noise power spectrum
Experiment (GHz) (arc sec)  power (deg?) (h) (Jysr™!) (Mpc? Jy? sr72)
CCAT-prime 388-428 30 100 4000 5.7 x 10* 2.3 x 1010
AtLAST-like 320-950 8 1000 7500 10,000 5.6 x 10* 1.5x 108
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Relative variance per voxel (on/cf)
FIG. 1. Signal-to-noise ratio of the total kSZ tomography signal

as a function of the variance per voxel (oy) in the LIM survey,
relative to the fiducial value (61¢) given in Table I. We consider
the cross-correlations between the CII intensity-mapping surveys
CCAT-prime and AtLAST-like and the CMB experiments SO and

CMB-54.

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 upgrade
potential. The current Phase I design has the possibility
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” instrument design,
with a field of view of Qg = 16 deg?, a longer observing
time of 7., = 10000 h, seven spectrometers, a higher
resolving power of R = 300, and a total variance per voxel
of o5y = 5 x 103 Jy sr~!. Under this configuration, we find
that a 30 detection of the kSZ signal can be achieved at
z ~ 3.7 in cross-correlation with SO.

While instruments that are currently under construction
may offer a modest but unprecedented kSZ detection at
high redshifts, we show that a high signal-to-noise detec-
tion [O(102-10%)] 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
AtLAST.

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 surveying large volumes and
having sufficient angular and spectral resolution.

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

High oy leads to a noise power spectrum that dominates
over the LIM power spectrum at small scales, which
translates to a reduction of the P,,/N,, at large scales.
In a similar way, as Qg4 increases, so does the noise power
spectrum (for a fixed oy). This effect dominates over the
reduction of cosmic variance; therefore, increasing Qg.1q
presents a similar behavior to increasing oy. Reducing
Orwim increases the number of voxels and reduces their
volume, which results in a smaller noise power spectrum
for a fixed oy. Moreover, it also improves the resolution of
the survey, granting access to smaller scales, so that the
P,,/N,, also improves for large k. Finally, the P,,/N,,
decays with redshift because the overall amplitude of the
LIM power spectrum decreases due to amplitude of the
matter perturbations (even if the CII luminosity peaks at
z~2).P,,/N,, atlarge 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 scien-
tific 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 consider
inflationary theories that feature local-type PNGs, para-
metrized by fyp, and CIPs, parametrized by Acyp, that are
fluctuations of baryons and cold dark matter that leave the
total matter distribution unchanged and are correlated with
adiabatic perturbations. Both signatures of inflation leave
an imprint on the halo bias that scales as 1/k>.
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FIG. 2.

Signal-to-noise ratio of the reconstructed velocity power spectrum, where the reconstruction noise is computed using Egs. (6)

and (7). Each panel shows P, /N, 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 corresponds to the survey area, the lower left corresponds to the FWHM of
the beam profile full-width half maximum of the LIM experiment, and the lower right corresponds to the redshift.

A. Model

In order to assess the gain in information on cosmo-
logical parameters offered by adding kSZ velocity
reconstruction to the analysis of a future LIM survey, we
compute the Fisher information matrix given in Eq. (11).
We include 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

Pyx(k.p.z) = [bx(2) + fu? +fNLAb§NL (k,z)
+ACIPAbI)4(CIP(k’Z)]ZT%((Z)W(k9ﬂ»Z)Plin(ka)

b
Pox (gt 2) = ( o “H) bx(2) + f

+fNLAb§NL<k’Z) +ACIPAb;\(CIP (k,z)]
X Ix(z2)/ W(k,u.z2) Pyn(k.2)
b, faH\?
P?}’U(k’z):< Lfa > P]in(k,Z), (17)

where the Gaussian bias by is modulated by the scale-
dependent biases induced by PNGs (Ab) and CIPs

(AbY™) and Iy is the mean specific intensity of the
spectral line of interest. We note that only the linear
matter power spectrum is considered, since the recon-
structed modes are restricted to large scales. The
scale-dependent bias contributions have been defined
as [37-39]

3Q, H?
AV (k,7) = (by — 1)8 20
X ( Z) ( X ) C szm(k,Z)
5Q H?
AbEP (k. 7) = b, om0 18
X ( Z) hc(z)fln 2k2Tm(k, Z) ( )

where o, = 1.68 is the critical density for spherical
collapse, €, is the matter density parameter at z = 0,
T,.(k,z) is the matter transfer function, and we define
Sre=14+Q,/Q., where Q, and Q. are the density
parameters of baryon and cold dark matter today, respec-
tively. The quantity b,.(z) is the bias coefficient
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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 lines correspond to positive
values.

corresponding to the CIP contribution to the halo density
perturbation, which was fit to be [39]

bp.(z) = —(0.16 + 0.2z + 0.0832?). (19)
Figure 3 shows the redshift dependence of the bias

modulation k*Abcy 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

Ab’é’ff changes sign at z ~0.6. We note that the afore-
mentioned features in Abcy depend on the spectral line
under study, since the bias term bx in Eq. (I18) is a
luminosity-weighted bias. This dependence and its impact
on the redshift evolution of Ab/~ can be used to further
break the degeneracy between fy; and Acp. 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 fy1 and Acpp, albeit highly degenerate. The degeneracy
can then be broken by including a low-redshift
measurement.

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, unless
otherwise stated. The complete set of parameters consid-
ered here are h, Q,,, Q,, n,, A, fnL, Acip, and b,. The
results presented are marginalized over all standard ACDM
parameters and velocity reconstruction bias.

We show in Fig. 4 how the uncertainty on fy; and Acp
depend on LIM and CMB instrumental parameters. We
report the forecasted marginalized 68% confidence-level
uncertainties for both a study that only considers a
measurement of the CII intensity fluctuations and one
that additionally includes the reconstructed velocity field.

=
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FIG. 4. Marginalized 68% confidence-level forecast on fy; and Acpp as a function of experimental parameters. Forecasts assuming
only a measurement of the LIM power spectrum are shown in dashed lines, and forecasts combining both the LIM power spectrum and
kSZ tomography are shown in solid lines. The vertical dotted lines correspond to the fiducial instrument parameters. The left panel
shows how the constraints depend on the sensitivity per pixel of the LIM survey, the middle panel shows the dependence on the
overlapping field of view, and the right panel shows the dependence on the CMB sensitivity. 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 Az = 1. Note that the curves in the bottom row for

S and Acpp are overlapping.
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TABLE II. Forecasted marginalized 68% confidence-level con-
straints on fyp and Acpp for the different models and combination
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 combination of both the LIM
power spectrum and kSZ tomography.

Model PNG CIP PNG+CIP
Parameter Sne Acrp S Acrp
Power spectrum (PS) 1.5 2.3 19 29
PS + kSZ 0.7 1.1 7 10

The results shown include the redshift range z = 1-5,
divided in bins of width Az = 1.

We show in Table II the constraints on fy;, and Acpp for
different models. With both PNG and CIPs, assuming the
fiducial set of instrumental parameters, we find that the CII
experiment alone can achieve an uncertainty of o(fx.) =
19 and o(Acp) =29. By including the reconstructed
velocity field from kSZ tomography, we find o(fy.) =7
and o(Acp) = 10, both roughly corresponding 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 reduced 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 Acp is fixed to zero. We show that
the standard observational goal of o(fyr) <1 may be
within reach for the next generation of wide-field LIM

— z=0-0.75

—_— 7z=0.75-1.5

experiments and that the inclusion of kSZ tomography can
be a significant step to achieve this limit. The second
column shows the analogous result for Acp, when fy, is
fixed to zero.

In order to explore the degeneracy between fy; and
Acp, 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 Sec. V A. Since the parameters are
perfectly degenerate for a single redshift bin, we consider
thinner bins of Az = 0.25 and add the corresponding Fisher
matrices in the intervals displayed in Fig. 5.

Figure 5 shows that the degeneracy between fy; and
Acyp differs for low (z < 0.75) and high (z 2 1.5) redshifts.
While forecasts at redshifts above approximately 1.5 show
tighter constraints, including lower redshifts is essential to
break the degeneracy between the two parameters, evident
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 Table II
and Fig. 4.

VI. CONCLUSION

Line-intensity mapping has emerged as a new obser-
vational 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

—7=15-5  m——z=0-5
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-200{ L ——

—400

PS+kSZ
400
200
0 ]
200
400
—20 0 20

-200 -100 O 100

Acip

FIG. 5.

200
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Forecasted uncertainties on fy;, and Acp at 68% and 95% confidence levels, marginalized over cosmological and bias

parameters. The panel on the left shows the forecast when only the LIM survey is considered, i.e., the constraint obtained only from the
CII power spectrum. The panel on the right shows the result when the reconstructed velocity field is added to the analysis. Each color

corresponds to the redshift range included in the forecast.
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measurement of kSZ tomography in the postreionization
Universe using LIM.

We predict the expected sensitivity to the kSZ signal
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 expected
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
7~ 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
0O(10*-10°) 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
information 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 evolution.

We show that, while next-generation LIM instruments
alone may offer competitive constraints on inflation,
including the velocity field reconstructed from kSZ tomog-
raphy can significantly boost these constraints. With LIM
and CMB experiments based on AtLAST and CMB-54, we
show that the inclusion of the reconstructed velocity field
can improve constraints on fy;, and Acp by a factor of
approximately 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 degeneracy
between fy; and Acp. We compute the constraints on both
parameters as a function of redshift and show that the
degeneracies at low redshifts (z < 0.75) and at high red-
shifts (z 2 1.5) are different in our case of study. While we
show that higher redshifts can offer tighter constraints,
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 cosmological
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 observ-
able Universe. Cross-correlations between LIM and the
CMB can therefore be critical to fully retrieve the cosmo-
logical information present in the secondary anisotropies
and to maximize the impact of both LIM and CMB
experiments.
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APPENDIX: kSZ TOMOGRAPHY BISPECTRUM

The fundamental statistical quantity that carries the kSZ
tomography signal is the three-point function involving two
powers of the overdensities dx, corresponding to a tracer X
of large-scale structure, and one power of the integrated
temperature fluctuation induced by the kSZ effect 7, i.e.,
(6x6xT) [41]. The kSZ bispectrum B is then defined as

(ox (k)ox (K')T(£)) = iB(k.K .. k,)(2x)’

x 5 <k K +f>, (A1)

*

where the subscript r denotes the component along the line
of sight and k, k’, and #/y, are wave vectors. Note that the
assumed geometry is of a periodic box, where &x(k) is
defined over three spacial dimensions, at a given redshift
Z,,» which corresponds to the comoving distance y., while
T(#) is defined on two spacial dimensions. Notice that the
Dirac delta function fixes k, = k., and rotational invariance
in the two-dimensional plane implies that the kSZ bispec-
trum will additionally depend only on the magnitude of the
vector wave numbers k, k', and 7.

We define the bispectrum amplitude estimator as
E=58 /B, where B 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 (k. k', €).
Its most general form is given by
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&= L3k /dzk’ g W(k. k', €)[6x (k)ox (k)T (2)]

14
x (27)35%) <k K+ —) : (A2)
Xx
where we have defined [, = [ %, and [, = [ (‘J;Tﬁz. We
impose the constraint (£) = 1 for an unbiased estimator.
The optimal weight for the bispectrum estimator (see,

e.g., Ref. [56]) is given by

1 =B (kK k)
T 2P PR PR R)CE

Wk, K., ?) (A3)

where superscript * denotes the complex conjugation and
Fyp 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

K.k, Py, (K) Py, (k
Bl K.k =5t o) 2 - Dl i)
(a9

where Py, is the cross-correlation between 0y and the
electron density perturbations, Py, is the cross-correlation
with the velocity field, and we have defined

K, = ~Tcemporiiege ") (1 + z,)>. (AS)

However, as shown in Ref. [41], the signal-to-noise ratio
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 dominates the
contributions to the CMB at # = 4000, with a correspond-
ing wave number of approximately 1 Mpc~! at relevant
redshifts. Since the power in the velocity field comes
mostly from large scales (k <0.1 Mpc™!), the remaining
mode must have a large wave number in order to satisfy the
triangle condition.

We note that kg 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. Reference [41] checked the
validity of this assumption against N-body simulations and
found the tree-level approximation to be accurate to a few
percent.
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