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Kinetic Sunyaev Zel’dovich (kSZ) tomography provides a powerful probe of the radial velocity field of
matter in the Universe. By cross-correlating a high resolution cosmic microwave background (CMB)
experiment like CMB-S4 and a galaxy survey like Dark Energy Spectroscopic Instrument (DESI) or Large
Synoptic Survey Telescope (LSST), one can measure the radial velocity field with a very high signal-to-
noise ratio over a large volume of the universe. In this paper we show how this measurement can be used to
improve constraints on primordial non-Gaussianities of the local type. The velocity field provides a
measurement of the unbiased matter perturbations on large scales, which can be cross-correlated with the
biased large-scale galaxy density field. This results in sample variance cancellation for a measurement
of scale-dependent bias due to a nonzero fy;. Using this method we forecast that CMB-S4 and LSST
combined reach a sensitivity 6, ~ 0.5, which is a factor of 3 improvement over the sensitivity using LSST
alone (without internal sample variance cancellation). We take into account critical systematics like
photometric redshifts, the kSZ optical depth degeneracy, and systematics affecting the shape of the galaxy
auto-power spectrum and find that these have negligible impact, thus making kSZ tomography a robust
probe for primordial non-Gaussianities. We also forecast the impact of mass binning on our constraints.
The techniques proposed in this paper could be an important component of achieving the theoretically
important threshold of 6, <1 with future surveys.
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I. INTRODUCTION

Detecting or tightly constraining primordial non-
Gaussianity is one of the main goals of many upcoming
large-scale structure surveys and cosmic microwave back-
ground (CMB) experiments. A detection would provide
invaluable information about interactions in the inflationary
universe, probing physics at ultrahigh energy scales that are
not otherwise accessible to experiments. Primordial non-
Gaussianities have been classified extensively according
to production mechanisms, symmetries and field content.
A particularly simple and important class are so-called
local type non-Gaussianities, which are produced generi-
cally in the presence of more than one light degree of
freedom during inflation (multifield inflation). A well-
known threshold is that multifield inflation predicts
far 21 (see e.g., [1]). For comparison, the current best
bound is fy; = 2.5 £5.7, coming from the latest Planck
satellite CMB analysis [2]. Unfortunately the constraint
from the primary CMB is already close to being saturated,
as a large fraction of the available modes in temperature and
polarization have been measured.
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To reach the multifield threshold, a three-dimensional
probe of the universe is needed, which contains many
more modes than the two-dimensional CMB sky. Non-
Gaussianities can in principle be measured with large-scale
structure surveys by measuring the bispectrum of the
galaxy distribution. Unfortunately, nonlinear evolution
by gravity induces large bispectra which are hard to
disentangle from those expected from primordial physics.
However in the case of local non-Gaussianities, it is
possible to obtain excellent constraints from the power
spectrum alone, through a measurement of the scale
dependence of galaxy bias [3]. On large scales, the
presence of fy; # 0 induces a bias relating the matter
and galaxy distribution which scales as 1/k?, providing a
rather unique signal that is not mimicked by changes of the
standard cosmological parameters. This signal is the main
path through which upcoming galaxy surveys hope to
improve constraints on f; . Reaching the multifield thresh-
old fy; = 1 from galaxy surveys remains difficult, due to
the limited number of large-scale modes within the survey
volume, i.e., due to cosmic variance. However, if one can
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measure tracers of different bias (or biased and unbiased
tracers), these can be compared to determine the scale-
dependent bias induced by non-Gaussianities, without
cosmic variance [4]. This idea, known as sample variance
cancellation, can be achieved either by measuring different
sets of galaxies, or by cross-correlating the galaxy distri-
bution with an independent probe of large-scale structure
not based on galaxies. In particular, recently Schmittful and
Seljak proposed to use the CMB lensing potential as a
probe of the unbiased matter distribution and to cross-
correlate it with a galaxy survey to measure f; through
sample variance cancellation [5]. Decisive for the power of
sample variance cancellation is the correlation coefficient
between the biased and unbiased modes, which is chal-
lenging in the case of CMB lensing because of the very
broad lensing kernel.

Here we present a new method to improve fp; mea-
surements by using kinetic Sunyaev Zel’dovich (kSZ)
tomography [6—16] to measure the radial velocity field
of matter in the universe. The kSZ effect [17] is a secondary
CMB temperature anisotropy induced by the scattering of
CMB photons from the bulk motion of free electrons in the
post-reionization universe. This effect is the dominant
blackbody contribution to the CMB on small scales (at
¢ 2 4000), and will be measured at high significance by
future experiments. The direct cross-correlation of a high-
resolution CMB map with a galaxy survey can be used to
reconstruct the radial velocity field in a three-dimensional
volume, thus providing an additional probe of large-scale
structure [14,16,18]. Because the radial velocity field is an
unbiased tracer, it can be combined with a galaxy survey to
realize the idea of sample variance cancellation. In our
approach, sample variance cancellation is particularly
powerful, due to a very good correlation coefficient of
the reconstructed velocity field and the galaxy distribution.
This is possible due to the very low noise in the large-scale
velocity field reconstruction.

We forecast the improvement of 6, due to the inclusion
of kSZ tomography data for two baseline experimental
configurations, “baseline 1” corresponding to DESI [19] +
a CMB experiment similar to Simons Observatory, and
“baseline 2” corresponding to LSST [20] + CMB-S4 [21].
Our forecast is based on the kSZ tomography bispectrum
formalism developed in [22], which allows us to make
realistic forecasts including photo-z errors, kSZ optical
depth degeneracy and redshift space distortions. We find,
depending on the redshift range included in the analysis,
that improvement factors on o4, in the range ~2-10 are
possible by including kSZ tomography. If sample variance
cancellation can be realized within the galaxy sample itself,
e.g., by considering populations with different halo mass
[23], improvement factors are more modest for measurable
halo masses, but can still be a factor of 2. Because future
surveys are only just on the cusp of attaining 6;,, = 1, an
improvement factor of a few could yield a significant

detection or provide a constraint that significantly trims the
allowed regions of model space, for example severely
constraining [1] curvaton scenarios [24-27].

The paper is organized as follows. In Sec. II we recall
scale-dependent bias and explain how kSZ tomography
can be used for sample variance cancellation. In Sec. III
we describe the experimental parameters in our forecast.
The Fisher forecast setup is described in Sec. IV and its
results are discussed in Sec. V. We summarize our results
in Sec. VL

II. MEASURING fy; WITH KSZ TOMOGRAPHY

To explain in detail how kSZ tomography can be used to
constrain local non-Gaussianities, we first recall the stan-
dard results on scale-dependent bias and then illustrate why
kSZ tomography is very well suited for measuring fy;
using sample variance cancellation.

A. Scale-dependent bias

In the presence of primordial non-Gaussianity, a biased
tracer acquires a scale-dependent bias proportional to fy; .
In particular, on large scales, the matter-halo and halo-halo
power spectra can be written as [3]

Pk, z) = <bh + e %)Pmm(lﬁ z), (1)
P,k z)Z(b +f L)ZP (k,z) (2)
hh\'*s h NL a(k, Z) mm\"s &)
Here we have defined (see for example [28])
2k>T (k
k) = 354 OO 3)

so that the matter overdensity §,,(k, z) is related to the
primordial potential ®(k) through the Poisson equation as

Sk, z) = a(k, 7)®(k). (4)

The linear growth function D(z) is normalized so that
D(z) = 1/(1 + z) during matter domination and T'(k) is
the transfer function normalized to 1 at low k. The quantity
by, is the Eulerian halo bias and depends on the halo
mass. The non-Gaussian bias parameter /3 is well approxi-
mated by

Py = 26.(by—1). (5)

We will take o6, = 1.42, as appropriate for the Sheth-
Tormen halo mass function.

Here and below we write large-scale halo power spectra,
which involve the halo bias, with a subscript 4, while we
write small-scale galaxy power spectra that appear in kSZ
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tomography with a subscript g. In the forecast we will
however assume abundance matching for the large-scale
halo power spectra, i.e., each halo is assumed to be popu-
lated by a single galaxy in its center. This facilitates
forecasting with experimental galaxy number densities
and does not strongly affect the results. Under this
assumption the words halo and galaxy can be used
interchangeably. On the other hand the small-scale galaxy
power spectra will be calculated within the halo model
including the halo occupation distribution (HOD) [29,30]
and therefore satellite galaxies. The calculation of halo
model power spectra is reviewed in the Appendix.

As shown in [18,22], the noise on the kSZ tomography
reconstruction of the radial velocity field is given by

2”)(% P e(kS)2 -
Nis (ko p) = p? [/ dkgkg <%
Py (ks)CP ) 1ok
(6)

where we approximated the observed part of the universe
by a box at distance y,. The details of this box approxi-
mation are explained in [22]. Here and below the star suffix
indicates the center of the box. P, is the small-scale
galaxy-electron cross-power spectrum and P, is the small-
scale galaxy auto-power spectrum, which are both domi-
nated by the 1-halo term on the scales of interest [22]. The
kSZ radial weight function K, at the corresponding redshift
z, is given by K(z) = —Tcemporneox.e " (1 + z)?, where
or is the Thomson cross section, n,, is the comoving
electron density, x,(z) is the ionized fraction and 7 is the
optical depth. The momentum integral in Eq. (6) is
dominated by the small scales kg where most of the
detectable kSZ signal comes from. On the other hand,
the reconstructed velocities have significant signal-to-noise
only at large scales, indicated by the momentum k;. The
total power spectrum P}y is the galaxy power spectrum plus
the shot noise, and C}** is the total CMB power spectrum
including noise.

The noise depends on the angle of the mode with
respect to the line of sight, i.e., u = k - n, but crucially
is independent of the magnitude of k;. The reconstructed
velocity field can be related to a reconstruction of the
density perturbations o,, using linear theory. The recon-
struction noise on the density field is thus given by

k2

Nii (ke 1) = 7y
where H is the Hubble constant, f = d(log D)/d(loga) is
the derivative of the growth factor D, and a is the
cosmological-scale factor, all evaluated at the redshift of
the box z,. Crucially, the noise is proportional to k7,
implying that the reconstruction noise on the density field is
lowest on the largest scales. This implies, for typical

N (ke p).- (7)
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FIG. 1. Galaxy power spectra and noise power spectra for an

experimental configuration corresponding to the DESI experi-
ment (with galaxy density and CMB noise according to our
baseline 1 defined in Table I). At large scales, where the fy;
signal is strongest, we get a much lower noise using kSZ
tomography than with galaxies alone, due to the k> scaling of
the kSZ reconstruction noise. The chosen f; value of 5 is near
the 1o sensitivity for this configuration. All power spectra are
shown at z = 1 and for mu |u| = 1 (radial modes), and the galaxy
power spectra include the redshift-space distortions term.

upcoming galaxy surveys and CMB experiments, that
the density field can be reconstructed at a higher fidelity
using kSZ tomography than with direct density measure-
ments from a galaxy survey. This is illustrated for an
example experimental configuration in Fig. 1, where we
have also shown the added large-scale power on the galaxy
power spectrum due to fy; .

We note that on the very largest scales one must account
for additional contributions to the kSZ effect beyond the
peculiar velocity [14—16,18]. Taking these into account, kSZ
tomography can be used to reconstruct the dipole field, the
CMB dipole observed at each point in spacetime. This will
modify the noise in Eq. (7) at very small k;, somewhat
increasing the attainable velocity reconstruction noise. This
effect will be most important for the deepest galaxy surveys,
and we defer further exploration of this point to future work.

III. POWER SPECTRA AND EXPERIMENTS

The input data for our forecast are galaxy number
densities, biases and the effective beam and noise in an
overlapping CMB survey, as well as the small-scale power
spectra which determine the velocity reconstruction noise.
In this section we describe these parameters in detail.

A. Consistent small-scale power spectra
from the halo model
The kSZ velocity reconstruction noise in Eq. (6) depends
. Pye (k)z
on the ratio of small-scale power spectra (W), where

for £ > 4000 the CMB power spectrum C, is dominated by
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the kSZ effect, which depends on P, (kg), the auto-power
spectrum of the electron distribution. There is some
uncertainty in the shape and amplitude of these three
power spectra. However, all three of them can be calculated
in the halo model and are dominated by the 1-halo term at
the relevant kg. We review the halo model calculation of
these power spectra in the Appendix, and more details can
be found in [22]. A key property is that they depend on the
satellite galaxy profile in the halo u,(k|m,z) (assumed
Navarro-Frenk-White, tracing the dark matter) and the
electron profile u,(k|m, z). We therefore make a consistent
forecast by using a halo model calculation for all three
power spectra.

To calculate galaxy power spectra in the halo model, one
needs to specify the halo occupation distribution (HOD).
Details about the HOD [29,30] which we use can be found
in [22]. To connect the HOD with different experiments,
we are using the following prescription. In the HOD, the
galaxy sample is specified by imposing a threshold stellar
mass mTe" of observable galaxies. At a fixed halo mass, it
assumes a log-normal distribution for the stellar mass.
There are also three further parameters in the HOD, which
define the central and satellite galaxy numbers for each
mass. These parameters depend on mP™" and have
been calibrated with data in [29]. We match the para-
meter mP™" so that the total predicted galaxy number
(centrals + satellites) matches the number density expected
for a given experiment (e.g., LSST, DESI). An example of
this matching is shown in the next section.

B. Experiments

We make forecasts for two next generation large-scale
structure experiments, LSST and DESI. LSST is an
example of a high number density experiment with photo-
metric redshifts. DESI is an example for a lower number
density experiment but with precise spectroscopic redshifts.
For the CMB experiment we consider a CMB-S4 configu-
ration [21], as well as a configuration similar to that of

3.51 e b (LSST

b (halo model)
3.0 A

2.5 A
Q

2.0 4

1.54

1.0 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
z

Simons Observatory (SO). We do not include atmospheric
noise or noise from foregrounds such as thermal Sunyaev-
Zel’dovich or cosmic infrared background in this work.
A more realistic forecast that includes these contributions
for SO can be found in [31]. Our detailed redshift binned
forecast will be for LSST+CMB-S4, which is the most
promising configuration for f;, while for DESI + SO we
only provide a simplified forecast to illustrate the perfor-
mance of a lower number density without photo-z errors.

1. Large-scale structure experiments

Our forecast for the Large Synoptic Survey Telescope
(LSST) is based on the LSST gold sample as defined in the
LSST science book [32], which is used in the clustering
forecasts. For this dataset, the galaxy number density n per
arcmin® is described by

o) =gz (2) eploziz)  ®)

with z5 = 0.3 and ng, = 40 arcmin™2. The predicted

photo-z error is

gal

o, =0.03(1+z). 9)
For the same sample the LSST group also provides the bias
b(z) = 0.95/D(z) (10)

with the growth factor normalized as D(z = 0) = 1. The
bias with this prescription is plotted in Fig. 2, for five large
redshift bins defined below. For comparison, we also show
the halo model bias prescription, obtained by adjusting
the mass threshold of the HOD to match the number
densities provided by LSST. The agreement between the
two methods of bias determination is not perfect but within
the spread of what is expected for the uncertainty of the bias
of a galaxy sample. Below we use the LSST bias in our
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FIG.2. Left: redshift binning and bias as a function of z for the LSST forecast. Right: HOD stellar mass threshold m%h as a function
of z matched so that the galaxy number predicted by the halo model matches Eq. (8), extracted from the LSST science book.
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LSST forecast, to facilitate comparison with other studies.
We use the matched mass threshold of the HOD, shown
in the right panel of Fig. 2, to compute the small-scale
power spectra P, and P, that appear in the velocity
reconstruction noise. It should be noted that the bias is a
significant uncertainty in the f,; forecast that can influ-
ence results up to a factor of 2. This uncertainty dominates
over the uncertainty in N,, from different small-scale
power spectra, because the f; forecast is dominated by
the galaxy shot noise.

For the Dark Energy Spectroscopic Instrument (DESI)
[19], we make a simplified forecast ignoring redshift
evolution. Our assumption will be a galaxy density ny, =
10~* Mpc~3 with a bias b = 1.6 at central redshift z, = 1,
roughly in line with the DESI white paper [19], with perfect
redshifts.

2. CMB experiments

Our baseline CMB survey is oriented on the planned
CMB-S4 experiment. We consider here an experiment with
an effective beam full width at half~-maximum (FWHM) of
1.5 arcmin and an effective white noise level of 1.0 uK-
arcmin, values that do not take into account foreground
cleaning.' We do not include atmospheric 1/f noise as it is
expected to be subdominant to instrument and kSZ con-
tributions at the relevant high multipoles of # > 4000. The
total CMB noise that enters Eq. (6) is then

C[ot CTT + CkSZ -reionization + CkSZ -late-time + N ( 1 1)

where C] 7 is the lensed CMB temperature power spectrum,
ChSZreionization g the reionization contribution to kSZ,
ChSZAaetime g the late-time (low-redshift) contribution to
kSZ and N, is the beam-deconvolved noise spectrum of
the foreground-cleaned CMB map,

N(#) = 52 exp (%). (12)

While we focus on CMB-S4, we will also forecast a
configuration with noise and beam oriented on the Simons
Observatory, with a beam FWHM of 1.5 arcmin and an
effective white noise level of 5.0 uK-arcmin, again not
taking into account foreground cleaning.

"This level of noise will not be achieved with CMB-S4 when
including realistic foreground contamination. Foreground
cleaned ILC noise curves for CMB-S4 are closer to 5.0 uK-
arcmin [33]. Forecasts with our method with official experimental
noise curves can be found in the CMB-S4 white paper [33], and
similarily for Simons Observatory in [31]. These are not very
different from the forecasts presented here as our method, for
these experiments, is limited mostly by the galaxy density and not
CMB noise.

IV. FISHER FORECAST SETUP

We now describe our Fisher forecast setup, including
the relevant systematics. We first discuss the simpler case
without mass binning of galaxies or halos, then make some
analytic approximations, and finally generalize to a mass
binned tracer.

A. Methodology

Our measured data are the modes (vy, 8] ), where the vy
are the modes coming from the kSZ velocity field
reconstruction and & are the modes of the galaxy survey
(assuming a single galaxy per halo). The signal and noise

covariance matrices are thus
Pzw th) N(k,/,t,z)—(Nb@ O >’
(13)

P vh P hh
where the noise covariance matrix is diagonal. The total
covariance is

C(k,pt,z) = S(k, pt, ) + N(k, p, ). (14)

S(k,p,z) = <

The Fisher matrix for a single redshift bin at z, is

3
F., :g/%Tr[C(k)ﬂC(k)—lc(k),,,c(krl] (15)

/ /1 2ﬂk2dkd,u

xTr[C(k’m,acw) ko) , Clkop) ] (16)

where we have taken into account the u angle dependence
induced by the kSZ reconstruction. An important character-
istic of the kSZ velocity reconstruction is the presence of
the kSZ optical depth degeneracy. This is the fact that
the overall normalization of the electron profile in a halo
is not known very precisely, and leads to an unknown
overall normalization of the measured velocity field.
Mathematically, in the kSZ bispectrum formalism [22], a
constant factor can be moved between P, and P, in the
squeezed limit bispectrum without changing its shape.
We take this into account by marginalizing over a free
normalization parameter of the velocity reconstruction b,
in addition to marginalizing over the halo bias. The relevant
power spectra become

2
Pk, z, 1) = (bh +fm%+fﬂ2> Pk, 2),

(17)
Pk, z,p) = <bUJ;CaH> <bh + e % +fﬂ2>
X Pk, z), (18)
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Pulkd) = (5 P 9

where we have also included redshift space distortions.
The noise power spectra are given for the velocity
reconstruction in Eq. (6) and for halos by the shot noise
Ny, = i with halo density 7,

We also consider photo-z errors. These can be imple-
mented for halos by a convolution of the halo density field
with a Gaussian kernel in radial direction. The halo noise
power is then

Ny (k, ) = (20)

w2 (k’ ﬂ) ny
where

W2(k,p) = e FWe*@/H Q) (21)
with redshift scattering ¢(z). The noise in the kSZ velocity
reconstruction due to photo-z errors is discussed in detail in
[22] and is also included in this forecast. We further assume
that the volume V limits the available largest modes in the
Fisher forecast as kpy, = 5 In our fy; forecast, we
marginalize over b, and b,. We have also experimented
with marginalizing over cosmological parameters, but
found that these do not significantly change the sensitivity,
as the f; distortion of the power spectrum is orthogonal to
changes induced by cosmological parameters.

B. Analytic approximation of the Fisher matrix

To gain some analytic insight into the expected behavior
of the signal-to-noise ratui, we analyze the diagonal fy;
term of the Fisher matrix, based on the analysis for the
lensing-galaxy cross-correlation in [5]. To simplify the
notation we work with modes e (k) = fa 7 v(k), and drop

the Kaiser redshift distortion term. The Fisher matrix from a
single k mode is

1
FfNLfNL (k"u) - z Z CabeL (k"u)(c_l)bc(k /’l)
abcede{m.g}
< () () (ko). 22)

Inserting the covariance matrix Eq. (14), one finds [5] that

1 Chfh th 2
F k.p) = NL 9,2 S
fNLfNL( M) 2(1 _ },.2)2 |:< Chh r th)

+2/2(1 = 1?) <(é+l) 2] (23)

where we defined the correlation coefficient

r(k,pu) = Coun(K) . (24)
Cmm (k’ ﬂ)chh (k)
From Eq. (17), for fiducial fy; = 0, we have

Chflj\’L ( ) _ th%Pmm

Chh b%lpmm +Nhh’

th ﬂ

.fNL f

k) = L. 25

In the limit P, > N, we find

_z-i(ﬁ_f)z 26)

1—r\b,a

FfNLfNL (k’ ﬂ)

which for r — 1 scales as (1 — r?)~! (as found for sample
variance cancellation in [4]), leading to a large decrease in
uncertainty on fy; as r approaches 1. Knowing r(k, u) we
can estimate the Fisher matrix as

max kzdkd,u
fNLfNL - / / fNLfNL(k ,U) (27)

In the case of a configuration with strong sample variance
cancellation (i.e., almost all information comes from the
cross-correlation), this approximation is almost exact. This
is the case for the baseline 2 experiment to be defined
below, while for the baseline 1 experiment with less sample
variance cancellation the estimate is about 15% too large
compared to the full answer given below.

To understand the behavior of the cross correlation
coefficient better, we can write it for b, ~ 1 as

Ninm Npw\ |~/
~ |1 1+— . 28
' |:< +Pmm>< +Phh>:| ( )

We see that even in the 11m1t mn 5 (), the best our method

mm

could possibly achieve, the correlation coefficient and thus
the sensitivity to fy, is limited by the halo shot noise. We
will plot the correlation coefficient below for different
experimental configurations, finding very encouraging
results. The importance of the correlation coefficient for
sample variance cancellation strongly suggests the power of
our method for f; determination.

C. Mass binned forecast (multitracers)

Where observationally feasible, sample variance cancel-
lation can also be achieved by mass binning galaxies (or
more precisely their host halos). This is because the halo
bias is a function of halo mass, and therefore by measuring
the same k-modes with different masses/biases one can
again cancel the stochastic mode amplitude. To explore the
influence of this effect, we provide a forecast assuming that
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this highly nontrivial procedure can be done perfectly.
The measured data is now the set of modes (vy 1. ..., Uk y.
Sty.....00y), ie., we measure a kSZ velocity recon-

struction and a halo distribution in each mass bin. In each
bin i the mean (number weighted) bias is given by

fMEbmz dM bh( )
fMEblnl dM dn

In addition each mass bin has its own free velocity
normalization b, ;, which corresponds to the kSZ optical
depth degeneracy discussed above. The signal covariance

matrix is now
S(k ) ( va th ) (30)
k) ,u9 Z) =
th Phh

by =

(29)

with
hh,z]( 9Znu)* h,1+fNLa<k Z)+fﬂ

(bhj +fNL (ﬁ +f:u )Pmm(k’z)’

k,z)
(31)
b
Poijlk,z, 1) = <#> <bhj + /e (i 2 + fu >
X Pk, 2), (32)

Pugthez) = (PR (20 k).

The noise power is

NUU O
N(k,p,z) = ( 0 N > (34)
hh

Here N, is given by the halo shot noise
i (35)

This Poisson term is the dominant halo noise term and the
only one we considered here (see [28] for a discussion of
corrections including off diagonal noise between mass
bins). The velocity reconstruction noise N, ;;(k,u) is
given as follows. First we define:

i(ks) Py (k)P (K
Alj—/dksks< g (S) g j( S) 99, j( S)) (36)
I=kgy

Poii(ks) Py (ks)C™

tot
where we have introduced the notation P, = Py, ;i +

Ny for the total (clustering + Poisson) galaxy power

spectrum, and P, ; for the electron-galaxy cross spectrum.
Then,

_2271;(* AU
K2 AyA;°

Nv'v,ij(k’ /’t) =H (37)
As a sanity check, for an auto-power spectrum (i = j), the
result is the same as before in Eq. (6).

V. FISHER FORECAST RESULTS

In this section we provide Fisher forecasts for different
experimental setups. In the first part, we analyze two
realistic baseline configurations for a single redshift bin
and without mass binning in detail. We then add redshift
binning, to obtain a realistic forecast for LSST. Finally we
investigate the influence of mass binning halos, where
sample variance cancellation already appears at the level of
galaxies alone, and the improvement factor is thus reduced.

A. Baseline forecast: Single 3d snapshot box,
no mass binning

To explore the parameter dependencies of our forecast,
we start with the two baseline experiments specified in
Table I. These baseline values were chosen to resemble
the experimental configuration of DESI and an SO-like
CMB experiment (baseline 1) and of LSST and CMB-S4
(baseline 2). For simplicity here we have used a single
three-dimensional box in our kSZ box formalism, where
the box has the size of the survey volume. Therefore the
forecast in this section ignores the time evolution of power
spectra and biases on the light cone, but retains the
unbinned red shift (or distance) information of the galaxies.
In the next section, we approximate light cone evolution by

TABLE 1. Baseline configuration of LSS and CMB experi-
ments. The values for baseline 1 are similar to those expected for
DESI and Simons Observatory. The values for baseline 2 are
similar to LSST and CMB-S4. Bias and survey volume were kept
identical for both baselines to stress the dependence on galaxy
density and photo-z errors. Here we only consider one 3-
dimensional redshift box. For the full redshift range of LSST,
including the whole survey volume with sky overlap with CMB-
S4, see below.

Baseline 1 Baseline 2

Survey volume V 100 Gpc? 100 Gpc?
Central redshift z 1.0 1.0
Galaxy density n, 2 x 107 Mpc™3 10~2 Mpc~?
Halo bias b, 1.6 1.6
Photo-z error o, e 0.06
CMB sensitivity 5 pK-arcmin 1 uK-arcmin
CMB resolution 1.5° 1.5°
. 6.0 53

fNL
O_kSZ+gal 33 0.7

gal / kSZ+gal 1.8 7.8

fNL fNL
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FIG. 3.

1071 4
- ]
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& .
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S 1072 4 = baseline 2
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I
—
1073 A

1073
k [Mpc]~?!

Left: sensitivity o,, as a function of k., for baseline 2. On the lower end, k is cut off by the size of the volume. The plot

illustrates which scales contribute most to the signal. Right: correlation coefficient of velocity and galaxy modes for 4 = 1 modes, for
both baseline configurations. The influence of photo-z errors in baseline 2 is clearly visible at high k.

using a sequence of boxes of the appropriate volume for a
series of redshift bins along the light cone. A precise
treatment of light cone evolution would require using
spherical coordinates and is postponed to future work.
For the baseline 1 experiments, we forecast a combined

constraint chff-i_gal = 3.3, an improvement factor of 1.8 with

respect to the galaxy value aj‘i'fvlL = 6.0. For the baseline 2

experiments we find a;ff”gal = 0.7 and affllvlL = 5.3 with an

improvement factor of 7.8. Note that this large improve-
ment factor is reduced when considering all redshifts or
considering mass binning below. For comparison, without

photo-z errors, for baseline 2, we find a?i?gal = 0.6. The

forecasts shows that the kSZ method benefits strongly from
a high number density, and is not very sensitive to photo-z
errors.

To explore which scales contribute most to the signal,
we plot oy, as a function of ky, in Fig. 3 (left). The plot

—— Galaxies + kSZ
10! 4 —— Galaxies
S
100 E
107> 1074 103 1072 1071

ngal [MDC_3]

shows where the effect of kSZ sample variance cancellation
kicks in, around k = 0.01 Mpc~!. We also plot the corre-
lation coefficient for radial modes in Fig. 3 (right). As we
have seen, the improvement factor due to sample variance
cancellation depends on the correlation coefficient as
(1 —Corr?)~'/2. For example, for modes where Corr =
0.999 this gives an improvement factor of 22 for these
modes. This explains the high gain due to kSZ in the
baseline 2 configuration. We further examine the depend-
ence of 64, on the galaxy density in Fig. 4 and on the CMB
experimental data in Fig. 5. For these plots we have used
baseline 2 as our starting configuration, and then varied
only the one parameter on the x axis, keeping all other
parameters constant. It is clear that the most critical
parameter is the galaxy density. For galaxies alone we
quickly enter the cosmic variance limit, so the f; signal
levels off with respect to galaxy density (Fig. 4). This
would be different if we were to mass bin galaxies and get

10* 3
o« 1/Ngal
100 M
3 10—1 -
=2
1072 4
1073 4
1073 10~ 1073 1072 107!

ngal [MDC_3]

FIG. 4. Left: sensitivity o, , as a function of galaxy density ng, for baseline 2. Galaxy density is a critical parameter for our method, in
particular because increasing it improves the shot noise of the galaxy mode for sample variance cancellation. For clarity in this plot we
have kept the bias constant; however, of course highly biased galaxies are limited in number. Right: velocity reconstruction noise N, as
a function of galaxy density ng, for baseline 2. This illustrates that for baseline 2 the galaxy density is so large that with CMB-54 noise
levels we are close to signal-to-noise saturation of the velocity reconstruction as a function of 7.
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—— Galaxies + kSZ
100 4
9x 1071
& 8x 1071
7 x 1071
6x 1071
1071 100 10!
CMB noise [uK-arcmin]
—— Galaxies + kSZ
100 4
S
6x 1071

1071 100
CMB beam [arcmin]

1071 E

NVV

1072 E

1071 100 10!
CMB noise [uK-arcmin]

10° E

1071 4

NVV

1072 3

1071 100
CMB beam [arcmin]

FIG. 5. Top: sensitivity oy, (left) and velocity reconstruction noise N, (right) as a function of CMB noise for baseline 2. Bottom:
sensitivity 6, (left) and velocity reconstruction noise N,,, (right) as a function of CMB beam for baseline 2. For the f); measurement
the CMB noise parameters are less critical than the galaxy density, as long as they suffice to get a velocity reconstruction from the CMB,

in which case the velocity reconstruction becomes quickly superior to the shot noise limited galaxy mode measurement.

sample variance cancellation from galaxies alone, as we
show below in Sec. V C.

We also quantified how much information on f; can be
obtained without the galaxy auto correlation function. This
is important because calibration errors can make the galaxy
auto correlation function unreliable on large scales. To
implement this, we marginalize over an additional term of
form y/k* in the galaxy auto power, where y is a free
parameter, which completely removes any information on
fnr from the galaxy auto power in the forecast. For
baseline 1 the forecasted 6, increases by only 0.5 percent,
and for baseline 2 even by only 0.1 percent. This may seem
surprising, especially for baseline 1 where the improvement
factor due to sample variance cancellation is moderate,
because the galaxy auto power spectrum also includes
transverse modes which are not measurable with kSZ
tomography. However, due to the extremely low noise in
the kSZ velocity field, only a small subset of modes is so
transverse that the kSZ velocity noise term o =2 is near
or above the galaxy shot noise. In summary, our method
allows one to obtain excellent f,; constraints without
using the galaxy auto correlation function.

B. Redshift evolution for LSST

We now extend the forecast to cover the entire redshift
range of LSST, combined with the CMB-S4 mission.
Number densities, biases and photo-z errors are as specified
in Sec. [II B for LSST. The bin volumes are chosen so that
they include the expected sky overlap of LSST and CMB-
S4 (fgy = 0.3). To take into account redshift dependen-
cies, we have divided the available redshift range 0 < z < 3
in five bins, each of which we treat as a three-dimensional
box with the corresponding cosmological volume. The
binning parameters are given in Table II.

TABLE II. Redshift binning and survey parameters for the
LSST forecast.

Bin zpin Zma Halo bias b, Galaxy density n, Volume V
1 0 0.4 1.05 0.05 Mpc~3 5.2 Gpc?
2 04 1.0 1.37 0.02 Mpc~? 43.6 Gpc®
3 10 1.6 1.79 0.006 Mpc—3 75.9 Gpc?
4 1.6 22 2.22 0.0015 Mpc™  89.3 Gpc?
5 22 3.0 2.74 0.0003 Mpc™  119.9 Gpc?
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z

FIG. 6. Constraints o, (left) and improvement factor (right) as a function of redshift bin (per bin, not cumulative). The total
combined sensitivity for kSZ + galaxies is 67, = 0.45, an improvement by a factor of 3.00 with respect to the galaxies alone with
oy, = 1.35. The plot includes LSST gold sample galaxy density, biases and photo-z’s, and CMB-54 noise levels.

The Fisher matrix is assumed to be a sum of independent
bins of form

Fot =) Fu, (38)

where Fj. is the Fisher matrix in each redshift bin and
each redshift bin is assumed to have an independent bias
b, and velocity normalization b, to take into account their
unknown redshift dependence. One may ask if the approxi-
mation of independent redshift bins is sufficient, as the largest
scales contribute significantly to the signal as illustrated in
Fig. 3. This is indeed the case. Schematically the Fisher matrix
is the product of the volume and the k-integral, where the
volume also limits kp;,. The scaling of the volume is V o k3.
and outruns the scaling ~k_! (see Fig. 3) of the k-integral in
the Fisher matrix on large scales. For this reason, splitting
the cosmological volume in a few large independent redshift
bins, as we do here, is a reasonable approximation for the
total signal-to-noise ratio that can be achieved.

With this approximation we find the results shown in
Fig. 6. For galaxies, we find that the largest redshift gives the
largest signal, which is due to the fact that both the biases
and the volumes (for our sampling) grow with z, while
the falling number densities are not important because we
are in the sample variance limited regime. In the case of
galaxies + kSZ, there is a competition between the growing
biases and volumes and the falling number densities, which
are important for sample variance cancellation here. For the
total significance of all five bins together we find that for
galaxies + kSZ o, = 0.45, an improvement of a factor of
3.0 with respect to galaxies alone. This results in a potential
two sigma exclusion of the multifield limit.

C. Mass binning (multitracer forecast)

As explained above, one can improve f; measurements
by mass binning galaxies (if accurate masses are available)

and thus obtain sample variance cancellation from galaxies
alone. Here we forecast combined constraints when using
sample variance cancellation both from mass binning and
from kSZ. Here we assume abundance matching (one
galaxy in each halo) also for small-scale power spectra,
to avoid mass binning the HOD. This should not change the
results qualitatively.

Our f; forecast results are shown in Fig. 7, where on
the x axis from the right to the left we continuously add
lower mass bins. The mass binning was chosen tight
enough so that further binning would not lead to better
constraints. For galaxies without kSZ we recover the
multitracer forecast results of [28]. In particular the sample
variance plateau is visible around Mo = 10'3 M, where
we are limited by cosmic variance but the number densities
are not yet large enough for effective sample variance
cancellation. For mass cuts in this range, adding kSZ
information provides about a factor of 2 improvement in
sensitivity. Interestingly, around M"l° = 10! M, the kSZ
method provides almost no extra information. This is
exactly the halo mass where the halo bias is 1. The reason
for the convergence of the two curves around » = 1 can be
understood as follows. The kSZ velocity field provides a
very low noise measurement of each mode at b =1 for
sample variance cancellation. The f; information comes
from ‘“comparing” biased galaxy modes with this b =1
reference mode. Galaxy modes that contribute significantly
have a bias substantially higher than 1, with a much larger
shot noise than the reference mode. Getting the b = 1
reference mode from either galaxies or kSZ does not
change the signal to noise by much as it is dominated
by the higher shot noise of the biased mode [compare the
crucial correlation coefficient in Eq. (28)]. Another inter-
esting behavior of the mass binned plot is that for halo
masses smaller than M"° = 10! M, the kSZ velocity
field starts to add information again and scales more
favorably than the galaxies alone with respect to MMl

min *
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FIG.7. Left: constraints o4, for galaxies and for galaxies + kSZ as a function of MP3° in a multitracer analysis. From left to right on

min

the x axis, each new dot removes one low mass bin from the forecast. For this analysis we used a survey with survey volume 100 Gpc?

and central redshift z, = 1. This forecast uses the halo model number densities n,, biases b, and power spectra P

improvement factor due to adding the kSZ information.

The reason is again that the kSZ provides an almost noise
free measurement of the mode at b = 1, with which the
b < 1 galaxy modes can be compared for sample variance
cancellation. Unfortunately this regime will be difficult to
exploit in practice, as such halo masses are well below the
power of upcoming experiments.

VI. CONCLUSIONS

Kinetic Sunyaev Zel’dovich tomography with its
reconstruction of large-scale velocities [18,22] is a power-
ful new probe for cosmology, that will be accessible with
the next generation of CMB and large-scale structure
experiments. In particular, cross-correlating the velocity
field with a galaxy survey leads to sample variance
cancellation in the measurement of the galaxy bias and
other quantities. In this paper we have worked out in detail
how this method can be used to improve constraints on
fnr- An application of the same method to constrain
additional sources of scale dependence in the galaxy bias
and growth rate from massive neutrinos, dark energy
perturbations or modified gravity is left for future work.

The statistical power of our method arises from the low
noise of the velocity reconstruction and thus the high
correlation coefficient r that can exceed 99% for a dense
survey like LSST. For LSST and CMB-S4 combined we
find that one can reach o, ~0.5, a potential two sigma
exclusion of the multifield bound, and an improvement
factor of about a factor of 3 with respect to the galaxy
survey alone (assuming no internal sample variance can-
cellation of galaxies). This forecast includes marginaliza-
tion over all relevant parameters and realistic photo-z
errors, but neglects catastrophic redshift errors. If one
can mass bin galaxies, the improvement factor strongly
depends on the biases and densities of the mass binned
galaxies, but a simplified forecast using halos shows that a

99> Pge- Right:

factor of 2 improvement is still realistic in a relevant range
of halo masses. Our method is important, as we obtain
significant sensitivity improvements on the f; parameter,
which come at no additional experimental costs, with
respect to constraints from the CMB and galaxy surveys
by themselves. Constraining local non-Gaussianities below
the multifield inflation threshold is one of the key science
motivations for upcoming large-scale galaxy surveys, and
kSZ tomography helps significantly to achieve this goal.
In this paper we have used a simplified 3-dimensional
box geometry, which was ideal to illustrate the power and
properties of the method without evaluating complicated
geometric projection integrals. A fully realistic treatment
requires spherical coordinates and will appear in [34], in a
combined analysis also including CMB lensing for addi-
tional sample variance cancellation from transverse modes
as in [5]. We will also investigate the contribution of the
primary CMB and ISW effects on the “effective velocity”
discussed in [16]. Another interesting direction would be
to include marginalization over parameters of the electron
profile entering in P, although we do not expect the fy,
forecast to depend on this significantly. Furthermore, a
straightforward extension of this work can provide con-
straints on higher-order non-Gaussianities such as the gy
model [35]. Finally the simple quadratic estimator for kSZ
velocity reconstruction may suffer from shortcomings due to
the highly nonlinear matter field at small scales in a similar
way as the quadratic lensing potential estimator from the
CMB, which warrants further investigation. We believe that
kSZ tomography will be an important component to push
[z constraints below the theoretical target of fy; ~ 1.
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APPENDIX: HALO MODEL POWER SPECTRA

In this Appendix we collect the mass binned halo model
equations used in our forecast. The halo mass function
and HOD which we use are described in Appendix B
of [22]. The mass binned halo power spectra for mass bins
i and j are

Poyij(k. 2) = 8Py (k. 2) + Py

Plh

99,1

n

i,min g.i

Pﬁg,ij(k’ z) = P™(k, z) [/ " dmn(m, 2)by(m., 2)

M; min

- U " dmn(m, 2)by(m. 2)

Jj.min

with galaxy density

and galaxy bias

Punij(k,z) = 8Py (k. 2) + Ppp (k. 2), (A1)
1h 1
Phh,i(k’ 7) = ) (A2)
My
P%lt,ij(k’ z7) = bh,i(z)bh,j(Z)Plin(k’Z)’ (A3)

where the 1-halo term only arises for the diagonal case
i = j (all mass bins are defined nonoverlapping). Here we
have defined the mean halo bias in the bin

bis(z) = ni‘,- / " .y (n.2) - (Ad)
and the mass binned halo number density
mie) = [ dmnon.2) (A3)
The mass binned power spectra for galaxies are
Pl bk (A6)
ng,i Z)
(k.z) = /m dmn(n;’ g 2N (m)Ns(m)) |uy (K|m. 2)| + (N (m) (N, (m) = 1) u;(k|lm. 2)]”]. (A7)
) + o) (a8)
(Ne(m)) + <1\7/ls(@>us(k|m, Z)} (A9)
@) = [ (i, ) (N ) + (N, o) (A10)
dmn(m, 2)by,(m. 2) (N (m)) + (Ny(m))). (A1)

b ( ) 1 /mi,max
» ng~i M min

For our fiducial model, we assume that the normalized fourier transform of the satellite galaxy profile u,(k|m, z) is Navarro-
Frenk-White, tracing the dark matter. We also need the mass binned cross power of halos and galaxies with electrons to

calculate N,,. For halos we obtain

U

Py i(k.2) = Pit (k.z) + Pit (k. 2),

1h M; max
Phe,i(k’ Z) - /
m

i,min

dmn(m, z) <p

(A12)

1
)ue(k|m,z) —

h.i

m

(A13)

m
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(e8]

P2 (K 2) = PR(K)b,(2) { /

—0o0

For the galaxy-electron cross power we get

Pge_at'(k7 Z) = Plh‘

Plh

m

P32 (k,z) = P (k) [/ " dmn(m, 2)by(m. z)

i,min

ik 2) = / o dmn(m, z) <ﬂ> u,(klm, z) : ,

dmn(m, z) (%) by(m, z)u,(klm,z)|. (A14)
ge,l(k’ Z) + P%}?,i(k’ Z)’ (AIS)
(e + N i) "

(Ne(m)) + (Ny(m))ug(k|m, z)
(A17)

X {/_m dmn(m, z7) (?) by(m, z)u,(klm,z)|.

o m

The normalized fourier transform of the electron distribution in halos u,(k|m, z) is given by the “AGN” model of Ref. [22].
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