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We measure the three-dimensional cross-power spectrum of galaxy density and intrinsic alignment (IA)
fields for the first time from the spectroscopic and imaging data of SDSS-III BOSS galaxies, for each of the
four samples in the redshift range 0.2 < z < 0.75. In the measurement we use the power-spectrum
estimator, developed in our previous work, to take into account the line-of-sight dependent projection of
galaxy shapes onto the sky coordinate and the E/B-mode decomposition of the spin-2 shape field. Our
method achieves a significant detection of the £E-mode power spectrum with the total signal-to-noise ratio
comparable with that of the quadrupole moment of the galaxy density power spectrum, while the measured
B-mode power spectra are consistent with a null signal to within the statistical errors for all the galaxy
samples. We also show that, compared to the previous results based on the two-dimensional projected
correlation function, our method improves the precision of the linear shape bias parameter estimation by up
to a factor of two thanks to the three-dimensional information. By performing a joint analysis of the galaxy
density and IA power spectra in the linear regime, we constrain the isotropic and anisotropic local
primordial non-Gaussianities (PNGs) parameters, f3;° and f3;2, simultaneously, where the two types of
PNGs induce characteristic scale-dependent biases at very large scales in the density and IA power spectra,
respectively. We do not find any significant detection for both PNGs; the constraints fsN?_O = 571’238 and

5=2 _ _g7+285

= 560 (68% credible interval), respectively. Our method paves the way for using the IA power
spectrum as a cosmological probe for current and future galaxy surveys.
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I. INTRODUCTION

The A Cold Dark Matter (ACDM) model has established
as the standard cosmological model to describe various
cosmological datasets such as cosmic microwave background
radiation (CMB) e.g., [1-3], type-la supernovae e.g., [4], and
large-scale structure (LSS) probes e.g., [5—10]. In the standard
ACDM scenario, the primordial perturbations, which seeded
cosmic structure formation, are assumed to follow an adia-
batic, Gaussian and nearly scale-invariant perturbations as
predicted by standard (single-field, slow-roll) inflationary
cosmology [11-13] (see also Ref. [14]). Statistical properties
of such a Gaussian field are completely described by its power
spectrum (or two-point correlation function).

Hence, an exploration of primordial non-Gaussianity
(PNG), which refers to any deviation from Gaussianity of
the primordial perturbations, is a crucial test of the standard
cosmological model. If any PNG is detected at a significant
level, it would give a transformative advance in our
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understanding of the nature of physical processes involved
in the generation of primordial perturbations in the early
Universe (see e.g., [11,15,16]). In particular, the so-called
local PNG, which has large amplitudes in the squeezed
configuration of the bispectrum, has been well-studied in
the literature [17]. Any detection of f1¢, a parameter to
characterize local PNG, would rule out single-field infla-
tion e.g., [11,15,18-20] and thus detection or improved
limits on £19¢% would give crucial information on the nature
of multifield inflation e.g., [21-29]. The CMB bispectrum
has been used to obtain tight constraints on local PNG e.g.,
[1,30-33]. After the pioneer work in Ref. [34], which found
that local PNG induces characteristic scale-dependent
modulation in the linear bias of LSS tracers such as
galaxies and quasars, the LSS datasets have also been
used to constrain f1o¢4 e.g., [35-43] (see also [44,45] for
the recent constraint further using the galaxy bispectrum).

As a generalization of local PNG, one can consider
anisotropic or directional-dependent local PNG with addi-
tional angular dependence in the primordial bispectrum
expanded in terms of the Legendre polynomials [46].

© 2023 American Physical Society
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The usual local PNG corresponds to the isotropic or
monopole component of this generalized bispectrum.
Several inflationary scenarios predict generation of the
anisotropic local PNG; the solid inflation e.g., [47-51], the
existence of gauge vector fields e.g., [52—-54], primordial
magnetic field e.g., [55,56] (also see [46] for a review), and
higher-spin fields e.g., [57-59]. Such dipolar and quad-
rupolar PNGs have been constrained by the Planck CMB
bispectrum [32,33].

As predicted by Ref. [60], in analogy with isotropic local
PNG, anisotropic local PNG induces a quadrupolar modu-
lation in the local power of short-mode matter fluctuations,
i.e., induces a coupling between the local tidal field and the
long-wavelength tidal field. The LSS tidal field can be
probed via “intrinsic” galaxy shapes, more precisely by
measuring large-scale correlations of galaxy shapes with
the surrounding tidal field of LSS—the so-called intrinsic
alignments (IA) e.g., [61-63]. Hence one can realize
an importance consequence of such anisotropic local
PNG; in a very similar way to the effect of isotropic local
PNG on galaxy density field, anisotropic local PNG
induces a scale-dependent bias of the large-scale tidal field
traced by intrinsic galaxy shapes on very large scales (see
also [60,64-67]).

The IA effect has been mainly considered as one of the
most important systematic effects in weak lensing cosmol-
ogy [68] (also see [69-72] for reviews). In contrast there
has been increasing interest in the use of the IA effect as a
cosmological probe e.g., [60,64,65,67,73-85] (see [86] for
the recent, actual cosmological application). While stan-
dard cosmology analysis of galaxy clustering is done
treating galaxies as “point” distribution, where the galaxy
density field is a scalar field, the galaxy shape field carries
information on vector and tensor perturbations of LSS in
addition to scalar perturbations [78,87]. Hence, the IA
cosmology can open up a new direction, or at least play a
complementary role to the standard density analysis, for
cosmology.

Hence the purpose of this paper is to constrain the
anisotropic local PNG from measurements of the IA power
spectrum from the spectroscopic and imaging SDSS galaxy
catalogs. To do this, we use the power-spectrum measure-
ment method, developed in our previous work [87], to take
into account the line-of-sight dependent projection of
galaxy shapes onto the sky coordinate and the E/B-mode
decomposition of the spin-2 galaxy shape field. Compared
to the two-dimensional (projected) correlation function that
has been commonly used in previous works [88-97], our
power spectrum analysis enables one to extract the full
information of TA effects at a two-point statistics level;
however, see [86,98] for the use of 3D IA correlation
functions. For the model template used in parameter
inference, we employ the linear alignment model [68],
including the survey window convolution [87], integral
constraint (IC), and weak lensing contamination. For the

covariance matrix that describes statistical errors of the IA
power spectrum, we use an analytic method by extending
the method for the covariance matrix of galaxy density
power spectrum [99]. By performing joint likelihood
analyses of the measured galaxy clustering and IA power
spectra, we will estimate the linear shape bias (Aj,) and
obtain constraints on the amplitudes of the isotropic and
anisotropic (quadrupolar) local PNGs. Our work using the
IA effect as a PNG probe is the first of its kind to be
performed for the actual galaxy survey dataset.

The structure of this paper is as follows. In Sec. II, we
describe the galaxy samples constructed from the SDSS-III
BOSS catalog. In Sec. III, we describe the method to
measure the galaxy and IA power spectra. In Sec. IV, we
first describe the theoretical template based on the linear-
alignment model with local PNGs including observational
effects such as the window convolution, the IC, and weak
lensing contamination. Next we describe an analytic
method to compute the covariance of the IA power
spectrum derived in this work, and then describe the
parameters and priors used in the likelihood analysis. In
Sec. V, we show the measured IA power spectrum and
constraints on the local PNG parameters. We will give our
conclusions in Sec. VL.

Throughout this paper, we use the following abbreviations:

=] =

We also use notations for the Fourier and inverse Fourier
transforms as

sk = [ fmern )= [ fagen.

We quote the mode of 1D posterior for the central value of a
parameter and the 68% credible interval for the parameter
uncertainties, unless otherwise stated.

II. DATA
A. Density sample

We use the publicly available large-scale structure
catalog of SDSS-III BOSS data release 12 (DR12), named
CMASSLOWZTOT galaxy sample,1 provided by Ref. [100].
We call this sample as the density sample throughout this
work. In our analysis, we divide the full sample into two
redshift bins, “low-z” (0.2 <z <0.5) and “high-z”
(0.5 < z<0.75) for each disjoint footprint, Northern
Galactic Cap (NGC) and Southern Galactic Cap (SGC),
following previous galaxy power spectrum analyses e.g.,
[8-10,101]. Thus, we simultaneously analyze the four
nonoverlapping data chunks in this work. To remove

1https://data.sdss.org/sas/dr1 2/boss/1ss/.
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TABLE L. Basic characteristics of our density (as denoted by subscript “g”) and shape (“y”’) samples in each disjoint region. We list the
effective redshift (z.f), the unweighted and weighted numbers of galaxies (N and N;,), and the ratio of the weighted galaxy number to

random particle number () for both samples f € {g, y}. We also show the rms of shear of galaxies defined in Eq. (6) for shape samples.

Density (g) Shape (y)
Sample Zeff N, Ny ay N, N, a, o,
NGC low-z 038 429182 445261 0.0206 290328 299697 0.0241 0.1626
SGC low-z ’ 174819 182677 0.0212 56301 58358 0.0330 0.1666
NGC high-z 061 435741 467502 0.0205 273573 291536 0.0241 0.1780
SGC high-z ’ 158262 169907 0.0212 49744 52021 0.0323 0.1806

observational, apparent fluctuations and obtain unbiased
estimates of the galaxy density field, each galaxy in the
BOSS catalog is assigned the total incompleteness weight,

(1)

where Wy = Wy Weee 18 the angular systematic weight
defined as the product of the stellar-density and seeing
weights, and wy, and w, are the nearest neighbor weights
responsible for fiber collision and redshift failure, respec-
tively [100,102,103]. Using this weight, we define the

. . N,
weighted number of galaxies as Ny = > J.% w,; where N,

is the unweighted number of galaxies. In addition, we adopt
the so-called FKP weight [104],

We,i = Wsys.i(wfc,i + Wi — 1)’

1

[EEACEY )

WEKP.g (z) =

where 71, = w1, is the weighted number density of the

density sample with P, = 10* (h=! Mpc)?, which has been
commonly used in the standard cosmological analysis of
the galaxy spectrum e.g., [101]. Using these weights, we
define the effective redshift for each sample as

Ng
_ D it We iWFKP.iZi
Zeff = N, )
Zi:l We iWFKP,i

(3)

and use this value to compute the model prediction of
power spectrum in our analysis.

For the random particles, we use the random catalog file,
named randomoO, corresponding to the CMASSLOWZTOT
sample, which includes 50 times larger number of particles
than that of galaxies in order to represent the redshift and
angular distributions of the data. We call it the density
randoms.

In Table I, we summarize the properties of our samples.

B. Shape sample

To measure the three-dimensional intrinsic alignment
(IA) power spectrum, we need information on shape for
each galaxy in addition to the spectroscopic redshift. In this
work, we utilize the shape catalog of SDSS galaxies created

and validated in Refs. [105-107]. By cross-matching the
shape catalog with the CMASSLOWZTOT catalog, we define
our shape sample that is a subsample of the density sample,
where each galaxy has spectroscopic redshift and the
precisely measured ellipticities. After this selection, 67.3
(62.4) percent of galaxies survive for NGC low-z (high-z)
shape sample, whereas 31.9 (30.6) percent for SGC low-z
(high-z) shape sample. Note that the significant degradation
of the number of available galaxies in the SGC shape
sample is mainly due to the r-band magnitude cut due to the
galactic extinction [see Ref. [105], for details]. To assign
the weighted mean number density for each galaxy in the
shape sample, we first compute the averaged redshift
distribution of the two samples, pg,y(z), and then use the
ratio to assign 7, ; =i, ; X p,(z;)/pg(z;) where fiy; =
fy(z;) to the ith galaxy in the shape sample. Notice that
we use the same incompleteness weight w, even for the
shape sample assuming that the shape measurement failure
is independent of the other systematics included in Eq. (1).

Figure 1 shows the angular and redshift distributions of
the density and shape samples used in our analysis. Since
there are nonuniform differences between the distributions
of two samples, we need to generate a random catalog that
properly mimics the three-dimensional distribution of the
shape sample, and will then use the random catalog to
compute window convolutions and covariance estimates of
the TA power spectrum as we will describe later in detail.
With the definition of our shape sample in mind, we define
the shape randoms from a subsample of the density
randoms using the acceptance-rejection method as follows.
To address the angular distribution, we first assign each
galaxy in both the density and shape samples to the equal-
area pixels on the sky using HEALPix code® [108] with
Ng4o = 64, and compute the ratio between the number

counts of the two samples for each pixel “p™:

N Nq

Fp =D i pixp Weil Dicpixp Wei- After that we perform

the same assignment for the density randoms, denoting
. Nig

the number counts of each pixel as N, , = >, 21, 1, and

then randomly sample r,N, , particles from the whole N, ,

particles. The resultant random sample reproduces the

*http://healpix.sourceforge.net/.
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FIG. 1. The angular distribution (top) and redshift distribution (bottom) of SDSS-III BOSS DR12 galaxy sample in the NGC (left

column) and SGC (right). The density sample (blue dots/lines) is constructed from the large-scale structure CMASS + LOWZ
combined catalog, and we overplot the shape sample (orange) which is a subsample of the density sample that is obtained by making a
cross-matching with the shape catalog constructed from the imaging data. To compute the weighted number density in the bottom

panels, we assume flat ACDM cosmology with Q = 0.31.

angular distribution of the shape sample, but still obeys
Pe(z), not p,(z), in the redshift direction. Thus, to next
obtain the sample drawn from the desired distribution
p,(z), we further perform the rejection sampling so that
the particles in the resultant sample reproduce the redshift
distribution of the shape sample, p,(z). In this way we
obtain the random sample, i.e., shape randoms, for the
galaxy shape sample.

III. ESTIMATORS
A. Density/shape fields

To perform the Fourier space analysis using FFT
algorithm, we define the grid-based galaxy density field
and galaxy shape field. We use the three-dimensional
comoving box centered at the observer with Ly, =
3750 h~'Mpc on a side, which entirely covers the survey
volume for each of the four samples, i.e., the low-z/high-z
samples in the NGC/SGC field. We determine the number
of grids such that the Nyquist frequency satisfies
kny = 1 hMpc™, ie., Ny;y = 11937, By assigning galaxies
and randoms in the density sample to grid points using the
cloud-in-cell (CIC) interpolation scheme [109], we make
the weighted galaxy density field as

Fy(x) = wip g (%) [ (%) = agre (%)), (4)

where ng and n, , are the weighted number density field of
the density sample and randoms, respectively, and a, =
Ng/N,, is the ratio of the weighted number of galaxies
and randoms. We adopt flat ACDM cosmology with
Q. =0.31, as a reference cosmology, to convert the
angular position and the redshift of galaxy to the comoving
coordinates throughout this paper.
Similarly, we construct the galaxy shape field as

F,(x) = wep, (x)n}, ()7 (%), (5)

where we adopt a complex representation for the shear of
galaxy shapes, y = y; + iy,. The shear is estimated from
the measured ellipticities (e}, e,) via the shear responsivity
R=1-¢ek, [110],

1
(7/19 }/2) = ﬁ (61, 62)’ (6)
where e, is the rms ellipticity of intrinsic shapes of
galaxies in the shape sample. The indices 1 and 2
correspond to the ellipticity that has major axes along
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the directions of coordinate axes (RA, DEC) and the
directions rotated by 45° from coordinate axes, respectively.
According to Ref. [93], we set R = 0.87. n’y = wcn, is the
weighted number density of the shape sample. We also use
a weight for each galaxy in the shape sample,

1
o: + ), (2) P’

(7)

WEKP,y (z) =

where ¢, is the rms intrinsic ellipticity of galaxy shapes in
terms of y that is computed from e, taking into account
the shear responsivity above. This weight can be derived for
the IA power spectrum estimation by employing the same
assumption as that in Ref. [104] for the density power
spectrum estimation, wggp ,, Which was designed to min-
imize the statistical errors in the power spectrum meas-
urement balancing sample variance and shot noise
contributions. Hence, we call wggp, as “FKP” weight
for A power spectrum here.” We set Pi* = 1 (h~! Mpc)?
taking into account a typical amplitude of the monopole TA
autospectrum.

Note that we do not use further weights such as the inverse-
variance weight considering both e, and the shape meas-
urement error for each galaxy, 6,; wiy; = (€fys + 02;)7",
which is often used in the weak lensing analysis. Galaxies in
the shape sample, after matching with the spectroscopic
density sample, tend to be brighter than typical galaxies in the
original catalog based on the imaging data, so the shape
measurement error is small and the shape weight is effec-
tively uniform over the entire shape sample [93,98].

Also notice that we do not perform any subtraction with
the shape randoms (n,,) when making the shape field
unlike the density field because the isotropic condition,

y = Z?’Z’l Y/ N, =0, holds well for the average of all
galaxy shapes in each shape sample (low-z or high-z in the
NGC or SGC field). Nevertheless, we will use it to compute
the normalization factor (see below).

B. Power spectrum estimators

For the autopower spectrum of the galaxy density field,
we employ the local plane-parallel (LPP) estimator, so-
called Yamamoto estimator [111], with the endpoint
approximation [112-114],

JExactly speaking, Eq. (7) becomes an optimal weight when we
use only IA autopower spectrum in the analysis, i.e., in absence of
galaxy clustering signal, since it only balances the shape noise and
the diagonal component of IA autocovariance. If we analyze galaxy
clustering and IA simultaneously, there is a non-negligible cross-
covariance term and then optimal weights should be different even
for the density sample in general. Nevertheless since the FKP
weight for the density sample [Eq. (2)] has already been well-
established in the literature of galaxy clustering analyses, in this
work we keep Eq. (2) unchanged for consistency with previous
works and use Eq. (7) for the shape sample although it becomes a
suboptimal choice for our joint analysis.

where

FO (k) = / Fo(x)e ™ C k%), (9)

and we have introduced an abbreviated notation for the
binned average over the bth spherical shell,

AzNika, 6= [ K (o)

€binb

with N, is the number of Fourier modes within the bth bin.
In this work we employ the linearly equal spacing from 0O to
0.25 hMpc~! with 50 bins, i.e., Ak = 0.005 A-Mpc~'. We
have also introduced notation for the normalization con-
stant and window function,

I(lﬁ = / W?I(X)W[fl(x)’
with
W) = 7wl ()

where a, f€{g,y} is the label of the galaxy density or
shape field, 7 is the mean number density,and w, =
w.wegp 18 the total weight for each galaxy. In practice,
we compute it by taking the r — O limit of the window-
autocorrelation function monopole Q,(r) estimated by the
random catalog (see Sec. IVA2 for details about the
window function) as suggested in Ref. [115], not by
replacing the integral, [ 7/(x)---, with the summation

over the random particles, o 27;1 - -. We employ the FFT-
based method proposed in Refs. [112,113] to efficiently
compute Eq. (9) by decomposing the Legendre polyno-
mials into the sum of the products of X and k. We calculate
the Poisson noise S in the monopole moment that arises
from the discrete nature of galaxies and randoms,

Ng Nrg
_ 2 2 2 2
S= E W2 Wikpgi + O3 E :WFKP,g,i' (11)
p) p

For the IA-galaxy cross-power spectrum, we measure
the multipole moments in terms of the associated Legendre
polynomials, £?=2(L >2), by using the LPP power
spectrum estimator for IA recently developed in
Ref. [87]. This choice is convenient when both measuring
the power spectrum multipoles and evaluating the window
convolution on the theoretical model with FFT-based
implementations. The estimator is given by
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A () 2L+1(L—2)!/ (L) o g
Py (ky) = 7o [ (R)F (k). (12)
e Le (L+2) )k, ’ ¢

where

FP k)= [ Fy(x)e s em®xLn=2(k .§)

X

= M Fy(x)Zejfj(ﬁ)e‘ik'XZ’L”2(12-72)} kik;.  (13)

e~ 2%k is the phase factor that is needed to rotate the shape
field on the plane perpendicular to the LOS direction X in
Fourier space and to obtain the coordinate-independent
quantities, i.e., £ and B modes. In the second line we have
used the definition, e %is = 2e,(2)k;k;/(1 - (k - %)?),
with the complex conjugate of the polarization tensor ej;.
Here we have also defined the scaled associated Legendre
polynomials with the projection factor 1 — u2, LJ'=2(u) =
L7=2(u)/(1 — u?). Since Eq. (13) also takes the form of
products of % and k, we can compute it by using FFTs as in
the density case [Eq. (9)]. Note that although there is no
shot noise or shape noise terms in the estimated [A-galaxy
cross spectrum due to the isotropy (y) = 0, we will see that
its statistical errors are dominated by these noise terms in
Sec. IV B.

IV. ANALYSIS METHOD

In this section we describe theoretical templates to model
the multipole moments of density autopower spectrum and
density-IA cross-power spectrum that we use for the
cosmological analysis, and describe details of the cosmol-
ogy inference method.

A. Model

1. Linear theory with local PNGs

For the theoretical templates, we employ the linear
theory based model due to the following reasons: (i) The
linear theory of structure formation gives an accurate model
that can be safely applied to any clustering observable, at
least in k bins in the linear regime; (ii) There is no well-
validated model of the IA power spectrum including the
effect of redshift space distortion (RSD) effect [116] on
scales beyond the linear regime. Note that the cosmological
analysis using the [A power spectrum in this paper is the
first of its kind to be performed, and the previous works
focused on the projected correlation function of the IA
effect, often denoted as w, (r,,) where r,, is the projected
comoving separation; (iii) The main focus of this paper is to
constrain the local PNGs from the measured density and A
power spectra, which induces scale-dependent modifica-
tions in the power spectra at very small k, such as k=2,
where the linear theory is valid. Nevertheless, we still want

to use the power spectrum information up to relatively high
k, just before the quasinonlinear regime, in order for us to
have a sufficient constraining power of the linear density
and shape bias parameters that are needed to constrain the
PNG parameters (see later for details). Hence, we will
below make a careful choice of the k range used for the
parameter inference.

The local PNG we focus on is characterized by its
bispectrum,

Bo (k. ks, Kk3)
=2 Y ALk ko) Py(ky)Py(ky) + 2 perms.],
£=0,1,2,-

(14)

where @ is the primordial non-Gaussian potential field, ¢ is
the Gaussian field and ff;ﬁf is an amplitude parameter for
each order #.* In this work we consider the lowest two
components, s = 0 and s = 2, which have large amplitudes
in the squeezed limit.

The isotropic component, s = 0, has been well studied in
the literature e.g., [34,117]. This type of bispectrum can be
realized by the nonlinear transformation in configuration
space,

D(x) = (x) + (% (x) = (¢?)). (15)

In the presence of this local PNG, a modulation in the local-
matter power spectrum due to the mode coupling between
the long-mode primordial potential field and the small-
scale density fluctuation leads to a change of the local
number density of galaxies. As a result, the linear galaxy
bias has an additional scale-dependent term given by

by (ks f7°) = by + by it M7 (koz),  (16)

where we denote the response of galaxy number density to the
PNG as b, (PNG bias parameter), and Mk, z) is the transfer
function which relates the matter density to the primordial
potential in the linear regime as &,,(k) = M(k,z)®@(k),
where M (k,z) = (2/3)k°T(k)D(z)/(QuH3), with T(k)
and D(z) denoting the transfer function and the linear-growth
factor, respectively. Since T'(k) — k° at k < keq, Where keq is
the wave number corresponding to the horizon scale of
matter-radiation equality, this PNG induces a scale-dependent
modification given by k=2 at very small k scales.

Based on the above background, we adopt the linear
model of galaxy power spectrum with the local PNG,

‘Our amplitude parameters of PNG are related to the Planck
convention e.g., [33,46] as 2f3;" = c¢;—, for any ¢. Note that
the “NL” parameter in Ref. [33] is thus different from ours.
For example, f§;>(this work) = —8f%2 (the Planck paper) for
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Pasllot) = [b1 (ks f32°) + FRPP(K) + 2, (17)
where f =dInD/dIna is the linear growth rate, P(k) is
the linear matter power spectrum, and c,,, is a parameter to
model the residual shot noise.

The anisotropic component, s = 2, also can be realized
by the nonlinear transformation [67] in a similar way to

Eq. (15),

®(x) = () + 2 AZY M) 200 — ()P, (18)

with the traceless auxiliary function y,; = 3/2(9;0;/ 0 —
65 /3)¢. This PNG also modulates the local matter power
spectrum, but in an anisotropic (quadrupolar) way, pro-
ducing a modulation in the quadrupolar shape of objects.

Thus the linear shape bias has a scale-dependent term in
this case [60,67],

b (ki fXL) = b + by A M (k). (19)

where we denote the response of shapes to the anisotropic
PNG as bv,.5 Hence, our linear model of the [A-galaxy
cross-power spectrum is given by

2

Py(kop) = - 2* )+ FuP(K).

(20)

by (ks fX2) by (ks £

The geometrical factor, (1 — y?), arises from the fact that
we can measure only the projected shapes to the plane
perpendicular to the line-of-sight direction, leading the
power spectrum to arise from Fourier components that are
perpendicular to the line-of-sight direction. In simpler
words, for Fourier modes with u £ 1 that correspond to
the modes parallel to the line-of-sight direction, the above
power spectrum is vanishing, while Fourier modes with
u = 0, the modes perpendicular to the line-of-sight direc-
tion, maximize the power spectrum amplitude in a given
k(= |k|) bin.

Note that the shape field estimated by Eq. (5) becomes a
density weighted field as n, (x )y (x) =7, (x)(146,(x) )y (x).
Since the corrections due to the density weighting should
be higher-order effects, ~O(6y) and we only focus on the
signals in the linear regime in our analysis, we ignore this
effect hereafter.

2. Window convolution

The measured power spectra with the estimators in
Egs. (8) and (12) are affected by the window effects due

*In this work we adopt a different notation of the PNG-induced
shape bias b, from that of Ref. [67] by a factor of 12.

to finite survey volume and spatially varying weights. To
implement the window convolutions on the theoretical
power spectrum models, we employ the rapid and precise
method based on pair-counting approach developed in
Refs. [101,118] for galaxy clustering, and extended to
IA in Ref. [87]. The main steps of the strategy are as
follows:
(i) Precompute the multipole moments of the window
correlation functions for the samples a, f € {g,r},

=(2¢" + 1)/ /W

X Ef//(l'

by counting random particle pairs in the catalog(s).
We show the measured window functions for each
data chunks in Fig. 2. Notice that the » — 0 limit of
the monopole corresponds to the normalization
factor in Eq. (11). We use this limit value as I,
to normalize the measured power spectrum to keep a
consistency with the theory side.

(i) Compute the correlation function multipoles &faﬂ by
the inverse Hankel transforms of model power

spectrum multipoles P((;;) with the spherical Bessel

3
0% (r)

11X+)

functions j,,

, k/de/ , ,
= [T e Rnr w).

(iii) Multiply Qf,, and éf
with the coefficients ¢ P f,f,, for the target multipole ¢,

%(¢ aff
5&/})( ) = Zcf{f’f”

f/ Iz

together and sum up them

O%(r)Ey (1),

where

(f ma/f) (f + maﬂ)
cff’f” =20+ )\/(f +mgp)! (£ = mgp)!

A A 4
X )
< 0 0 0 ) < 0 ma/i _m(I/)’)
with my, = 0 and m,, = 2, respectively. The 2 x 3
matrix form represents the Wigner 3 symbol. Note
that c?“f;gf,ﬂ/ is the same coefficient used in the
clustering analyses [8,115].

(iv) Perform the Hankel transform of order £ to obtain
the window-convolved power spectrum multipole as

P((;;)(k) = 4x(—i)’ Am rzdrjf(kr).fg;)(r).

We use the public code CAMB [119] to compute the linear-
matter power spectrum (more exactly, the transfer function)
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FIG. 2. Window functions measured from the random catalogs for the different regions. The blue (solid) line is for the window
function of the galaxy power spectrum Q’jg and the orange (dot-dashed) line is for that of the IA power spectrum nyg. The thick,
medium, and thin lines correspond to the multipole moments # = 0, 2, 4, respectively.

for a given cosmological model. To evaluate the (inverse)
Hankel transforms, we use the publicly available FFTLog
code [120].

3. Integral constraint

Since we always define the density fluctuation using the
total number of galaxies observed within a finite survey
region, the IC is imposed on the measured galaxy corre-
lation function and power spectrum,

A&g@mr:o©ﬁgm-un:0 (21)
Therefore, we must impose this condition on the theoretical
model used in the analysis. We correct for the integral
constraint in the model prediction of power spectrum by
subtracting the DC mode from the naive power spectrum
estimator (also see [118,121]),

G =(¢ (k) 20
P Egg?IC—corrected(k) =Py (k) —mp W(k—=0), (22)

where Q. (k) is the Zth-order Hankel transform of Q,(r).

Note that this correction is usually small enough and also
cause no numerical problem in the case of the usual ACDM
cosmological analyses with the Gaussian initial condition
because the underlying power spectrum (P, o k™ atsmall k)
already satisfies IC and then the DC limit of the window-

convolved monopole power spectrum P(g%)(k — 0) is finite
and sufficiently small for a large-volume survey. However,
the situation is different in the presence of the local PNG.
The local PNG is imprinted on the galaxy number fluctuation
as the scale-dependent bias, which causes the additional
terms proportional to f3;°k™~2 and (f3;°)%k"™~* at small k
for the galaxy power spectrum as in Eq. (17). In particular, for
the latter, its inverse Fourier transform leads to an IR
divergence: f jo(kr) x k"s~2dk. Although the observatio-
nal IC imposed as the subtraction in Eq. (22) ensures the
exact cancellation of this divergence [122], the numerical
implementation should be carefully done because the results
might easily depend on the choice of the minimum wave
number of the k-integral, k™. . We checked that our model
predictions after the IC correction are consistent at sub-
percent level in the k-range of interest (k > 0.01 AMpc™")
even if we change k. by an order of magnitude, compared

to our fiducial choice of k. =3 x 107 hMpc~.

083533-8



CONSTRAINTS ON ANISOTROPIC PRIMORDIAL NON- ...

PHYS. REV. D 108, 083533 (2023)

4. Weak lensing effects

The observed spatial fluctuation of the galaxy number
density is affected by weak lensing effect due to the
foreground large-scale structure along the same line-of-
sight direction to the BOSS galaxies, the so-called mag-
nification bias. The observed ellipticity of galaxy image is
also distorted from its original shape by the weak lensing
distortion due to the same foreground structure. The
leading-order contributions of these weak lensing effects,
which we hereafter label as “WL”, can be written, to a good
approximation in the weak lensing regime, as

5P5(x) = 8,(x) + 6VH(x), (23)
o (x) =y (x) +rVH(x). (24)

with 63" = 2(apae — 1)™E. k™ and y™- are the weak

lensing convergence and shear fields given by

(VM (x). yVH(x)) =

(V2.8%)p"H(x). (25

| =

where V2 is the Laplacian on the sphere, 8> = 2¢; ](ﬁ)@ﬁ ;
with ¢;; being the polarization tensor, and ¢"" is the
lensing potential. a,,, is defined with the slope of the
cumulative galaxy number counts for galaxies brighter than
magnitude m,

_ 5dInN(<m)
Fmag =5 dm '
and ap,, depends on the selection function of galaxy
sample (we will discuss this issue later).

The two-point correlations of the observed fields
Eqgs. (23) and (24) then have the following three WL-
related correlations in general in addition to the intrinsic
galaxy-galaxy and galaxy-IA correlations:

(83007) = (8,84) + (8,00) + (80'8,) + (5 6}"™). (26

(r28g™) = (16 + (™' oy) + (roy™)

+ (yVEsYh). (27)

The second and third terms arise due to the finite radial
width of our galaxy samples, i.e., the breakdown of the thin
redshift shell approximation, and the last term is for the
pure weak lensing autocorrelation arising from the fore-
ground structures at different redshifts from those of BOSS
galaxies. The weak lensing effects on the galaxy density
power spectrum [Eq. (26)] have been derived and discussed
by e.g., Refs. [123,124]. In this work, we derive the weak
lensing terms on the density-shape power spectrum
[Eq. (27)] in a similar way including the actual survey
window effects by developing the rapid convolution

method. We show the full derivation and window con-
volution method for the WL-related power spectrum in
Appendix B. We find that the WL contributions are not
negligible for the IA power spectrum and thus we add them
[Egs. (B10), (B15), and (B16)] to the model template of the
IA power spectrum as

(L (L (L (L
P (0) = PUL (k) + PG (k) + P s (K3 )
P (6 ) (28)

The estimation of a,,, for our galaxy samples is not
straightforward because the magnitude and multicolor
dependent cuts, used for targeting BOSS galaxies [125],
make it difficult to estimate the true slope of the num-
ber counts as a function of the absolute magnitude.
Reference [126] carefully estimated the magnification bias
for the exactly same galaxy sample (CMASSLOWZTOT) and
redshift binning definition (0.2 < 7 < 0.5,0.5 < z < 0.75)
as ours by using realistic mock data built from the MICE2
simulation [127-129]. They obtained aigggz =1.93+£0.05

and apss” = 2.62 £ 0.28, which were used in the Kilo-
Degree Survey (KiDS-1000) cosmological inference of
the joint weak lensing and galaxy clustering analysis
[130,131]. In this work, we adopt these estimations as
the prior information of @y,,,. Since the final result almost
does not depend on whether we use the normal distribution
or fix it at the best-fit values because of small error bars, we
report the results with fixed ay,, throughout this paper.

B. Covariance

As far as we know, there currently does not exist a suite
of realistic and well physically motivated mock catalogs for
galaxy IA unlike the galaxy clustering such as the
MultiDark-Patchy mock catalogs (hereafter Patchy mocks)
[132]. Therefore in this work, we derive an analytic
covariance for IA power spectrum, following Ref. [99]
who derived and validated the analytic covariance for
galaxy power spectrum. Since we only use the measured
power spectrum in the linear regime, we only consider the
Gaussian and shot/shape noise terms with the survey
window effects, and ignore other higher-order non-
Gaussian terms such as the beat-coupling and local-average
effects. In Appendix A, we show the detail derivation,
numerical implementation, and validation tests for our
covariance. We here summarize the formulas and show
the results. The full covariance matrix of our analysis is

B ( Cov[P,q. P,

Cov[P,. Py]\ ¢ C" CIG
Cov[Pyy. P ’

val  COV[Pyq, Pyl (S O
where each component has the continuous part (cont) and

the shot/shape noise-related part (SN),

083533-9



TOSHIKI KURITA and MASAHIRO TAKADA

PHYS. REV. D 108, 083533 (2023)

CXY = CXY(cont) 4 CXY(SN)

with X, Y € {G,I}. The results of galaxy-autocovariance
CO6 was derived in Ref. [99] as

C COHI (kl, kz)

= ZP&‘; kl gg k2)Wf ;f(’)f’ £ (k17k2) (29)

oz
CoE ki, kz)
—Z & (k) w, f2>f’(klvk2) + (ki < k)]
WIS (ky, k), (30)

where the window functions Wf f (=1, 2, 3) are
defined in Egs. (A3), (A6), and (A7). The indices
i =1, 2, 3 represent the continuous (P x P), continuous-
shot noise (P x 1/n) and shot noise-shot noise (1/72 x 1/n)
terms, respectively. Similarly, we derive the IA autocovar-
iance CH,

CILI(CLOznt> (ky,ky)

_ZPEg

I1(1,A)
PEg kZ)WLI,LZf/] £ (kl’k2>

o2,
( 5) I1(1.B
+Z og' kl) e (k)W Lz)f’ o (ki k2) + (ky < Ky )],
£z,
(31)

Cgfif) (ky. k)
= > {PE k)W
s
PR (k)W) ()} + (ky < k)]
+ WILII(Z (k1. k), (32)

pH2sh
L Lq ;l?e (ky.ky)

where the window functions WILIEIL (i=1, 2, 3) are
defined in Egs. (A14), (A20), and (A23)—(A24). ‘(2,shape)’
and ‘(2,shot)’ are the continuous-shape noise (Pyo X 03 /1)
and the continuous-shot noise (Pgg X 1/71) terms,
respectively.

We also derive the IA-galaxy cross covariance C'C:

CILchzom (kl 7k2)

—Z gg

.7

(kz)WL (,,ﬂ) . (ky.ko) + (ki <> k)],

(33)
C'LG,;N (k. kz)

L f f/(klka) (ky < ky)],  (34)

where the window functions WIL(?(QZ (i = 1, 2) are defined
in Egs. (A26) and (A27).

Since each window function WXY, which is the quartic
function of Wj;;, has a multidimensional integration
fl}l,f(z,xl,Xz ---, the direct evaluation by the sum of the
random particles would be computationally expensive. In
this work, we employ the grid-based implementation to
utilize FFTs as proposed by Ref. [99] (see Appendix A for
numerical implementation and validation test).

Figure 3 shows the fractional error of each power
spectrum, which is defined by the diagonal elements of
the covariance matrix divided by the square of the power
spectrum. The contribution from the Gaussian component
is similar among the three power spectra because its
fractional amplitudes are almost determined by the number
of independent Fourier modes with the cancellation of the
absolute amplitude (of linear bias) of the power spectrum.
On the other hand, the error of IA power spectrum is
dominated by the shape noise component at all scales
unlike the galaxy power spectrum due to the lower number
density of the shape sample (see Sec. II) and the smaller
amplitude of the IA correlation: by P, (k) < o7/

Figure 4 shows the corresponding correlation matrices of
our analytic covariance defined by r;; = C;;/,/C;;C;; for
each galaxy sample. Since we adopt the analytic approach
with the Gaussian and the shot/shape noise terms, the
nonzero off-diagonal elements of each submatrix arise from
the pure window smearing of the BOSS survey footprints,
6k <0.03 hMpc~! ~ 1 /Rguvey- Hence all the other ele-
ments beyond 6k are zero. This approximation would be
valid for our linear-scale analysis. Actually, we checked our
analytic covariance of the galaxy power spectrum is in good
agreement with the covariance computed from the Patchy
mocks up to k., = 0.05 AMpc~!. Since the covariance of
the IA power spectrum is dominated by the shape noise and
the non-Gaussian corrections should be subdominant even
at quasinonlinear scales, we adopt our “linear” covariance
up to kpax = 0.1 AMpc~! for the IA power spectrum in our
analysis. Note that this k,,,, = 0.1 Z-Mpc~! corresponds to
the acceptable maximum wave number for our linear model
in the analysis to obtain an unbiased constraint on the f§;>
parameter based on the results of the validation test
described in Appendix C.

C. Parametrization and Priors

In this work, we consider four types of analyses for
different purposes as follows. We summarize the param-
eters and priors for each case in Table II:

(i) Gaussian analysis (Sec. VB): We set f{; =0

(s =0, 2) in this analysis. The main motivation is
to determine the linear shape bias by (or Ay,) of our
galaxy samples and check consistency with the
previous work [93].
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FIG. 3. Relative error of the IA power spectrum (left panel) and of the monopole (middle) or quadrupole (right) moment of the galaxy
density power spectrum, respectively. For the galaxy power spectra, we use the mean power spectra of the Patchy mocks instead of the
linear model. We use the monopole power spectrum as the denominator in the case of the quadrupole to avoid the zero crossing. The
blue, orange and green curves correspond to the Gaussian term, SN-related term and total covariance as indicated by legend. The upper
(lower) panel is for the NGC (SGC) and the solid (dashed) line is for the low-z (high-z), respectively.
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FIG. 4. Correlation coefficients of the covariance matrix, defined as r;; = C;;/,/C;;C;;. Here we show only the elements for
the IA power spectrum ng (0.01 < k < 0.1 hMpc™!) and the galaxy power spectra P(g%) and P(gzg)(0.0l <k < 0.05 hMpc™!) for the
NGC (left plot) and SGC (right plot). In each plot the upper-left elements are for the low-z sample and the lower-right elements are for
the high-z sample, respectively. The red (blue) color indicates positive (negative) correlation.

(i) PNG analysis without bias relations (Sec. V C): observable of the PNG effect, i.e., the parameter
We explore the presence of PNGs, however, we combinations, (b,f3;°) and (b, f3;2). Although
do not impose any assumption on the PNG- we cannot constrain the amplitude of the PNG
induced linear bias parameters; we constrain a direct parameter alone (fy;) in this case, this analysis
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TABLE II. Model parameters and priors used in each of our
analysis setups (whose results are given in Secs. VB-VE,
respectively, as indicated in the table header). The mark “v”
means that the parameter is included in the parameter inference of
the corresponding setup. U(a, b) denotes a flat prior with range
[a, b], while N (4, o) denotes a Gaussian prior with mean y and

width o.
Analysis (Section)

Parameter Prior VB vVC VD VE
b, U(1,4) v v v v
by U(-0.2,0.2) v v v v
Cop N(0.0,0.1) v v v v
/XL U(~2500,2500) v v
b,/,ff\]:L2 U(-500, 500) v

;I:L" U(-500, 500) v

;Isz U(-1000, 1000) v v

can tell us a significance of the positive or null
detection.

(iii) PNG analysis with b, (by) (Sec. V D): We constrain
f3;2 assuming the relation between the linear shape
bias bg and the PNG shape bias b,. We adopt
by (bg) = 2.04by obtained in Ref. [67] for dark
matter halos. For the isotropic PNG f3;°, on the
other hand, we keep the combination (b,f3°)
unchanged to constrain f3;> based on the minimum
assumption. This analysis corresponds to our base-
line analysis.

(iv) PNG analysis with b,(b,) and b, (bg) (Sec. V E):
We constrain f;° and f3;> simultaneously by
assuming the relation between the linear galaxy bias
by and the PNG bias b, as well as the relation
b, (bg) assumed in the previous analysis setup. We
adopt b, (b,) = 26.(by — p) with §, = 1.686 and
p = 0.55 suggested by Ref. [133].

Except the f I{EO'Z parameters, we fix other cosmological

parameters to the values that are consistent with the Planck

CMB data [3]: Q,, = 0.3153, w, = 0.02237, @, = 0.1200,

n, = 0.9649, and In(10'°A,) = 3.044.

D. Likelihood analysis

We estimate the parameters based on the Bayesian
inference,

p(pld) < L(d|p)z(p). (35)

where p is the posterior distribution of the model param-

eters p,  is the prior distribution described in Sec. IV C,

and L(d|p) is the likelihood of the data vector d given the

model that is specified by a set of parameters (p). We
assume the Gaussian likelihood,

—2InL(d|p) = [d - m(p)]C”'[d —m(p)]. (36)
where m(p) is the model prediction that is given by p and
C is the covariance matrix defined in Sec. IV B. We omit
the normalization factor. Note that we ignore the cross-
covariance among four different galaxy samples.

We include the lowest-order multipole of the IA power

spectrum, P](Eg) and the monopole and quadrupole of the

galaxy power spectrum, P(g) and Pég), over kyin < k <
Kpnax With ki, = 0.01 hMpc~! for all the power spectra,
kyax = 0.1 hMpc~! for the IA power spectrum, and k,,,, =
0.05 hMpc~! for the galaxy power spectrum, respectively.
As we employ Ak = 0.005 hMpc~! for the k-bin width, the
dimension of data vector is ngy, = (18 +2 x 8) = 34 for
each sample. Hence, we have 136 data points of the power
spectra in total for the four samples. In Appendix C, we
give a validation test to determine a conservative choice of
kmax for our linear IA model to obtain an unbiased
constraint on the fi;> parameter by using the mock data
of IA halo power spectrum that is computed for the halo
sample in N-body simulation.

We adopt the nested sampling algorithm MultiNest
[134-136] to obtain the posterior distributions. We make
the plots and calculate the statistics of the marginalized
posterior distributions by using the public python package
GetDist [137].

V. RESULTS

We show the results of the measurements and the
systematic tests (Sec. VA) and the various likelihood
analyses in Secs. V B—V E (while we summarize the setups
in Sec. IV C).

A. Measurements

Figure 5 shows the measured IA power spectra (E-mode
and B-mode cross-power spectra) for the four samples. We
multiply all the measurements by minus one for illustrative
purpose. The negative sign of the E-mode power spectrum
means that the major axis of galaxy shape tends to align
with the minor axis of the surrounding LSS which
corresponds to the stretching axis or the direction of the
filament structure.

Figure 6 shows the cumulative SNR of the spectra that is
defined by the square root of the chi-square statistics
assuming a null-signal hypothesis (therefore this gives a

significance to exclude a null signal), S/N = /x3 with
S ) pl0) @) (g NP
X% a/ (kb)COV [ ap (kb)’Paﬁ (kb/)} aff (kb’) (37)

S

b’

We clearly detect the E-mode spectra for all the samples; the
total S/N = 48.7, for ky,, = 0.25 hMpc~'. We find that the
S/N of the IA power spectrum is comparable with that of

083533-12



CONSTRAINTS ON ANISOTROPIC PRIMORDIAL NON- ...

PHYS. REV. D 108, 083533 (2023)

SGC low-z (0.2 < z < 0.5)

NGC low-z (0.2 < z < 0.5)

I

10

Ut

10

Ut

— kP2 (k) [(h-"Mpc)?]

NGO highs (05 <2 <075 SGChighy (05 <2 <075)
ot
i

0.I10 0.15
k [hMpc ]

0.05 0.20

FIG. 5.

Measurements of the £E-mode (blue) and B-mode (orange) IA power spectra for each sample. The blue line denotes the best-fit

model prediction at the maximum a posteriori (MAP) of the Bayesian parameter inference for our “Gaussian” analysis setup (Sec. V B),
where we assume the linear shape bias parameter and the Gaussian initial condition for the flat ACDM model and include the measured
power spectrum up to k., = 0.1 AMpc~! (vertical dashed line) in the parameter inference.

the quadrupole moment of the galaxy power spectrum for
each sample except for the SGC high-z sample partly because
of larger rms ellipticity o, (see Table I) and relatively small
amplitude (bg) of IA (see the next section for our fit).

For the systematic tests, we use the B-mode spectrum
which is expected to be zero at all scales from the
symmetry. As shown in Fig. 5, we have a null detection
of the B-mode signal with 41.5 < y3 < 51.6, with 48 bins
for each sample, giving p-values within 0.33 < p < 0.74.
In Table III, we summarize the S/N and the null tests for
our measurements.

B. Gaussian analysis

In this analysis, we assume the linear model including the
linear galaxy bias b, the linear shape bias b and the residual
shot noise ¢y, for each galaxy sample. The reduced chi-
square of our model for the E-mode signal at the maximum
a posteriori (MAP) is y?/Ngy = 125.57/(136 — 12) =
1.013 corresponding to p-value with p = 0.444, which

implies that our model is acceptable to the data. This model
is shown in Fig. 5, together with the measurements. We
summarize the results in Table IV. Note that previous studies
on IA and WL have often used the parameter Ay for
convention to characterize the linear IA amplitude which
is linearly related to our bg as

D(z7)

Ap = ————
! 2C 1P

bg. (38)

where D is the linear growth factor normalized to unity at
z =0 and we set Cyp.; = 0.0134 following Ref. [91]. In
Table IV, we also show our estimations of Ay,.

Here we check consistency of our measurement and
analysis with the previous studies. In Ref. [93], they
measured the projected correlation function of IA, often
denoted as wy,, from BOSS LOWZ galaxy sample
(0.16 < z < 0.36) and reported the estimation of Aj, and
the linear density parameter b; as A, = 4.6 0.5 and
by = 1.77 = 0.04 (see Table 2 in their paper). To compare
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FIG. 6. Cumulative SNR of the IA power spectrum (blue) for each sample as a function of the maximum wave number (k,,,) up to
which we include the power spectrum information in the SNR calculation. We also show the two estimations of SNR for the quadrupole
moment of the galaxy power spectrum using the analytic covariance (orange-solid) or covariance estimated from the Patchy mocks

(orange-dashed) for comparison purpose.

with this result, we make an additional subsample “LOWZ”
with redshift-cut of 0.16 < z < 0.36 for our galaxy sample
(CMASSLOWZTOT) and do the same analysis in this
section, i.e., generating the randoms for this sample by
using the rejection method described in Sec. II, measuring
the IA power spectrum and fitting our linear model to the
signal. Although our low-z sample is constructed from the
combined sample of BOSS CMASS and LOWZ, galaxies
within 0.16 < z < 0.36 almost belong to the original
LOWZ sample. Note that our LOWZ sample used in this

TABLE III. Summary of the SNR estimation for the E-mode
power spectrum and a significance of null-signal hypothesis for
the B-mode power spectrum (see text for details). We set the
minimum wave vector as k;, = 0.01 ”Mpc~! for both and
kpax = 0.25 hMpc™! for the null test. The reduced chi-square
is defined as y2; = x3/Npi, with Ny, = 48 for each sample.

section is very similar, but not exactly the same as that in
Ref. [93], because we used the BOSS DRI12 sample
compared to the DR11 sample in Ref. [93].

Figure 7 shows the measured power spectrum from
our “LOWZ” sample and the comparison of our MAP
model and the linear model with the bias parameters
estimated in Ref. [93]. Our measured power spectrum is
in good agreement with the result of Ref. [93] to within a 1o
level. The 1D posterior of each parameter gives by =
—0.0426100041 (or equivalently Ap, = 4.347042) and

TABLE IV. Results of the “Gaussian” analysis (Sec. V B). We
show the central value (mode) and 68% credible interval (C.I.) of
the 1D posterior distribution for each bias parameter (bg and b)
including marginalization over other parameters. The result for
Aja, an alternative convention to characterize the IA amplitude, is
computed from the result of bg using Eq. (38).

E-mode SNR(kuyay) B mode
Sample 0.1 AMpc™'  0.25 hMpc™' 42,  p-value
NGC low-z 16.6 34.6 0.865 0.733
SGC low-z 8.1 18.4 0.907 0.656
NGC high-z 12.7 26.2 1.074 0.336
SGC high-z 6.4 12.3 0.944 0.583
Total 23.3 48.7 0.948 0.687

bg x 102 Aqp b,
Sample 68% C.I. 68% C.L. 68% C.I.
NGC low-z —5.14703! 4.977030 2.0350%
SGC low-z —4.907074 474503 2.08%055
NGC high-z —4.67+036 4.02:03! 217500
SGC high-z —4.26+1.06 3.661053 2175503
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NGC LOWZ (0.16 < z < 0.36)

—— MAP (this work)
----- Singh et al. (2015)
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FIG. 7. To compare our power spectrum analysis with the

previous work, we also measure the [A power spectrum for
the different galaxy sample, from our fiducial sample, where
the different one is constructed from BOSS galaxies at
0.16 < 7 < 0.36. The black line shows the best-fit model
prediction computed at MAP for the Gaussian analysis. For
comparison, the red-dashed line shows the best-fit model of
Ref. [93], which used the projected correlation function w, for
the very similar galaxy sample, where the red-color shaded region
denotes the model predictions allowed by the 1o statistical errors
of Ap in their fitting results.

b, = 1.857092, respectively. Note that the slightly different
values of b; and by between our results and Ref. [93]
are probably due to the different analysis setups: (i) the BOSS
DR12 and DR11 galaxy samples, and (ii) the FKP weighting
scheme employed in this work. Hence we conclude that there
is no systematic uncertainty in our Fourier-space analysis.
Although we use the linear-scale signal only up to
k < 0.1 hMpc™', the fractional error of bg is improved;
bg/o(bx) = 10.5 compared to = 9.2 inRef. [93], evenif the
previous work includes the information of the projected
correlation function (wg,) down to R=6 h~'Mpc,
which is in the quasinonlinear regime. This implies that
the three-dimensional IA correlation function, the power
spectrum in our case, indeed contains more information on
the IA amplitude parameter than in the projected correlation
function. If we include Pg, information down to k=
0.2 hMpc~! (still keeping the same information of Py, up
to k =0.05 hMpc~!), we find further improvements in
the parameters as given by by = —0.04591“8:88222 (and
b, = 1.8500)), yielding by/o(bg)~17.7. This corre-
sponds to an about twofold improvement in by /c(bg)
compared to the projected correlation function. The reduced
chi-square value for the MAP model y?/Ny; =
47.27/(54 — 3) = 0.927, meaning that the MAP model is
still acceptable (the p-value is 0.623). In summary our
method using the three-dimensional A power spectrum
gives a promising route to constraining the IA amplitude for a
given galaxy sample.

— NGC low-z
SGC low-z

—— NGC high-z

—— SGC high-z

)

(4
E

400

200F

2

s=
NL

by f

—200F

& ==

i

—1000 1000 —300 0 300
s=0 s=2
b¢f NL bw NL

FIG. 8. Posterior distributions in (b, f%;°) — (b, f%1>) plane for
the different galaxy samples.

C. PNG analysis without bias relations

From this section, we explore whether the BOSS spectra
exhibit the isotropic and anisotropic local PNGs charac-
terized by f3° and f3;>. Here we do not assume any
additional relation between the linear bias (b, bg) and the
PNG bias (by, b,), that is, we regard the combinations
(byf°) or (b, f372) as one parameter. Hence, the analysis
here gives a significance of the PNG signal, if exists. We
show the 2D posterior distributions of (b,f3;’) and
(b, i) for each sample in Fig. 8 and summarize the
results in Table V. Note that b, should be different among
the sample like bg, we cannot obtain a unified constraint on
the combination (b,,f3;?) by combining the constraints
for the different galaxy samples. We find no significant
evidence for both types of PNG.

TABLE V. Results of the PNG analysis where we do not adopt
the assumption on the bias relations (see Sec. V C for details). A
nonzero value of (byfni, or by, £3%) means a detection of the
PNG signals in the IA or galaxy power spectrum.

b, [\ by fT°
Sample MAP  68% CI MAP 68% C.1.
NGC lowz ~ -250  —21.8:372 2463 436.1132)
SGC low-z 127 328557 —190.9 118,616
NGC highz  —47.3 252+ 82 13505333
SGC high-z ~ -33.6 152590 6182 72047387
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D. PNG analysis with b, (by)

Here we assume the bias relation between bg and b,, to
obtain a constraint on fy;. We adopt b, (bg) = 2.04by
obtained in Ref. [67] for dark matter halos. Although
Ref. [67] found that this relation does not vary with redshift
and mass of halo samples and simulation resolution, it has
to be carefully studied whether this assumption holds for
galaxies. Nevertheless we adopt it since it is the only known
relation for the anisotropic PNG-induced bias. On the other
hand, we keep the combination of (b, f3;°) as a parameter
to obtain the constraint on f3;> based on the minimum
assumption. Hence, we call the analysis in this section as
the baseline analysis for a direct constraint on f§;>. We
show the 1D posterior distribution in Fig. 9 and obtain the
constraint

s=2 __ _71+273

NL — —262° (39)

with the mode and 68% credible interval.

In addition to this baseline analysis, we perform alter-
native analyses with the different setups to check the
internal consistency of our constraint described in Fig. 9.
In summary, we do not find any significant detection of
£3552, due to the anisotropic local PNG.

Our constraint from the BOSS galaxies is about 13 times
larger than that from the Planck CMB data o(f3;2) ~ 19.2
[33]. As we will discuss in the next section, there should be

s=2 __ +273
IETL _ _717262
—1000 =500 0 500 1000
5=2
i

room to improve the constraint even with the same dataset
by employing a more optimal sample selection.

E. PNG analysis with by (b;) and b,, (bk)

In addition to the relation of the linear shape bias b, (b ),
we assume that of the linear galaxy bias (b ). In this work,
we employ the relation estimated by Ref. [133]; b, (b,) =
26.(by — p) with 6, = 1.686 and p = 0.55. We show the
resulting constraint on the two PNG parameters in Fig. 10.
For the f3;° parameter, our constraint £3;° = 5713 is (10)
consistent with, but slightly tighter than that of Ref. [43]
which performed similar linear-scale analyses to ours for the
same BOSS galaxy sample using the galaxy density power
spectrum and obtained f3;° = 33737 (see Table 1 in their
paper). We expect that this difference arises mainly from
the difference of the data vector, i.e., the measurement
method of the power spectrum. In this work we employ
the conventional “FKP” estimator that is affected by the
window effect. On the other hand, Ref. [43] used the power
spectrum measured by the “window-free” estimator [138].
The data points of the binned spectrum of the former
estimator are considered to include contributions from the
underlying Fourier modes outside the k range due to
the window convolution. Hence, our method includes
some contributions from larger-scale modes k < k., =
0.01 AMpc~! and yields a slightly tighter constraint on

37" than the constraint from the window-free power
spectrum used in Ref. [43].

| baseline
0 w/o NGC low-z
W/O SGC IOW—Z
w/0 NGC high-z
w/o SGC high-z
——————————— :________ Cnp ~ u(_loa 10)
w/ by(b1) relation
1 I 1 L L L L L 1 1 I 1
—500 0 500
5=2
NL

FIG. 9. Left panel: Posterior distribution of f‘f\,:LZ in our “baseline” analysis (see Sec. V D for details), where we assume that the PNG
shape bias parameter by, is specified by the Gaussian linear shape bias parameter bg and here we adopt the relation b, = 2.04b, the
empirical relation found from halo catalogs in N-body simulations. Right panel: Constraints on ff;ﬁ_z for the different setups. In addition
to the baseline analysis, we performed the internal consistency tests; we redid the analysis removing one galaxy sample out of the four

samples or assuming a uniform prior U(—10, 10) for the residual shot noise parameter ¢

np instead of our fiducial Gaussian prior

N(0.0,0.1) as described in Table II. We also show the result of Sec. V E in the row labeled by “w/ b, (b;) relation”, where we further
adopt the assumption that the PNG density bias b, is specified by the Gaussian linear bias b;.
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FIG. 10. Posterior distributions in f3;° — f%;> plane for the
PNG analysis with b,,(bg) and b, (b,) (see Sec. V E for details).

VI. CONCLUSION

In this paper we have measured the three-dimensional IA
power spectrum from the spectroscopic BOSS galaxy
sample. We then used the measurements to obtain con-
straints on the local PNG parameters ff\io‘z from a joint
analysis of the galaxy density and IA power spectra. To do
these, we used the publicly available large-scale structure
catalog [100] as the density sample and defined the shape
sample by cross-matching the shape catalog generated in
Ref. [105] with the density catalog. We also generated a
random catalog for the shape sample by using the accep-
tance-rejection method. We measured the IA power spec-
trum using an efficient estimator developed in Ref. [87].
For likelihood analysis, we newly derived an analytic
covariance for the estimated power spectrum. Our meas-
urement and cosmological analysis using the IA power
spectra are the first of its kind to be performed for the actual
galaxy survey data.

We clearly detected the E-mode IA spectra and found
that the SNR of the TA power spectrum is comparable with
that of the quadrupole moment of the galaxy density power
spectrum for each of the four galaxy samples that are
constructed from the NGC and SGC regions in the two
redshift ranges of 0.2 <z<0.5 and 0.5 <z <0.75,
respectively. The measured B-mode spectra are consistent
with a null signal for all the galaxy samples. In the Gaussian
analysis, we confirmed that our measured IA power
spectrum is in good agreement with the previous results.
Nevertheless, we would like to emphasize that the three-
dimensional power spectrum gives an improved precision

of the by estimation even if our analysis uses only the
information in the linear regime, while the previous works
using the two-dimensional (projected) correlation functions
include the information down to the nonlinear scales.
Hence, our method would give a promising means of
constraining the IA effect for a given galaxy sample. To
constrain the PNG parameters, we performed joint analyses
using several different analysis setups, e.g., those with or
without the assumption on the relations between the linear
bias and the PNG-induced bias. We did not find any
significant evidence for both types of PNG for all the
analyses.

The detection of the IA power spectrum with high SNR
implies that we can potentially extract further cosmological
information from the IA signals. In fact there is still room
for improvements in terms of both theory and observation.
For example, cosmological information in the linear-scale
power spectrum is basically limited to that in the broadband
spectrum, and thus there is little information about baryonic
acoustic oscillations in the present linear-scale analysis.
Therefore, to obtain tighter constraints on the standard
cosmological parameters such as Q,, o3 and H,, it is
necessary to prepare sufficiently accurate theoretical tem-
plates of the IA power spectrum and its covariance
which are valid down to quasinonlinear scales beyond
the linear alignment model such as the “Tidal Alignment +
Tidal Torque” model and the effective field theory of
intrinsic alignments e.g., [78,139]. The formulation of
these models in the nonlinear regime has been done only
on real space, not on redshift space that is relevant to an
actual galaxy survey but see [140,141] for recent develop-
ments of a general formalism with the integrated perturba-
tion theory. Hence, it would be necessary to extend them to
include realistic observational effects such as the nonlinear
redshift distortion effect beyond the Kaiser factor [116] and
carefully examine a valid wave number- (k-) range of them
to obtain unbiased constraints on cosmological parameters
as in the case of usual galaxy clustering analysis e.g.,
[10,142] for such a study of the galaxy density power
spectrum.

On the observational side, we have used all the galaxies
in the entire sample for the [A power spectrum measure-
ment in order to reduce the shot and shape noise contri-
bution as much as possible. However, several studies
reported that the amplitude of the TA signal, therefore
the SNR of A, depends on properties and environments of
galaxies, and also the shape measurement methods used to
estimate the individual galaxy shapes. For example,
Ref. [93] reported that the amplitude of IA is a monoton-
ically increasing function of their luminosity. These results
suggest that if we use a sample of only bright galaxies, we
could obtain a higher amplitude IA signal. On the other
hand, the lower number density due to the sample selection
obviously leads to the higher Poisson shot/shape noise in
the statistical errors. Therefore, an optimal sample or
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weighting scheme for the IA measurements is not clear yet
and worth exploring.

Finally, to do a joint analysis described in this work, we
need both spectroscopic and imaging data for the same
cosmological survey volume, where the imaging data is
needed to characterize shapes of individual galaxies and the
spectroscopic data is needed to measure distances to
galaxies for the three-dimensional power spectrum analy-
sis. This is indeed the case for ongoing/future galaxy
surveys; the Dark Energy Spectrograph Instrument
(DESI) [143], Subaru Prime Focus Spectrograph (PES)
[144], Euclid [145], NASA Nancy Grace Roman Telescope
[146], and the Spectro-Photometer for the History of the
Universe and Ices Explorer [SPHEREX, 147] for spectro-
scopic surveys; the Subaru HSC survey [148], the Kilo-
Degree survey (KiDS) [149], the Dark Energy Survey
[DES, 150,151], the Vera Rubin Observatory’s Legacy
Survey of Space and Time (LSST) [152], Euclid, and
Roman Space Telescope for imaging surveys. We believe
that the method established in this work helps to extract as
much cosmological information as possible from these
current and upcoming datasets.
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APPENDIX A: DERIVATION AND VALIDATION
OF COVARIANCE MATRICES

In this section we describe the derivation of our analytic
covariance matrices in Secs. A 1-A 3, the numerical

implementation in Sec. A4, and the validation tests in
Sec. A5, respectively. We introduce an abbreviated
notation for the window (weight) functions following
Ref. [99] as

where 7 is the mean number density, w is the weight for
each galaxy and a € {g, v} is the label of the galaxy density
or shape field for later convenience.

1. Galaxy clustering autocovariance: Cov[Pg,, P,

We first reproduce the results for the galaxy power
spectrum covariance, Cov[Pg,, Py,|, derived in Ref. [99].
We here omit the derivation (see Ref. [99] for detail
derivation), however we explicitly show the derivation of
the IA-related covariances, such as Cov[P,,, P,,] and
Cov[P,y, Py, in detail in the next subsection. Since we
need the labels of the fields, the shape field (y) and the
density field (g), we will use some slightly different
notations from Ref. [99] as defined below. Also since
we restrict ourselves to the linear regime, we will ignore the
non-Gaussian, beat-coupling and the local-average effects
in the covariance. We thus take into account only the
Gaussian term and shot/shape noise terms including the
survey window effects.

We use the following notations for the observed galaxy
density field:

. g (X)wg(X) ng(x) — an,(x) _ Wi, (x)
lg 7g(X) Lgg

5g(x),

where the normalization factor for the density field is

o= [A00mi00 = [Wh0OP = [ Whe. (a1

We decompose the full Gaussian covariance into the
(pure) “continuous” component and the shot noise-related
components for convenience,

(f ) p(£2)y GG(cont GG(SN)
Cov[Pg", Pg'] =C, + Cf A (A2)

The continuous component (Eq. 57 in Ref. [99]) can be
written as
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GG
Cf

(cont)

‘)

X [:f (Rl : ﬁl)[ﬁfz (122

szgg (k) P’ (ko)

oz,
x Ly (ki - %))[Le, (ky
|
=Y P (k)P ()WE,
i

Here we have used the normalization factor N§ = (2 +1)/1

direction x by

%)) + L, (ky

(ki k) = NSIN%A ‘ Ploct (Ko: X ) Plst (K 3 X ) W (X 1) Wop (X)) e i Ki=ka)-(rimxa)

X))

{NG NG / W22(X1)W22(Xz)e_i<kl_k2)'(xl_xz)
k ﬁQ X1,Xo

o)+ L e 2015 (1 %)Ly o %0) |

(k1. k). (A3)

00> and defined the local galaxy power spectrum in the

PE(k; x) /fgg s;x)e ks —/<5 (x)q(x —8))emiks, (A4)
S
The shot noise terms [Eq. (B12) in Ref. [99] ] are
CET™N (k. ky) = Y [P (k)WEER (i ko) + (ki <> ko)l + WES (ki k), (AS)
Lﬂ/
where
l+a ; A
Wetio (ki k) === NG NE, / o, Walx) Wil )e T L (k%)
X [Lp (ki %)L, (Ko %)) + L (Ky - %5) L, (Ky - R0) + L (Ky - %1) L, (Ky - %2)
+ Ly (k- %9)Lp, (Ko - %)), (A6)
Wm £ ki ko) = (1+ a)’Ng Ng /k P Wia(x))Wa(xp)e Rkl i) £, (K- %) [ L, (Ky - %)) + L, (ks - %))]
2,X1,X2

Note that once we obtain the quartic functions of the window
function, Wf(;,( (i = 1,2, 3) from the random catalog, we
can immediately construct the full Gaussian covariance with
multiplications by the theoretical power spectrum multi-
poles as in Egs. (A3) and (AS5). The indices i =1, 2, 3
represent the functions for the continuous-continuous,
continuous-SN, and SN-SN components, respectively.

2. Intrinsic alignments autocovariance: Cov[P,,, P,,]

We next derive the IA-IA autocovariance. We use the
following notations:

?(X) — I’_l}’(x);v}’(x) n}'ilxzigx) — W\Ji/ll(l() [1 + éy(X)h/(X)
_Wih(x)
=—="7(x),

083533-

|
where the normalization factor for the shape field,

1= [ B0 = [ Wa

In the following, we assume the density-weighted shape
field 7(x) = [1 + 6,(x)]y(x) is a Gaussian field and simply
denote it as y(x). Also we introduce another normalization

factor,
L w, (%)t (x)w,

to define the unbiased estimator of the [A-galaxy cross-
power spectrum as we will see in the next.

1

g T

g(X / W W%l (x),
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a. Local-plane parallel estimator

Our definition of the local-plane parallel estimator for IA power spectrum with the endpoint approximation [87] is

~ L—2 ' I I N A —Dide k(v —x/ — " A
Pl (k)= (2L + 1)§L+2)), VY e | IB(xeheeR L k- %)
L-2)1
:(2L+1)EL—|-2))'I/|:/W —21¢kxe—lkx£m 2 )2:||:/W k¥
_ (L-2)!'1 (L) (ki 70
=(2L+1) L +2)!g c Fy,ij(k)kikng (—K). (A8)

)?) with e;; 1s the complex conjugate of the polarization tensor. The

N)

where we have used e~ *%ks = 26?}()2)]%1-];]-/(1 — (k-
ensemble average of this estimator becomes

L-2)!1 / i —ik-(x=x') P=2(Tz . ¢
(PEW) = L+ D [ W GWE GGx05, () e ek Lp 2k - 5)
e XX
L-2)!1 ihs.z—2ip; « ,—iks PII=2(Tr . &
= (2L + 1)§L+2;'I_A Wi (X)W (X = 8)&,g (s, X) 258 2is o=iks Ln=2( . })
“lyg Jkxs
L-2)!1 ] o &
= (L) (o | WH W P ki) £ 2 (k%)
“lyg Jkx
(L-201 )
~ (2L +1) —/ W (X)W, ( PE (k) L= (k - %) | £p=2(k - %)
(L+2)'Iyg fx 11 11 LZ>:2 re
= P (0. (A

In the first approximation, we have defined the local IA power spectrum as

P}%Cﬁl(k; X) = / Epe (s; X)€2i</’§;i—2i(/)f(.ﬁ e ks = /<}’(X)5g (x —s))e 2igsx =2y 5 p=iks (A10)
S

S

and assumed that the IA power spectrum is a smooth function within each k-bin and the survey window is much larger than
the wave vector we are interested in, i.e.,

s —2idy  ,—iks _ iq-x ploc . 2~ digy oc .
/SW(X—S)fyg(S;X)eZ Pes =2z gk —/qW%l(q)eq Plsal(k + q;x)e” Frase ks  W(x) Pl (ks x). (Al1)

In the second approximation, we have ignored higher-order wide-angle corrections to the local power spectrum,

Pil(k;x) = Prg(kvf( Rikx) = Py (kK - %) Zpyg )Lp= (k- %). (A12)
L>2

Thus, our estimator is an unbiased estimator.

b. Gaussian covariance: Continuous component

We derive the continuous component of the Gaussian covariance for the estimated IA cross-power spectrum, f’l(gfg)(k).
First, we define the E-mode estimator as the real part of Eq. (AS8),

N N 2L 14 /1 \/ . . ~ . , .
P (k) = Re[ P (k)] = 21 (= U [7(x)e2is + 7% (x) €25 |5, (x')e M X L=2(k - %)
¢ 2 (L + 2 Iyg k.x.x/
A(L 28 A(L)x 2% 2 1700
_ N /k FE )k, + B )k FO (-K). (A13)
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We have replaced 7(x)e™*%is in Eq. (A8) with 1[j(x)e2"is + 7*(x)e*#is] and defined N} = (21‘; 1)((L é;',ll for

convenience of discussion. The continuous component of the autocovariance becomes

CH™ = (P (ki) PE (ky)) — (Pt (ki)Y (P (k)

:NIL]NILZA ‘ ([ vij (kl)klkJ+Fsz (kl)i‘iw] (—k1)[ (kz)k2k2+F " (ko) RERL) )( k»))

2j

Gaussian i A~ A ~ PN ~ % PN
"N N / LR (k)RR + B9 (kR Y (—ko)) () (=K ) (060) RERL + V2" (kq) RERS))

H(ES )RR+ F k)R (ko) RSRS + FU () RERD) (B (—k ) B (—k,)) }
={A 2<75> (r6)} 4+ {B (yy)(66)}.

with
{A :(y8)(yd)} = NIL NIL / e~ iK1 (xo—X)) p—iKa: (X=X} ,—i(k ks (X1 —X,)
! : IA(],IA(Z,x],x’l,Xz.x’2
X W}Il(xl)W%I(X/I)W}II(XZ)W%I(X/Z)E (R )Eﬁzz(ﬁz - %,)
x ([y(x))e 2Pt 4y (xp) e Pist |5, (x5)) [y (x2) e 2 Phass 4y (xy) €225, (x))
SIEXI_X/Z'ZSZEXZ_X/]NIL NIL e~ iK1z p=iky-sy p—i(ki—K;) (X1 =Xy)
] ’ lzlslA(2~X1-,Sz~sz51
X W (x1) W5, (%2 = $2)WH (%) W (x = 1) L2 (K - R0)L772 (Ky - %))
X [€(s13x1)e 201 =2y +&a(s13X1)e A T2 )
« [gyg(sz;X2)621¢§2.ﬁ2—21¢k2_xz + fyg (Sz;Xz)e 2i¢§2.ﬁ2+2i¢1}25(2]
Eq'r(_\j}n)N}‘ N}‘ / e—ilki—ko)(x;—x,)
! : k kz X1,Xo
X W (%)W, (%) WH | (x0) W, () L2 (K - %) L2 (ks - Ry)
X [P (Kys Xp) + P (Kos X)) | [Py (K5 X5) + Py (ko3 %))
= 4.NIL NIL e~ i(ki—ka)(x; %)
! ? lA(lJAQ-Xl-Xz
x Wi (x;) W (Xz)Wﬁ(Xz)W%(Xl)ﬁmzz(f(l "21)5212:2(122 ’ ﬁz)Pgal(kﬁXl)PEgal(kl;Xz)
e ZPEg (ky)P Eg (’<2)4NI N / e~ {(ki~k2)-(x17x2)
o0, KRy XX,
x qu(Xl)W%1(Xz)qu(Xz)Wfl(Xl)EZ',zz(f(l X)L (Ry - %) Lo (Ko - %)) L (K - %)
11(1.A)
= ZPEg PEg (k2)WL Ly f’ £ (kl,kZ), (A14)
A
and
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(B (o0} =N, N, [ RNk o)

k ,kz,xl,x .Xz,x
x W11<X1)W%1(X1)W11/1(X2)W%1(X/2)£T1:2(R1 : ’A‘l)ﬁr&:z(f(z - %)
x ([y(xp)e P 4y (xp) e Phs ][y (xy) e Phase 4y (xy) €2 Phasa]) (8, (X)) 3 (x5))

x2<—>x k2—> kz L,: even

NI ]NILZ e~ iK1 (X=X p=iKo: (X=X} ,—i(Ky—ky) (X1 —%2)

L L ’ /
K. Ko X X],X0,X]

x Wi, (x ) WH, (x )W}II(X2)W%1(X2)‘CL ( XI)EL_Q(lA(Z'ﬁlz)
—Didr % ihe - 2!¢ &/ 21’¢A7j‘/
x ([r(xp)e P 4y (xp) e Pas]fy(xh)e "% 4y (xh)e” 2 ]) (8, (X)) 3 (%2))
$1=X|—X},8,=X,—X|

TR N / emiKis gikas) pmilki—ky) (x1=x2)
] : kkzx,szxzs,

X W;1/1<X1)W%1(X2 —$2) Wi, (x) — SI)W%I(XZ)ﬁzl,:Z(lA(I ‘ﬁl)[fﬁzz(f(z ﬁ)
X [5—(81;7(1)64""55“’?1 PRRLLEY e_2i¢'§2~q‘\sl + 5’1(81;X1)e_4i¢51-*1 &% 1 e2i¢'§2ﬁ-\51

o2, o =2i.
FE(s3x))e Phsie o + & (s3x))ePisie l¢k2'q_\s‘]§gg(sz§xz)

%,-81-%,.Eq. (All) . o PP
e NILINILzA P emikimk) i W, (x ) W5, (x0) L7 72 (Ko - %) L7572 (Ky - %)
2:X1,X2

X [Pl (K y; x ) )e ™2k @2Phosi 4 plocal (- x| )2 Pk 51 75,

+ P (ks x) e 2 st PP Plocal (K x ) Phis 2 o | Plocal (K x, )
—2N‘L,N£2A e (i) =) W (% ) WS, (x,) L2 (K - R0) £72 (K, - %)

% {e—2i</)k],xl s 1 o1k s, o2k s, }Plocal (k. X1>P1g0gcal(kl; X)

Eq (a12) .

1 1 —i(k;—k,)(x;—x

§ ng EE k2)2NL1N / e~ i(ki=ks)-(x1—x;)
A k.ky.xp. x5

X Wgz(xl)Wiz(Xz)ﬁﬁzz(f(l 'ﬁl)ﬁﬁzz(r‘z X)Ly (k; 'ﬁz)ﬁﬂz(ﬁz - Xy)
X {6—254’512].;:1 ezi‘ﬁkg.ﬁl + €2i¢‘21*’21 €_2i¢'h‘2*f‘1 }’ (A15)

where we have defined the local IA autopower spectra:

1
P (; %) = S Re[P (k3 x) + P (k; x)], (A16)
Plfcal(k; X) = / §+(S; X)e—ik»s7 (A17)
s
Pl_ocal(k; X) = / E_(s; X)e4i¢§;i_4i¢ﬁ_ﬁe_ik's. (A18)
s

In the second line, we have changed the dummy variable x, with x) and also used that L, is even, i.e.,
£2"222 (1) = [1212:2 —u), after replacing k, — —k,. Equation (A15) apparently breaks the symmetry under (L, k) <>
(L,, k>) due to the choice of the LOS direction associated with the endpoint approximation. To avoid this inconsistency, we
symmetrize the result in Eq. (A15) as

! ‘!
(B () (@0} = D [Pl (k)P (k)WY o (ki) + (ke <> o)), (A19)
A

083533-22



CONSTRAINTS ON ANISOTROPIC PRIMORDIAL NON- ... PHYS. REV. D 108, 083533 (2023)

where

II(1,B (K =Kk (x, — N A N A
WL( L7>ﬂ 2, (kl, kz) NILINIL2 - e—ilki—ky)(x; "2)W£2(X1)W§2(X2)Ef; (kl . X2)£t”2(k2 . Xl)
1.K2.X,.Xp

X Lp2 (R, - %) L2 (ks - 1) 2 s sy - s ¢ i), (A20)

We can obtain the latter case explicitly by changing x; <> x/, k, - —k, and using that L, is even in the second line of
Eq. (A15) instead. Note that we have expanded the IA power spectra by using the Legendre polynomials during the
calculation of the covariance, not the associated Legendre polynomials as in the definition of the measurements.

In summary, the continuous part of the autocovariance for the IA-galaxy power spectrum is given by

II(con! 1(1,A () (%3) 1(1.B
CLS™ (ki ko) = D P (k)P U)W L (Ky ko) + D [P (k) PEE )WY, L (i) + (ki > Ko),
2.8 4T
(A21)

where WH(-A) and WH(LB) are defined by Eqgs. (A14) and (A20), respectively.

c. Gaussian covariance: Shot/shape noise terms

To derive the shot noise and shape noise contributions, we first define the fields that are estimated from discrete objects by
(7 = —ik-x . % —iKkX; . %
F;>(k):/ng(x)wg( Je kXL, (K - %) (Z—aZ) kxif (K - R;)
. z]( )klkj / fl},(X)W},(X)}’(X) _2’¢kxg_lk xEm 2 )A( w, . 2i¢1;',;ie—ik'x,-£an=2 (R . ﬁz)
X

Hereafter we distinguish the discrete field from the continuous limit by using the label “¢”, i.e., ( ) and UF J(, 13 In general,

the two-point correlations of these discrete fields have the shot noise and shape noise terms, respectlvely
Ng Nr Ng Nr
<dﬁgl> (kl)dp(gfz) (-ky)) = < KZ _aZ) Wg<xi>e—ik1-x,'£f] (k, .ﬁi>i| KZ _az> Wg(xj>eikz'xj£f2 (k,- ;(j)} >
i i J J
(300 (S-S Jotsamats e 5 )

J#i J#
g Nr
(S +@ Y Jatmpetovemonc, & -ﬁi>cf2<k2'ﬁ,»>>

= (FU (k) EY) (<)) + (14 a) [ ig(x)wd(x)e=timk)x g, (k-R)L,, (K, -R)

X

x (F) (kR R E ) (— ko RARS)

N, _
ZW7(Xi)7(Xi) ~2idi, 5, o=k '[,’" 2(k, - %;) Zw +2’¢‘§2v’”‘./e_ik2"‘j£2"2z(kz-f(j)>
i

PR

N, N, .
<ZZwy<xi>y<xi> s e MN L2 (R ) wy (%7 (%)) e P e L= (- ﬁj>>

i JFi

NV
+<Zw$<xi>|y<x,~>|2e-2’¢*vﬁf”’%e L (k%) L (R >>

~ 511 (kl)ic"fcf'[?y 2" (=) K5kb) + 207 / W{z(x)e—ﬁf/’ﬁl.ﬁz"ﬁazxe—i<k1—k2)~xcgfz(f<1-ﬁ)

X,Cm 2( ﬁ)
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Note that since (y) = 0 and < > (y3) = (y3) = 0, the shape noise terms appear in the “plus” power spectrum component
in the B term [Eq. (A19)], F, viiFs i~ (l71?) = (r1) + (r3) = 20;. For convenience of discussion, we introduce the noise-

related correlations,

>

Ii%fz(kly_k2 =(+a /W _i(k]_kZ).xﬁfH(fil'ﬁ)ﬁfz(f(z )

2771, (k. —ky) = 2”%/ Wi, (x)e k)X Lo=2 (k- R) L7=2 (K, - R) {72 s Pt 4 2P o™ as,
X
Then in the case of the discrete fields, the B term can be rewritten as

UB :(yy)(55)} = NL N}, / (B ()RR + B (k)RR [F S (—ko)RSRS + TR (— ko) RERD))

1’2

x (1Fy (k) )F (kz)>
/ { ytj kl)]%',\ ](/1] ( )]2

A

2T (k) U (k) (o) + T8 (K, o)}
= <on(B :(47)(65)} + Z (Pl (k)W) (k. k) + PR (R)OWE (k) + (K1 < k)]

2j

Alla ykl( —ky) kSRS + F}/ kl) (—ko)k545])

+ WL Lz(klka)
= <MB 1 (yy)(58)} + C} Y

where the first term corresponds to the continuous limit (Eq. (A19) and the window kernels for the shot/shape noise
contributions are

(2.shape —i(k; =Kk )-(x; =X m= " ~
WILI L, fl/) (k],kz) _GZNI ]\7I A . W}Iz(xl)W%z(Xz)e (ki—ky)-(x; Z)ELI 2( )L (k X])
x {e s 2 Mosi 4 Psi e s La(K) - Ry), (A22)
11(2.sh —i(k—ky) (x,—%2) p=2 (T = . %
WL LS2 ;E (ki ky) = (1 +0‘)NIL1N£2/ Wy (X1 ) Wi, (x;)emikika) (x 2)‘CL1 (ko - %)
k kz X1,Xo
X L7=2(ky - %) Lo (kg - %), (A23)
W) (k1. kz) = 202(1 + @)V}, VY, / Wia (61 Wi (xg)e 1o 07 £ 2R - ) L2 (R - 21)
k k2 X1,Xo
% {e—2i¢12],ﬁ1 62545122_,21 + 62’¢k1.x1 e —2idhg, 5, } (A24)

3. Intrinsic alignments-galaxy clustering cross-covariance: Cov[P,,, Pg,]

Similarly, we derive the cross components of the covariance matrix.

Clo, = (PL (k > ok >>—<Pg§”<k1>><ﬁ“”<k2>>
Z P (k)P k)W) L (k) + (K < k)] +ZPEg WP (K k) + (Ky <> k)]

,\,\

IG(con IG(SN)
CLI;Z U (A25)

where
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1G(1 y .
Wi prer o (ki k) = NILINGAﬁ W (%) WE, (x ) WE, (x,)e~i(ki—ka)-(xi—x2)
2,X1,X2

X L=2(ky - R1) (L, (Ky - Ra) + Lo, (ky - %)]Lo (K - R0) Loy (Ko - %), (A26)

WL A f’(kl’k2> N} NG / W (x )W (x) W (%) e ki) (i)
k kz X1,X)

X ETTZ( X)L, (Ky - %0) + Lo, (Ko - %)L (Ko - Ky, (A27)
|
4. Numerical implementation particle-based direct calculations are considered to be
To obtain the elements of analytic covariance matrices, not efficient, we employed the grid-based implementation

we show how to evaluate the quartic functions in terms of ~ With FFT algorithm following Ref. [99]. For example, in
the window functions, W);Y;z) (X, YE{G.T}.i=1,2,3), the case 1of th; /IA{:/IA Eovgrt)ance, tlllle cont.rlbutlons fron} tﬁe
from given random catalogs. Since there is a multidimen- ~ Mmonopoles, (¢.¢3) = (0,0), to the continuous parts of the

sional integration, [; in all Ws and thus lowest-order multipole, (L, Ly) = (2,2), can be rewritten
Kikaxx as [Egs. (A14) and (A19)]

B k)

l[ lA
WZZOO(kl’kQ)
54(N12)2/ ) e~ X)W (x, )W (o) W (30) W (3 ) L5 2 (K - %) L572 (Kks - %)
kK .x;.X)
—alvg [ et w2y 0| | [ e )W (x5 2 )
1.2 X X2

— 4(NL)? / Ok~ k) OF (O — ki),
1.82

with the associated Legendre polynomials, £5=2(u) = 3(1 — u?), decomposed into the sum of the products of Cartesian
components to be computed by FFTs,

QF(k —ky k) = / ek W ()W, (x)3(1 - (K, - %)2)

=3 / ki) X 7 ()W, (x) + 3R] / KW ()W (x)5.8,.

"'

1 FFT 6 FFTs

Similarly, we have

WhS o (ki k) = (NB)? / emitmka )l =)W (x, ) WS, (%,) L5=2 (K, - %,)L5=2(K, - %))

ki .Ky. XX,

X {e—zid’ﬁl.ﬁl ezi¢122,;zl + 62i¢f(1.ﬁ1 e_2i¢122.:21 }

= (N12)2A ) |:/ e—ilki—ko)x) Wgz(xl)ﬁgﬁz(f{l . )A(l)[’gn:Z(f(z . )A(I){E_Zi(pﬁl**l PR + o2k 5 e—2i¢’122.x1}
1,K2 X

" [/ e"“"“”"‘ZW%xxJ]

= (VL) / 7 (k) — ko Ry Ra) O (K, — ko).
1,82
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Hence we need one FFT computation for Qf° and 21 FFTs for Q%) as

Tk — ko kg, ky) = / e~k x W (x)3(1 = (k- %)2)3(1 = (ky - R)2){e 2 Phis P Phas 4 o265 072005}

X

= 36/ ek x Wi, (x) {ef;(R)en (R) + eij(R)ep (%) M k| R5hS,

X

21 FFTs

where we have used the definition of the phase factor,
e 2ibis = Zefj(ﬁ)fcifcj/(l — (k -%)?). Note that we need
more arrays for the higher-order multipoles (£ > 0)
roughly scaling as #2. However since the monopole mo-
ment (isotropic part) should have a dominant contribution
and the higher-order anisotropies of the window function
should be subdominant as shown in Fig. 2, we ignore
higher-order moments than hexadecapole moment to save
computational resources.

We next consider the double angular integratiAon, fk Ry
for each (k;,k,)-bin. We carry out the k;-integration
taking the subsample average of N, points randomly
drawn from wave vectors which belong to the kq-shell
(Namp < Nmode(k1)). For the k,-integration, we refer to
Q(AKk) within a sphere centered at the endpoint of each k
with a sufficiently large radius |Ak| < kg, to take into
account the smearing effect due to the survey window
function, i.e. we set kg > 1/Rgyryey» and add them to the
(ky, ky)-bin satisfying k, = |k; — AK]|. In this work, we set
Ngmp = 10000 and kg, = 0.03 AMpc™.

5. Validation tests for covariance matrices

We validate the analytic covariance for the estimated
power spectra by comparing the evaluated covariance with
that estimated from the mock data for the BOSS survey.
Since the mathematical forms of window functions, }V, in
both clustering and TA parts are fundamentally similar to
each other, we first do the same validation test for the
galaxy clustering part, CZ% , as done in Ref. [99] to
check our implementation of the numerical integrals,
fﬁl,ﬁz,xl,Xz -+, in Ws. We prepare the mock covariance
by using 2048 realizations of BOSS DR12 MultiDark-
Patchy mock catalogs [132] (hereafter Patchy mocks) and
compare it to the analytic results [Eqs. (A2)—(A7)]. We
checked that the analytic covariance (Gaussian and shot
noise terms) and the mock covariance show good agree-
ment with each other on scales up to k ~ 0.05 AMpc~! that
is the maximum wave number used for our analysis of the
galaxy density power spectrum.

On the other hand, as far as we know, there currently
does not exist a suite of realistic and physically well-
motivated mock catalogs for galaxy IA unlike the galaxy
clustering such as the Patchy mocks. Thus we do a
validation test using the simulated tidal field as a

I

hypothetical IA signal including the observational effects,
i.e., the projection and survey window effects. We adopt the
same Gaussian random fields and tidal fields as the mock
data used in Ref. [87]. We briefly describe the data here. We
first generate each realization of the matter density field,
5(k) using the linear matter power spectrum P(k) at
redshift z =0, in a simulation box with comoving side
length of 3 h~'Gpc with 5123 grids. The Nyquist frequency
kny 0.5 hMpc™'. As for the input P(k) we assume the
flat ACDM cosmology, which is consistent with the Planck
CMB data [2],

{Q, 0y, @, ng, In(101°4,) }
= {0.3156, 0.02225,0.1198, 0.9645, 3.094}.

The input power spectrum corresponds to og = 0.834, the
rms value of present-day mass fluctuations within a sphere
of radius 8 ~~'Mpc. We then compute the tidal field
T;;(k) = (k;k; — 8;;/3)3(k) in Fourier space and inverse
Fourier transform the field to obtain 7';;(x) on each grid in
configuration space. We repeated the above procedures to
generate 1000 realizations of T';; using different random
seeds. For the power spectrum measurements, we further
define the projected tidal field, i.e., observed ellipticities,
viewed by an observer in the simulation box for each grid
as y°*(x) = ¢;;(%)T;;(x) with ¢;; being the polarization
tensor. Note that the underlying (unwindowed) density and
shape power spectra in this test are then given by

Prn(k) = 5 (1 = i)P(K)

= P(k),

(A28)

Employing a survey window that mimics the BOSS NGC
footprint, we measure the IA power spectrum by using our
LPP estimator defined by Eq. (12) and compute the mock
covariance by using the measurements from 1000 simu-
lation realizations. For the analytic covariance, on the other
hand, we generate random particles whose distribution
traces the assumed footprint and calculate the window
functions, W, with the above implementation. By multi-

plying them and the theoretical power spectra [Eq. (A28)]

together, we obtain the analytic covariance, CILII(CLOZ“O

[Eq. (A21)]. In Fig. 11, we show the comparison of the
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Comparison of the analytic covariance (solid line) with the mock covariance (dots) for the diagonal (left panel) and th)e off-

diagonal terms (right), respectively. The blue line and symbol correspond to the covariance of the shape power spectrum, C22°°n , and

the black ones correspond to that of the density power spectrum, Cy,

analytic covariance and the mock covariance. The two
covariances agree well for both the diagonal terms and the
off-diagonal terms due to window smearing. In particular,
the diagonal terms of the covariance of the density and
shape power spectra show a scale-dependent difference that
is not just a constant multiple, due to the different effects of
the window function on the scalar and tensor quantities.

APPENDIX B: WEAK LENSING EFFECTS
ON IA POWER SPECTRUM

We here derive the contamination of weak lensing effects
in the measured IA power spectrum by using similar
approximations employed in Refs. [123,124,153] to estimate
the magnification bias on the measured galaxy power
spectrum. We extend their previous results to the IA power
spectrum and also newly propose a general method to include
the survey window effects using an actual random catalog.

1. Observables

The spatial fluctuation of an observed galaxy number
density at a certain redshift is determined by the gravity of not
only the surrounding large-scale structure but also the
foreground large-scale structure due to the weak lensing
effects. Hence the observed density fluctuation field includ-
ing the leading-order weak lensing effect can be written as

= 0,(x) +

The first term is the standard, intrinsic density field aris-
ing from the galaxy distribution in the large-scale structure at
redshifts of galaxies in the sample. The second term is the
magnification bias defined by Sy ~(X) =2 (ctyag — 1)V (x)
with @, = 5s5/2 where s is the slope of the cumulative
galaxy number counts for galaxies brighter than magni-
tude m,

5o (x) Sy (x). (B1)

GG(cont)

din N(<m)
dm

N

and xV! is the weak lensing convergence field,

Vi (x)

¢
/ /
— 1
QmH%/}{dX/(){ )()Z -
0 X aly')

WL( )

K

W N —

om(x'),  (B2)

where ¢WL(x) is the lensing potential, y is the comoving
distance, and V* is the angular part of the Laplacian. We have
used the Poisson equation at the second equality.

Similarly, we define the observed galaxy shape field,
inferred from the spatial pattern of observed galaxy
ellipticities,

72 (x) =y (x) + M (x), (B3)

where the first term is the standard IA field arising from the
large-scale structure at redshifts of galaxies in the sample,
and the second term is the weak lensing shear,

[\)Iw N =

rVh(x)

62¢WL( )
/ /
- 1
%d/(){ X ,
x aly)
/ Kk (k)™
k/

Q. Hj

2€lj(ﬁ)
(B4)
where 8% = 2¢; j(ﬁ)ﬁﬁj and e,; is the polarization tensor.

In the following, we use the abbreviated notations, C =
3QuHG/2 and K (y.x') = (r =2/ (ea(')).
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2. Two-point statistics

The cross-correlation between the observed galaxy
density field and shape field can be decomposed into four
terms,

(857" = (87™) + (8r™") +
+ (8™,

< 6;’\’L ]/IA >

(B5)
!

(g - (x1)rVH(x2)) = 2(tmag — 1) {VH(x1)rVH(x2))

The second and third terms arise due to the breakdown of
the thin redshift shell approximation and the last term is the
pure weak-lensing autocorrelation. We estimate the order of
magnitude of each contribution including actual survey
window effects.

We first start with the autocorrelation functions of weak
lensing,

X1 X2 R Ay A K (x —x
= 2(amag — I)CZ/]' d)(/lK(){l’/}«,/l)A d){éK(){z,){é)zeu(X) K, k;k;P(k’)(l’)( ) ik’ ( 2)

min(y;.x2) , Sl (! /
2 2(pyag — 1) C2 / K () K () / PP ) e ),

L

We have used the Limber approximation in the second line where the subscript ““|” denotes the components per-
pendicular to the line-of-sight (LOS) direction, and introduced the notation of the phase factor, 2e;;(X)kik; =

(1- (k- )A()2)€2i¢f‘l ~ e

(OVE(x) )y VE(X2)) 2 2(tgg — 1) C2 /”dx’w,m / P sy ) e ),
0 k’

Next, we consider the survey window effects by multiplying the weight function, e.g., 8y “(x) =
we assume the separable form for the window function, i.e., W(x) ~

i(/)f‘l. Also by approximating y,, y, as the (constant) mean redshift y, we obtain

(B6)

€

W(x)8y - (x). Hereafter
W) (x)W (x ) where the subscript | denotes the

LOS component (see the next subsection for justifications of this approximation). By performing the Fourier transform of
Eq. (B6), we define the coordinate-independent power spectrum with the window effects as

P(;EVL},WL (k) =

—2igy X / = 7\’
e 2¢kL|W||(k)|22<amag_1)c2/) d)(“()ﬁ)()(f) /

(B7)

62i¢kr <k/ ,7)()|WJ_(kJ__ /
L

and then, we finally obtain the multipole moments with respect to the associated Legendre polynomials of m = 2,

P )= L4 )50 [ Pam (K120 (B8)
=L D [ S W) P2y - DC

<2n [“ a0t | [T o (2) (0 Eu) fawr| @9
=L+ gy [ B L0 () P2y~ 1DC

w000 | [ (B) p(k L )| 0w (B10)

where in the second line, we have defined the autocorrelation function of the perpendicular components of the window

function, O, as

W, (k)|

/ Ql rl tkLrL

(B11)
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and used the 2D plane-wave expansion with the Bessel function J,,,

0

n=—0oo

(B12)

In the third line, we reexpress the result in terms of the 2D Hankel and inverse Hankel transforms, HZ2P and (HZP)~!,
explicitly to numerically implement it with 1D FFT (FFTlog).
We next calculate the galaxy-weak lensing cross-correlation with the same approximations as

X2 ~ YR ik (x,—x"
B3 (2] = € [ R 20R) [ BP0 ) 070

~ CK (2. 11) // €2i¢ﬁlpgm( i) e i)

k)

C)(Z‘)(]/ 62i¢ﬁlPgm(kl;)—()eikl'(xl.i_xli)'

o alp)
Performing the Fourier transform taking into account the window function, we obtain the power spectrum,
- i Gk C Dighes
_ 2 [N b -
Poguli) = 0 2 | PRIV (K (B13)
where
Gy(ky) = / du / oy W) (e )W (o) b = e 00 = / dr|ry Q) (ry)e™".
Thus, the multipole moments are
(L) _ (L=-2)! [ . e
P (k) = L+ 1) (g [ P (0)£72(0) (B14)
_ (L=2) (vdu ., Gilk) C o 2DY-1 s
=L+ 1)y [ B L0 S0 ) () P (KD, (BIS)
After similar calculations, we obtain the magnification-IA cross-power spectrum:
~(L (L—2)! Ldu . GH(k”)Z(O( —I)C _ _
Pih (0= L 1) 7 | G20 T S0, () (R0 [Py () (1)KL (BI6)

For the numerical evaluation, we assume P,,,, = by PN" and
Py = bgPNY/2 where PN is the nonlinear-matter power
spectrum.

3. Window functions for weak lensing signals

Here we address the window function for the weak
lensing signal. As shown in the previous subsection, we
approximate the window function as the separable form
parallel/perpendicular to the LOS direction. In this case, the
autocorrelation of W also becomes separable,

o(r) = / W(x)W(x + 1)

2K WH()C”)W(XJ_)W”(XH + r”)W(XJ_ +I‘J_)

= Q)(r)QL(ry).

To see how good this approximation is, we first measure Q)

and Q| from the random catalog, next reconstruct its (3D)
multipole moments by the angular integration,

d:;fQH(rH)QL(rL)Ef(/‘), (B17)

ox()=(2¢+1) [
where (r,r,) = (ur.\/1—p?r), and then compare Q*
with the true multipole moments, Q,, which is defined as

0,(r) = / W) W(x +1)Lo(u).  (BIS)

To obtain Q) ;, we follow the pair-counting approach
[118] which was originally proposed to obtain Q,. We
slightly modify it to evaluate each parallel/perpendicular
component as follows. We first review the methodology for
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the calculation of Q,. The number of pairs connecting the
infinitesimal volume dV(x) with dV’(x’) is written by

RR(x,x') = W(x)dV - W(x")dV’,

where W(x) = i1(x)w(x) is the “window” function defined
by the product of the mean number density 7 and weight w.
The total number of pairs over the survey region with the
separation vector r = x’ — x is given by the summation,

RR(r) = / RR(x,x') = dV’ / W(x)W(x + 1)

=dV'Q(r). (B19)

By using dV/ = r*A(Inr)dQ; and taking the angular
average with the Legendre polynomials, we have

RRE(r)= (2 +1) [ RRO()L, (1)
=4zr3A(Inr)Q,(r),

where we define p for each pair as the cosine between the
separation vector and the midpoint vector towards the pair,

1.00

0.25

0.00

0.0
100 10 10? 108
ry [h~Mpc]

FIG. 12.

1.00

0.75F

p=rt-d with d= (x +x')/2. Thus, we obtain Q, by
normalizing the total weighted pair counts o« RR'/r.

Similarly, under the assumption of the separable form of
the window function, we can factorize Eq. (B19) by using
dV/ = l"”A<ll’1 }’H) . riA(ln rL)dqﬁfl,

RR®'(r.x )2 r A(lnr)Qy(ry) - riA(Inr, )dg; Q, (r,).

where r =r- dandr, =r— rH(Al. Therefore, the parallel
and perpendicular components of the window autocorre-
lation can be estimated by the pair counts summed
with respect to ry and r,, respectively; Q) o« RR*/r| and
Q, < RR®/r%.

The left panels in Fig. 12 show the LOS-parallel
and -perpendicular components of the window autocorre-
lation, Q) and Q,, respectively. The dumping scales,
|~ 500 h~'Mpc and r, ~2000 h~'Mpc, roughly corre-
spond to the comoving range of galaxy distributions in each
direction. We show the comparison between the true and
reconstructed multipole moments of the window autocor-
relation function in the right panel. We find that the
assumption of the LOS-parallel/perpendicular decomposi-
tion is not perfect, but the difference is less than 5% for all
scales. Besides, since the order of amplitude of weak

100 10! 102 10°
r [h~"Mp(]

Left column: The upper (lower) panel shows the LOS-parallel (-perpendicular) component of the window autocorrelation

function measured from the random catalog for NGC high-z sample (0.5 < z < 0.75). Right: The comparison between the true
multipole moments defined by Eq. (B18) (solid line), denoted as O, and the reconstructed moments from Q , defined by Eq. (B17)
(dashed line), denoted as Q%°. The blue, orange and green curves correspond to the monopole, quadrupole and hexadecapole,
respectively. The lower panel shows the difference between them. The jagged features at small scales are due to the resolution of the pair

counting approach.
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lensing signals is small enough compared to the statistical
error as we will see in the next subsection, we stick to this
assumption for the window function throughout this paper.

4. Amplitude of weak lensing signals

Figure 13 shows the density-shape cross-power spectrum
(multipole moment of L = 2) including the survey window
effect and the weak lensing contributions for each galaxy
sample, NGC low-z/high-z. The effective redshifts are 0.38
and 0.61, respectively. We assume b, = 2, by = —0.045 for
the intrinsic alignment power spectrum (the linear alignment
model), and for the magnification bias in the weak lensing
signals, we use aym “"E" = (1.93,2.62) [126,130]. The
amplitude of WL-cross-power spectrum (orange, dot-
dashed curve) is similar between the two samples because
it is almost determined by the radial (finite) width of the
galaxy distribution, Ar ~ 500 h~'"Mpc. On the other hand,
for WL-autopower spectrum (green, dotted), the high-z
sample has greater amplitude than the low-z sample due
to the higher weak lensing efficiency as expected. Since the
intrinsic alignment and the weak lensing have opposite
signs, i.e., radial and tangential distortions, the total
power spectrum (black, solid) is smaller than the pure 1A
power spectrum (blue, dashed). We take this weak lensing

NGC low-z (0.2 < z < 0.5)

contamination into account in the analysis as described in
Sec. IVA.

APPENDIX C: FURTHER TESTS
FOR COSMOLOGICAL ANALYSIS

1. Window convolution with primordial
non-Gaussianity

The model of the IA power spectrum used in our analysis
has been validated in Ref. [87]. However, the test was done
in Ref. [87] using a continuous tidal field, generated under
the Gaussian initial condition, to simulate the IA signal.
Since the observed galaxy density and shape fields are
discrete and we aim at exploring the PNG (i.e., non-
Gaussian initial condition) information from the observed
power spectra, the previous tests would be considered
insufficient. As we currently do not have a realistic mock
signal of galaxy IA in the k-range we are interested in,
0.01 £k <0.2 hMpc~!, we conduct the following addi-
tional tests using dark matter halo samples obtained by
N-body simulations under both Gaussian and non-Gaussian

372 = 500) initial conditions generated in Ref. [67]. We
adopt Ny, = 2048’ particles and 4.096 h~'Gpc for the
comoving simulation box size, which corresponds to the
particle masses m, ~7.0 x 10'" A='M. We use halos

NGC high-z (0.5 < z < 0.75)

102 - 102F
5
)
=
=
|
§ 101 N 101 L
O —{0g7)
I@ (5,7 VEY + (SWEy1A)
R N (5WLA WLy
100' - 7<50bs,yobs> (tOtdl) 100-
—
| 0.5f 0.5
T
QT 0.0 0.0F
~
%? —0.5 05
1072 107! 1072 107!
k [hMpce] E [hMpc]
FIG. 13. Upper panels: The model predictions of of various power spectra, computed from our theoretical template of the linear-

theory power spectra, for NGC low-z (left) and high-z (right) samples, respectively: the “intrinsic” [A-density cross spectrum (blue,
dashed line), the WL-density or WL-IA cross spectrum (orange, dot-dashed), and the WL autospectrum (green, dotted). Black, solid line
show the total power that is the sum of the above power spectra, to be compared with the measured power spectrum. Note that we plot
the absolute values of power spectra because the signs of IA and WL signals are opposite. Lower panels: The ratio of the total power
spectrum to the intrinsic [A power spectrum, where the latter does not include the WL contamination due to the foreground large-scale
structure at different redshifts from those of galaxies in the sample. The gray band corresponds to the statistical errors in each k bin that
are estimated from the diagonal elements of the covariance for each galaxy sample.
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identified by Rockstar [154] with their virial mass
M, > 7 x 10" h~'M. Employing the same BOSS-like
survey geometry as used in Ref. [87] (also used in the
validation test of the covariance matrix in Appendix A), we
measure the halo IA power spectrum including the survey
window, the projection of halo shapes, and the redshift-space
distortion effect for each line-of-sight direction. We chop out
32 different subregions, each of which mimics the BOSS
survey window (~2 h~3Gpc?), from the entire simulation
box (~69 h=>Gpc?) and use the signals measured from
the subregions to estimate the mean signal and the error
bars needed to compare the theoretical model with the
measurements.

Figure 14 shows the comparison of the measured IA
power spectrum and the linear (alignment) model predic-
tion including observational effects. The figure gives
validation of our theoretical model because the model
predictions fairly well reproduces the simulation results,
down to very small k bins, for both the Gaussian and PNG
initial conditions. Note that the deviation between the
theory and measurement at k ~ 0.1 A-Mpc~' is due to the
nonlinearities of the evolution of IA and the RSD effect.

We will discuss the impact of this nonlinear effect on the
PNG parameter estimations in the next section.

2. Determination of k,,,, for IA power spectrum

We here study a proper choice of the maximum wave
number k., in the sense that our analysis using the
theoretical template based on the linear model can recover
the input PNG parameter in an unbiased manner. In this
work, we choose k., so that the 1D systematic bias in f f;ﬁf
parameter is smaller than the statistical error, 1o. For this
purpose we need to prepare a realistic mock signal (data
vector) that mimics the true nonlinearity of galaxy IA
corresponding to the BOSS galaxy sample we use.
However, again since we currently do not have a reliable
mock of galaxy IA, we use the halo IA power spectrum
generated in the previous section to approximate the
nonlinearity of the observed IA signal as follows. Since
the density and TA power spectra of halos have greater
amplitudes than do the BOSS galaxy power spectra, we
make the following correction to make the mock catalog
more realistic. We first estimate the linear density and shape

Gaussian (f$7°=0)

—— theory w/ window
11—

(k) [(h"Mpc)?]

(R
_PEh

theory w/o window ]

anisotropic PNG (72 = 500)

~

104.

(k) [(h"Mpc)?]

(S
Eh

—-P

k [hMpc ]

1072 107!

k [hMpc ]

FIG. 14. Comparison of the halo IA power spectra, measured by our estimator (points with error bars) from the mock data, with the
theoretical predictions including the observational effects (solid lines) for Gaussian (leff) and anisotropic PNG (right) initial conditions,
respectively. The upper panels are for the real-space power spectrum and the lower for the redshift-space power spectrum. These are
measured for the halo sample with M;, > 7 x 10" h~'M, in the mock data including the BOSS-like survey window (see text for
details). Note that the data points are the mean signal of the 32 mock data realizations, while the error bars are computed from the
standard deviations of the 32 measurements, which give an estimate of the statistical errors in the power spectrum measurement for the

BOSS volume.
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FIG. 15. Left panel: Comparison of the mock data vector of the IA power spectrum in our test. The orange points are the mock data
made by our linear alignment model (“LA”), while the blue points are the mock data made by the halo power spectrum measured from
the simulation (“halo IA”). Here we adopted the linear shape bias parameter to mimic that for BOSS-like galaxies, while we “rescaled”
the amplitude of the halo power spectrum to match with the linear-theory prediction for BOSS-like galaxies on linear scales (see text for
details). The circle symbols in the respective color are for the Gaussian initial conditions for the ACDM model, while the cross symbols
are for the PNG model with £;> = 500 (the other cosmological parameters are kept fixed to the fiducal values). The error bars are from
the diagonal components of the covariance for the BOSS NGC low-z galaxy sample. Right: Results for the validation test of our analysis
pipeline. Shown is the difference between the estimated fﬁz and its true value assumed in the mock data, where fﬁz is estimated by
comparing the model template of linear-theory power spectrum with the mock data in the range k = [0.01 AMpc ™", k] as a function of
knax 10 the x-axis. Each color and symbol corresponds to the respective result using the respective mock data in the left figure.

bias parameters by fitting the linear power spectrum to the
halo power spectrum up to k = 0.05 AMpc~!, where the
linear model is valid. Then we rescale the halo power
spectra by multiplying the constant factor so that the
resulting halo power spectra have the linear bias param-
eters, (b, bx) = (2.0,-0.04), that are typical values for
the BOSS galaxy samples we use. Nevertheless the halo
power spectra have stronger nonlinearities in their cluster-
ing, IA and redshift-space distortion at the larger k in the
nonlinear regime, and therefore our validation tests to
estimate the impact of these nonlinear effects can be
considered as a conservative estimate.

For comprehensiveness of our discussion we make two
kinds of validation tests. For the first test, to generate the
mock data vector d, we use the rescaled halo power spectra,
as described above, that are originally measured from
halos in N-body simulations. Here we call this mock data
vector as d = “halo IA”. For the second test we use the
linear power spectra to make the mock data vector,
where the model predictions are computed from the same
model that is used in the theoretical template of the
parameter inference (d = “LA”). Then we test whether

our analysis pipeline can recover the input value of f3;>.
The latter test can quantify the impact of projection effect in
a multidimensional parameter space in the Bayesian
parameter inference, which refers to a bias that the input
parameter value is not necessarily perfectly recovered if the
posterior distribution in a full parameter space is non-
Gaussian [10,142].

Figure 15 shows the results. In the case of the “halo IA”
(blue), our pipeline can recover the input f3;> only when
using up to kp, =~ 0.1 AMpc~! to within 16 error, and gives
a parameter bias greater than 1o for the larger &, because
of the stronger nonlinearities that are not captured by the
linear model. In the case of the “LA” (orange), although the
pipeline can recover the input value of f3;? to within 16 for
all k.. of interest, the projection effect is larger for the
smaller k,,,, due to the banana-shaped degeneracy between
by and f3;>. We note that for both cases the estimated
value of f§;? tends to be smaller than the true value,
meaning that the analysis tends to underestimate the PNG
amplitude. From these results we adopt k,,,, =0.1 AMpc™!
as our fiducial choice.

083533-33



TOSHIKI KURITA and MASAHIRO TAKADA

PHYS. REV. D 108, 083533 (2023)

[1] E. Komatsu et al., Seven-year Wilkinson Microwave
Anisotropy Probe (WMAP) Observations: Cosmological
interpretation, Astrophys. J. Suppl. Ser. 192, 18 (2011).

[2] P.A.R. Ade et al. (Planck Collaboration), Planck 2015
results. XIII. Cosmological parameters, Astron. Astrophys.
594, A13 (2016).

[3] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020).

[4] D. M. Scolnic et al., The complete light-curve sample of
spectroscopically confirmed SNe Ia from Pan-STARRSI
and cosmological constraints from the combined Pantheon
sample, Astrophys. J. 859, 101 (2018).

[5] S. Cole et al., The 2dF Galaxy Redshift Survey: Power-
spectrum analysis of the final data set and cosmological
implications, Mon. Not. R. Astron. Soc. 362, 505 (2005).

[6] D.J. Eisenstein et al., Detection of the baryon acoustic
peak in the large-scale correlation function of SDSS
luminous red galaxies, Astrophys. J. 633, 560 (2005).

[7]1 S. Alam et al., The clustering of galaxies in the completed
SDSS-III Baryon Oscillation Spectroscopic Survey: Cos-
mological analysis of the DR12 galaxy sample, Mon. Not.
R. Astron. Soc. 470, 2617 (2017).

[8] G. d’Amico, J. Gleyzes, N. Kokron, K. Markovic, L.
Senatore, P. Zhang, F. Beutler, and H. Gil-Marin, The
cosmological analysis of the SDSS/BOSS data from the
effective field theory of large-scale structure, J. Cosmol.
Astropart. Phys. 20 (2020) 005.

[91 M. M. Ivanov, M. Simonovi¢, and M. Zaldarriaga,
Cosmological parameters from the BOSS galaxy power
spectrum, J. Cosmol. Astropart. Phys. 05 (2020) 042.

[10] Y. Kobayashi, T. Nishimichi, M. Takada, and H. Miyatake,
Full-shape cosmology analysis of the SDSS-III BOSS
galaxy power spectrum using an emulator-based halo
model: A 5% determination of og, Phys. Rev. D 105,
083517 (2022).

[11] J. Maldacena, Non-Gaussian features of primordial fluc-
tuations in single field inflationary models, J. High Energy
Phys. 05 (2003) 013.

[12] V. Acquaviva, N. Bartolo, S. Matarrese, and A. Riotto,
Gauge-invariant second-order perturbations and non-
Gaussianity from inflation, Nucl. Phys. B667, 119
(2003).

[13] P. Creminelli, On non-Gaussianities in single-field infla-
tion, J. Cosmol. Astropart. Phys. 10 (2003) 003.

[14] D. Baumann, Cosmology (Cambridge University Press,
Cambridge, England, 2022).

[15] X. Chen, M.-x. Huang, S. Kachru, and G. Shiu, Obser-
vational signatures and non-Gaussianities of general sin-
gle-field inflation, J. Cosmol. Astropart. Phys. 01 (2007)
002.

[16] P.D. Meerburg, D. Green, R. Flauger, B. Wallisch,
M. C.D. Marsh, E. Pajer, G. Goon, C. Dvorkin, A. M.
Dizgah, D. Baumann, G.L. Pimentel, S. Foreman, E.
Silverstein, E. Chisari, B. Wandelt, M. Loverde, and A.
Slosar, Primordial Non-Gaussianity, Bull. Am. Astron.
Soc. 51, 107 (2019).

[17] E. Komatsu and D. N. Spergel, Acoustic signatures in the
primary microwave background bispectrum, Phys. Rev. D
63, 063002 (2001).

[18] P. Creminelli and M. Zaldarriaga, A single-field consis-
tency relation for the three-point function, J. Cosmol.
Astropart. Phys. 10 (2004) 006.

[19] M. Alishahiha, E. Silverstein, and D. Tong, DBI in the sky:
Non-Gaussianity from inflation with a speed limit, Phys.
Rev. D 70, 123505 (2004).

[20] L. Senatore, K. M. Smith, and M. Zaldarriaga, Non-
Gaussianities in single field inflation and their optimal
limits from the WMAP 5-year data, J. Cosmol. Astropart.
Phys. 01 (2010) 028.

[21] A. Linde and V. Mukhanov, Non-Gaussian isocurvature
perturbations from inflation, Phys. Rev. D 56, R535
(1997).

[22] T. Moroi and T. Takahashi, Effects of cosmological moduli
fields on cosmic microwave background, Phys. Lett. B
522, 215 (2001).

[23] K. Enqvist and M. S. Sloth, Adiabatic CMB perturbations
in pre-big-bang string cosmology, Nucl. Phys. B626, 395
(2002).

[24] D.H. Lyth and D. Wands, Generating the curvature
perturbation without an inflaton, Phys. Lett. B 524, 5
(2002).

[25] D. H. Lyth, C. Ungarelli, and D. Wands, Primordial density
perturbation in the curvaton scenario, Phys. Rev. D 67,
023503 (2003).

[26] M. Zaldarriaga, Non-Gaussianities in models with a
varying inflaton decay rate, Phys. Rev. D 69, 043508
(2004).

[27] N. Bartolo, S. Matarrese, and A. Riotto, Non-Gaussianity
in the curvaton scenario, Phys. Rev. D 69, 043503 (2004).

[28] D. H. Lyth, Generating the curvature perturbation at the
end of inflation, J. Cosmol. Astropart. Phys. 11 (2005) 006.

[29] C.T. Byrnes and K.-Y. Choi, Review of local non-
Gaussianity from multifield inflation, Adv. Astron.
2010, 724525 (2010).

[30] E. Komatsu, A. Kogut, M. R. Nolta, C.L. Bennett, M.
Halpern, G. Hinshaw, N. Jarosik, M. Limon, S. S. Meyer,
L. Page, D. N. Spergel, G. S. Tucker, L. Verde, E. Wollack,
and E.L. Wright, First-Year Wilkinson Microwave
Anisotropy Probe (WMAP) Observations: Tests of Gaus-
sianity, Astrophys. J. Suppl. Ser. 148, 119 (2003).

[31] D.N. Spergel et al., Three-year Wilkinson microwave
anisotropy probe (WMAP) Observations: Implications for
cosmology, Astrophys. J. Suppl. Ser. 170, 377 (2007).

[32] P. A.R. Ade et al. (Planck Collaboration), Planck 2015
results. XVIIL. Constraints on primordial non-Gaussianity,
Astron. Astrophys. 594, A17 (2016).

[33] Y. Akrami et al. (Planck Collaboration), Planck 2018
results. IX. Constraints on primordial non-Gaussianity,
Astron. Astrophys. 641, A9 (2020).

[34] N. Dalal, O. Doré, D. Huterer, and A. Shirokov, Imprints of
primordial non-Gaussianities on large-scale structure:
Scale-dependent bias and abundance of virialized objects,
Phys. Rev. D 77, 123514 (2008).

[35] A. Slosar, C. Hirata, U. Seljak, S. Ho, and N.
Padmanabhan, Constraints on local primordial non-Gaus-
sianity from large scale structure, J. Cosmol. Astropart.
Phys. 08 (2008) 031.

[36] J.-Q. Xia, C. Baccigalupi, S. Matarrese, L. Verde, and M.
Viel, Constraints on primordial non-Gaussianity from large

083533-34


https://doi.org/10.1088/0067-0049/192/2/18
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.3847/1538-4357/aab9bb
https://doi.org/10.1111/j.1365-2966.2005.09318.x
https://doi.org/10.1086/466512
https://doi.org/10.1093/mnras/stx721
https://doi.org/10.1093/mnras/stx721
https://doi.org/10.1088/1475-7516/2020/05/005
https://doi.org/10.1088/1475-7516/2020/05/005
https://doi.org/10.1088/1475-7516/2020/05/042
https://doi.org/10.1103/PhysRevD.105.083517
https://doi.org/10.1103/PhysRevD.105.083517
https://doi.org/10.1088/1126-6708/2003/05/013
https://doi.org/10.1088/1126-6708/2003/05/013
https://doi.org/10.1016/S0550-3213(03)00550-9
https://doi.org/10.1016/S0550-3213(03)00550-9
https://doi.org/10.1088/1475-7516/2003/10/003
https://doi.org/10.1088/1475-7516/2007/01/002
https://doi.org/10.1088/1475-7516/2007/01/002
https://doi.org/10.48550/arXiv.1903.04409
https://doi.org/10.48550/arXiv.1903.04409
https://doi.org/10.1103/PhysRevD.63.063002
https://doi.org/10.1103/PhysRevD.63.063002
https://doi.org/10.1088/1475-7516/2004/10/006
https://doi.org/10.1088/1475-7516/2004/10/006
https://doi.org/10.1103/PhysRevD.70.123505
https://doi.org/10.1103/PhysRevD.70.123505
https://doi.org/10.1088/1475-7516/2010/01/028
https://doi.org/10.1088/1475-7516/2010/01/028
https://doi.org/10.1103/PhysRevD.56.R535
https://doi.org/10.1103/PhysRevD.56.R535
https://doi.org/10.1016/S0370-2693(01)01295-3
https://doi.org/10.1016/S0370-2693(01)01295-3
https://doi.org/10.1016/S0550-3213(02)00043-3
https://doi.org/10.1016/S0550-3213(02)00043-3
https://doi.org/10.1016/S0370-2693(01)01366-1
https://doi.org/10.1016/S0370-2693(01)01366-1
https://doi.org/10.1103/PhysRevD.67.023503
https://doi.org/10.1103/PhysRevD.67.023503
https://doi.org/10.1103/PhysRevD.69.043508
https://doi.org/10.1103/PhysRevD.69.043508
https://doi.org/10.1103/PhysRevD.69.043503
https://doi.org/10.1088/1475-7516/2005/11/006
https://doi.org/10.1155/2010/724525
https://doi.org/10.1155/2010/724525
https://doi.org/10.1086/377220
https://doi.org/10.1086/513700
https://doi.org/10.1051/0004-6361/201525836
https://doi.org/10.1051/0004-6361/201935891
https://doi.org/10.1103/PhysRevD.77.123514
https://doi.org/10.1088/1475-7516/2008/08/031
https://doi.org/10.1088/1475-7516/2008/08/031

CONSTRAINTS ON ANISOTROPIC PRIMORDIAL NON- ...

PHYS. REV. D 108, 083533 (2023)

scale structure probes, J. Cosmol. Astropart. Phys. 08
(2011) 033.

[37] A.J.Ross et al., The clustering of galaxies in the SDSS-III
DR9 Baryon Oscillation Spectroscopic Survey: Con-
straints on primordial non-Gaussianity, Mon. Not. R.
Astron. Soc. 428, 1116 (2013).

[38] T. Giannantonio, A.J. Ross, W. J. Percival, R. Crittenden,
D. Bacher, M. Kilbinger, R. Nichol, and J. Weller,
Improved primordial non-Gaussianity constraints from
measurements of galaxy clustering and the integrated
Sachs-Wolfe effect, Phys. Rev. D 89, 023511 (2014).

[39] S. Ho et al., Sloan Digital Sky Survey III photometric
quasar clustering: Probing the initial conditions of the
Universe, J. Cosmol. Astropart. Phys. 05 (2015) 040.

[40] B. Leistedt, H. V. Peiris, and N. Roth, Constraints on
Primordial Non-Gaussianity from 800 000 Photometric
Quasars, Phys. Rev. Lett. 113, 221301 (2014).

[41] E. Castorina, N. Hand, U. Seljak, F. Beutler, C.-H. Chuang,
C. Zhao, H. Gil-Marin, W.J. Percival, A.J. Ross, P.D.
Choi, K. Dawson, A. de la Macorra, G. Rossi, R. Ruggeri,
D. Schneider, and G.-B. Zhao, Redshift-weighted con-
straints on primordial non-Gaussianity from the clustering
of the eBOSS DR14 quasars in Fourier space, J. Cosmol.
Astropart. Phys. 09 (2019) 010.

[42] E.-M. Mueller, M. Rezaie, W.J. Percival, A.J. Ross, R.
Ruggeri, H.-J. Seo, H. Gil-Marin, J. Bautista, J.R.
Brownstein, K. Dawson, A. de la Macorra, N. Palanque-
Delabrouille, G. Rossi, D. P. Schneider, and C. Yeche, The
clustering of galaxies in the completed SDSS-IV extended
Baryon Oscillation Spectroscopic Survey: Primordial non-
Gaussianity in Fourier space, arXiv:2106.13725.

[43] A. Barreira, Can we actually constrain fy; using the scale-
dependent bias effect? An illustration of the impact of
galaxy bias uncertainties using the BOSS DR12 galaxy
power spectrum, J. Cosmol. Astropart. Phys. 11 (2022)
013.

[44] G. Cabass, M. M. Ivanov, O. H. E. Philcox, M. Simonovic¢,
and M. Zaldarriaga, Constraints on multifield inflation
from the BOSS galaxy survey, Phys. Rev. D 106, 043506
(2022).

[45] G. D’Amico, M. Lewandowski, L. Senatore, and P. Zhang,
Limits on primordial non-Gaussianities from BOSS gal-
axy-clustering data, arXiv:2201.11518.

[46] M. Shiraishi, E. Komatsu, M. Peloso, and N. Barnaby,
Signatures of anisotropic sources in the squeezed-limit
bispectrum of the cosmic microwave background, J. Cosmol.
Astropart. Phys. 05 (2013) 002.

[47] S. Endlich, A. Nicolis, and J. Wang, Solid inflation,
J. Cosmol. Astropart. Phys. 10 (2013) O11.

[48] N. Bartolo, S. Matarrese, M. Peloso, and A. Ricciardone,
Anisotropy in solid inflation, J. Cosmol. Astropart. Phys.
08 (2013) 022.

[49] S. Endlich, B. Horn, A. Nicolis, and J. Wang, Squeezed
limit of the solid inflation three-point function, Phys. Rev.
D 90, 063506 (2014).

[50] M. Sitwell and K. Sigurdson, Quantization of perturbations
in an inflating elastic solid, Phys. Rev. D 89, 123509 (2014).

[51] N. Bartolo, M. Peloso, A. Ricciardone, and C. Unal,
The expected anisotropy in solid inflation, J. Cosmol.
Astropart. Phys. 11 (2014) 009.

[52] N. Barnaby, R. Namba, and M. Peloso, Observable non-
Gaussianity from gauge field production in slow roll
inflation, and a challenging connection with magneto-
genesis, Phys. Rev. D 85, 123523 (2012).

[53] N. Bartolo, S. Matarrese, M. Peloso, and A. Ricciardone,
Anisotropic power spectrum and bispectrum in the f(¢)F?
mechanism, Phys. Rev. D 87, 023504 (2013).

[54] N. Bartolo, S. Matarrese, M. Peloso, and M. Shiraishi,
Parity-violating CMB correlators with non-decaying stat-
istical anisotropy, J. Cosmol. Astropart. Phys. 07 (2015)
039.

[55] M. Shiraishi, Parity violation of primordial magnetic fields
in the CMB bispectrum, J. Cosmol. Astropart. Phys. 06
(2012) 015.

[56] M. Shiraishi, D. Nitta, S. Yokoyama, and K. Ichiki,
Optimal limits on primordial magnetic fields from CMB
temperature bispectrum of passive modes, J. Cosmol.
Astropart. Phys. 03 (2012) 041.

[57] N. Arkani-Hamed and J. Maldacena, Cosmological col-
lider physics, arXiv:1503.08043.

[58] H. Lee, D. Baumann, and G. L. Pimentel, Non-Gaussianity
as a particle detector, J. High Energy Phys. 12 (2016) 040.

[59] G. Franciolini, A. Kehagias, A. Riotto, and M. Shiraishi,
Detecting higher spin fields through statistical anisotropy
in the CMB bispectrum, Phys. Rev. D 98, 043533 (2018).

[60] F. Schmidt, N.E. Chisari, and C. Dvorkin, Imprint of
inflation on galaxy shape correlations, J. Cosmol. Astropart.
Phys. 10 (2015) 032.

[61] R. A. C. Croft and C. A. Metzler, Weak-lensing surveys and
the intrinsic correlation of galaxy ellipticities, Astrophys. J.
545, 561 (2000).

[62] P. Catelan, M. Kamionkowski, and R.D. Blandford,
Intrinsic and extrinsic galaxy alignment, Mon. Not. R.
Astron. Soc. 320, L7 (2001).

[63] R. G. Crittenden, P. Natarajan, U.-L. Pen, and T. Theuns,
Discriminating weak lensing from intrinsic spin correla-
tions using the curl-gradient decomposition, Astrophys. J.
568, 20 (2002).

[64] N.E. Chisari and C. Dvorkin, Cosmological information in
the intrinsic alignments of luminous red galaxies, J. Cosmol.
Astropart. Phys. 12 (2013) 029.

[65] K. Kogai, T. Matsubara, A.J. Nishizawa, and Y. Urakawa,
Intrinsic galaxy alignment from angular dependent pri-
mordial non-Gaussianity, J. Cosmol. Astropart. Phys. 08
(2018) 014.

[66] K. Kogai, K. Akitsu, F. Schmidt, and Y. Urakawa, Galaxy
imaging surveys as spin-sensitive detector for cosmologi-
cal colliders, J. Cosmol. Astropart. Phys. 03 (2021)
060.

[67] K. Akitsu, T. Kurita, T. Nishimichi, M. Takada, and S.
Tanaka, Imprint of anisotropic primordial non-Gaussianity
on halo intrinsic alignments in simulations, Phys. Rev. D
103, 083508 (2021).

[68] C.M. Hirata and U. Seljak, Intrinsic alignment-lensing
interference as a contaminant of cosmic shear, Phys. Rev.
D 70, 063526 (2004).

[69] B. Joachimi, M. Cacciato, T. D. Kitching, A. Leonard, R.
Mandelbaum, B. M. Schifer, C. Siféon, H. Hoekstra, A.
Kiessling, D. Kirk, and A. Rassat, Galaxy alignments: An
overview, Space Sci. Rev. 193, 1 (2015).

083533-35


https://doi.org/10.1088/1475-7516/2011/08/033
https://doi.org/10.1088/1475-7516/2011/08/033
https://doi.org/10.1093/mnras/sts094
https://doi.org/10.1093/mnras/sts094
https://doi.org/10.1103/PhysRevD.89.023511
https://doi.org/10.1088/1475-7516/2015/05/040
https://doi.org/10.1103/PhysRevLett.113.221301
https://doi.org/10.1088/1475-7516/2019/09/010
https://doi.org/10.1088/1475-7516/2019/09/010
https://arXiv.org/abs/2106.13725
https://doi.org/10.1088/1475-7516/2022/11/013
https://doi.org/10.1088/1475-7516/2022/11/013
https://doi.org/10.1103/PhysRevD.106.043506
https://doi.org/10.1103/PhysRevD.106.043506
https://arXiv.org/abs/2201.11518
https://doi.org/10.1088/1475-7516/2013/05/002
https://doi.org/10.1088/1475-7516/2013/05/002
https://doi.org/10.1088/1475-7516/2013/10/011
https://doi.org/10.1088/1475-7516/2013/08/022
https://doi.org/10.1088/1475-7516/2013/08/022
https://doi.org/10.1103/PhysRevD.90.063506
https://doi.org/10.1103/PhysRevD.90.063506
https://doi.org/10.1103/PhysRevD.89.123509
https://doi.org/10.1088/1475-7516/2014/11/009
https://doi.org/10.1088/1475-7516/2014/11/009
https://doi.org/10.1103/PhysRevD.85.123523
https://doi.org/10.1103/PhysRevD.87.023504
https://doi.org/10.1088/1475-7516/2015/07/039
https://doi.org/10.1088/1475-7516/2015/07/039
https://doi.org/10.1088/1475-7516/2012/06/015
https://doi.org/10.1088/1475-7516/2012/06/015
https://doi.org/10.1088/1475-7516/2012/03/041
https://doi.org/10.1088/1475-7516/2012/03/041
https://arXiv.org/abs/1503.08043
https://doi.org/10.1007/JHEP12(2016)040
https://doi.org/10.1103/PhysRevD.98.043533
https://doi.org/10.1088/1475-7516/2015/10/032
https://doi.org/10.1088/1475-7516/2015/10/032
https://doi.org/10.1086/317856
https://doi.org/10.1086/317856
https://doi.org/10.1046/j.1365-8711.2001.04105.x
https://doi.org/10.1046/j.1365-8711.2001.04105.x
https://doi.org/10.1086/338838
https://doi.org/10.1086/338838
https://doi.org/10.1088/1475-7516/2013/12/029
https://doi.org/10.1088/1475-7516/2013/12/029
https://doi.org/10.1088/1475-7516/2018/08/014
https://doi.org/10.1088/1475-7516/2018/08/014
https://doi.org/10.1088/1475-7516/2021/03/060
https://doi.org/10.1088/1475-7516/2021/03/060
https://doi.org/10.1103/PhysRevD.103.083508
https://doi.org/10.1103/PhysRevD.103.083508
https://doi.org/10.1103/PhysRevD.70.063526
https://doi.org/10.1103/PhysRevD.70.063526
https://doi.org/10.1007/s11214-015-0177-4

TOSHIKI KURITA and MASAHIRO TAKADA

PHYS. REV. D 108, 083533 (2023)

[70] A. Kiessling, M. Cacciato, B. Joachimi, D. Kirk, T.D.
Kitching, A. Leonard, R. Mandelbaum, B. M. Schifer, C.
Sifén, M. L. Brown, and A. Rassat, Galaxy alignments:
Theory, modelling & simulations, Space Sci. Rev. 193, 67
(2015).

[71] D. Kirk, M. L. Brown, H. Hoekstra, B. Joachimi, T. D.
Kitching, R. Mand elbaum, C. Sifén, M. Cacciato, A.
Choi, A. Kiessling, A. Leonard, A. Rassat, and B. M.
Schifer, Galaxy alignments: Observations and impact on
cosmology, Space Sci. Rev. 193, 139 (2015).

[72] M. A. Troxel and M. Ishak, The intrinsic alignment of
galaxies and its impact on weak gravitational lensing in an
era of precision cosmology, Phys. Rep. 558, 1 (2015).

[73] E. Schmidt and D. Jeong, Large-scale structure with
gravitational waves. II. Shear, Phys. Rev. D 86, 083513
(2012).

[74] T. Okumura, A. Taruya, and T. Nishimichi, Intrinsic
alignment statistics of density and velocity fields at large
scales: Formulation, modeling, and baryon acoustic oscil-
lation features, Phys. Rev. D 100, 103507 (2019).

[75] T. Okumura and A. Taruya, Anisotropies of galaxy
ellipticity correlations in real and redshift space: Angular
dependence in linear tidal alignment model, Mon. Not. R.
Astron. Soc. 493, L124 (2020).

[76] A. Taruya and T. Okumura, Improving geometric and
dynamical constraints on cosmology with intrinsic align-
ments of galaxies, Astrophys. J. 891, 142 (2020).

[77] T. Kurita, M. Takada, T. Nishimichi, R. Takahashi, K.
Osato, and Y. Kobayashi, Power spectrum of halo intrinsic
alignments in simulations, Mon. Not. R. Astron. Soc. 501,
833 (2020).

[78] Z. Vlah, N. E. Chisari, and F. Schmidt, An EFT description
of galaxy intrinsic alignments, J. Cosmol. Astropart. Phys.
01 (2020) 025.

[79] Z. Vlah, N.E. Chisari, and F. Schmidt, Galaxy shape
statistics in the effective field theory, J. Cosmol. Astropart.
Phys. 05 (2021) 061.

[80] J. Shi, T. Kurita, M. Takada, K. Osato, Y. Kobayashi, and
T. Nishimichi, Power spectrum of intrinsic alignments of
galaxies in [ustrisTNG, J. Cosmol. Astropart. Phys. 03
(2020) 030.

[81] J. Shi, K. Osato, T. Kurita, and M. Takada, An optimal
estimator of intrinsic alignments for star-forming galaxies
in [ustrisTNG simulation, Astrophys. J. 917, 109 (2021).

[82] K. Akitsu, Y. Li, and T. Okumura, Cosmological simu-
lation in tides: Power spectra, halo shape responses, and
shape assembly bias, J. Cosmol. Astropart. Phys. 04 (2021)
041.

[83] T. Okumura and A. Taruya, Tightening geometric and
dynamical constraints on dark energy and gravity: Galaxy
clustering, intrinsic alignment, and kinetic Sunyaev-
Zel’dovich effect, Phys. Rev. D 106, 043523 (2022).

[84] K. Akitsu, Y. Li, and T. Okumura, Gravitational wave
fossils in nonlinear regime: Halo tidal bias and intrinsic
alignments from gravitational wave separate universe
simulations, Phys. Rev. D 107, 063531 (2023).

[85] D. van Dompseler, C. Georgiou, and N. E. Chisari, The
alignment of galaxies at the baryon acoustic oscillation
scale, Open J. Astrophys. 6 (2023).

[86] T. Okumura and A. Taruya, First constraints on growth rate
from redshift-space ellipticity correlations of SDSS gal-
axies at 0.16 < z < 0.70, Astrophys. J. Lett. 945, 1.30
(2023).

[87] T. Kurita and M. Takada, Analysis method for 3D power
spectrum of projected tensor fields with fast estimator and
window convolution modeling: An application to intrinsic
alignments, Phys. Rev. D 105, 123501 (2022).

[88] R. Mandelbaum, C. M. Hirata, M. Ishak, U. Seljak, and J.
Brinkmann, Detection of large-scale intrinsic ellipticity-
density correlation from the Sloan Digital Sky Survey and
implications for weak lensing surveys, Mon. Not. R.
Astron. Soc. 367, 611 (20006).

[89] C. M. Hirata, R. Mandelbaum, M. Ishak, U. Seljak, R.
Nichol, K. A. Pimbblet, N. P. Ross, and D. Wake, Intrinsic
galaxy alignments from the 2SLAQ and SDSS surveys:
Luminosity and redshift scalings and implications for weak
lensing surveys, Mon. Not. R. Astron. Soc. 381, 1197
(2007).

[90] T. Okumura and Y. P. Jing, The gravitational shear-intrinsic
ellipticity correlation functions of luminous red galaxies in
observation and in the ACDM model, Astrophys. J. Lett.
694, L83 (2009).

[91] B. Joachimi, R. Mandelbaum, F. B. Abdalla, and S.L.
Bridle, Constraints on intrinsic alignment contamination of
weak lensing surveys using the MegaZ-LRG sample,
Astron. Astrophys. 527, A26 (2011).

[92] C. Li, Y.P. Jing, A. Faltenbacher, and J. Wang, The
detection of the large-scale alignment of massive galaxies
at z ~ 0.6, Astrophys. J. Lett. 770, L12 (2013).

[93] S. Singh, R. Mandelbaum, and S. More, Intrinsic align-
ments of SDSS-III BOSS LOWZ sample galaxies, Mon.
Not. R. Astron. Soc. 450, 2195 (2015).

[94] H. Johnston, C. Georgiou, B. Joachimi, H. Hoekstra,
N.E. Chisari, D. Farrow, M. C. Fortuna, C. Heymans,
S. Joudaki, K. Kuijken, and A. Wright, KiDS+GAMA:
Intrinsic alignment model constraints for current and future
weak lensing cosmology, Astron. Astrophys. 624, A30
(2019).

[95] S. Samuroff et al. (DES Collaboration), Dark Energy
Survey Year 1 results: Constraints on intrinsic alignments
and their colour dependence from galaxy clustering and
weak lensing, Mon. Not. R. Astron. Soc. 489, 5453 (2019).

[96] M. C. Fortuna, H. Hoekstra, H. Johnston, M. Vakili, A.
Kannawadi, C. Georgiou, B. Joachimi, A. H. Wright, M.
Asgari, M. Bilicki, C. Heymans, H. Hildebrandt, K.
Kuijken, and M. Von Wietersheim-Kramsta, KiDS-1000:
Constraints on the intrinsic alignment of luminous red
galaxies, Astron. Astrophys. 654, A76 (2021).

[97] S. Samuroff et al., The Dark Energy Survey Year 3 and
eBOSS: Constraining galaxy intrinsic alignments across
Iuminosity and colour space, Mon. Not. R. Astron. Soc.
524, 2195 (2023).

[98] S. Singh and R. Mandelbaum, Intrinsic alignments of
BOSS LOWZ galaxies—II. Impact of shape measurement
methods, Mon. Not. R. Astron. Soc. 457, 2301 (2016).

[99] D. Wadekar and R. Scoccimarro, Galaxy power spectrum
multipoles covariance in perturbation theory, Phys. Rev. D
102, 123517 (2020).

083533-36


https://doi.org/10.1007/s11214-015-0203-6
https://doi.org/10.1007/s11214-015-0203-6
https://doi.org/10.1007/s11214-015-0213-4
https://doi.org/10.1016/j.physrep.2014.11.001
https://doi.org/10.1103/PhysRevD.86.083513
https://doi.org/10.1103/PhysRevD.86.083513
https://doi.org/10.1103/PhysRevD.100.103507
https://doi.org/10.1093/mnrasl/slaa024
https://doi.org/10.1093/mnrasl/slaa024
https://doi.org/10.3847/2041-8213/ab7934
https://doi.org/10.1093/mnras/staa3625
https://doi.org/10.1093/mnras/staa3625
https://doi.org/10.1088/1475-7516/2020/01/025
https://doi.org/10.1088/1475-7516/2020/01/025
https://doi.org/10.1088/1475-7516/2021/05/061
https://doi.org/10.1088/1475-7516/2021/05/061
https://doi.org/10.1088/1475-7516/2020/03/030
https://doi.org/10.1088/1475-7516/2020/03/030
https://doi.org/10.3847/1538-4357/ac0cfa
https://doi.org/10.1088/1475-7516/2021/04/041
https://doi.org/10.1088/1475-7516/2021/04/041
https://doi.org/10.1103/PhysRevD.106.043523
https://doi.org/10.1103/PhysRevD.107.063531
https://doi.org/10.21105/astro.2301.04649
https://doi.org/10.3847/2041-8213/acbf48
https://doi.org/10.3847/2041-8213/acbf48
https://doi.org/10.1103/PhysRevD.105.123501
https://doi.org/10.1111/j.1365-2966.2005.09946.x
https://doi.org/10.1111/j.1365-2966.2005.09946.x
https://doi.org/10.1111/j.1365-2966.2007.12312.x
https://doi.org/10.1111/j.1365-2966.2007.12312.x
https://doi.org/10.1088/0004-637X/694/1/L83
https://doi.org/10.1088/0004-637X/694/1/L83
https://doi.org/10.1051/0004-6361/201015621
https://doi.org/10.1088/2041-8205/770/1/L12
https://doi.org/10.1093/mnras/stv778
https://doi.org/10.1093/mnras/stv778
https://doi.org/10.1051/0004-6361/201834714
https://doi.org/10.1051/0004-6361/201834714
https://doi.org/10.1093/mnras/stz2197
https://doi.org/10.1051/0004-6361/202140706
https://doi.org/10.1093/mnras/stad2013
https://doi.org/10.1093/mnras/stad2013
https://doi.org/10.1093/mnras/stw144
https://doi.org/10.1103/PhysRevD.102.123517
https://doi.org/10.1103/PhysRevD.102.123517

CONSTRAINTS ON ANISOTROPIC PRIMORDIAL NON- ...

PHYS. REV. D 108, 083533 (2023)

[100] B. Reid et al., SDSS-III Baryon Oscillation Spectroscopic
Survey Data Release 12: Galaxy target selection and large-
scale structure catalogues, Mon. Not. R. Astron. Soc. 455,
1553 (2016).

[101] F. Beutler et al., The clustering of galaxies in the
completed SDSS-III Baryon Oscillation Spectroscopic
Survey: Anisotropic galaxy clustering in Fourier space,
Mon. Not. R. Astron. Soc. 466, 2242 (2017).

[102] A.J. Ross et al., The clustering of galaxies in the SDSS-III
Baryon Oscillation Spectroscopic Survey: Analysis of
potential systematics, Mon. Not. R. Astron. Soc. 424,
564 (2012).

[103] L. Anderson et al., The clustering of galaxies in the SDSS-III
Baryon Oscillation Spectroscopic Survey: Baryon acoustic
oscillations in the data releases 10 and 11 galaxy samples,
Mon. Not. R. Astron. Soc. 441, 24 (2014).

[104] H. A. Feldman, N. Kaiser, and J. A. Peacock, Power-
spectrum analysis of three-dimensional redshift surveys,
Astrophys. J. 426, 23 (1994).

[105] R. Reyes, R. Mandelbaum, J. E. Gunn, R. Nakajima, U.
Seljak, and C. M. Hirata, Optical-to-virial velocity ratios of
local disc galaxies from combined kinematics and galaxy-
galaxy lensing, Mon. Not. R. Astron. Soc. 425, 2610
(2012).

[106] R. Mandelbaum, A. Slosar, T. Baldauf, U. Seljak, C. M.
Hirata, R. Nakajima, R. Reyes, and R. E. Smith, Cosmo-
logical parameter constraints from galaxy-galaxy lensing
and galaxy clustering with the SDSS DR7, Mon. Not. R.
Astron. Soc. 432, 1544 (2013).

[107] R. Nakajima, R. Mandelbaum, U. Seljak, J. D. Cohn, R.
Reyes, and R. Cool, Photometric redshift requirements for
lens galaxies in galaxy-galaxy lensing analyses, Mon. Not.
R. Astron. Soc. 420, 3240 (2012).

[108] K. M. Gérski, E. Hivon, A. J. Banday, B. D. Wandelt, F. K.
Hansen, M. Reinecke, and M. Bartelmann, HEALPix: A
framework for high-resolution discretization and fast
analysis of data distributed on the sphere, Astrophys. J.
622, 759 (2005).

[109] R. W. Hockney and J. W. Eastwood, Computer Simulation
Using Particles (McGraw-Hill, New York, 1981).

[110] G. M. Bernstein and M. Jarvis, Shapes and shears, stars
and smears: Optimal measurements for weak lensing,
Astron. J. 123, 583 (2002).

[111] K. Yamamoto, M. Nakamichi, A. Kamino, B. A. Bassett,
and H. Nishioka, A measurement of the quadrupole power
spectrum in the clustering of the 2dF QSO survey, Publ.
Astron. Soc. Jpn. 58, 93 (2006).

[112] D. Bianchi, H. Gil-Marin, R. Ruggeri, and W. J. Percival,
Measuring line-of-sight-dependent Fourier-space cluster-
ing using FFTs, Mon. Not. R. Astron. Soc. 453, L11
(2015).

[113] R. Scoccimarro, Fast estimators for redshift-space cluster-
ing, Phys. Rev. D 92, 083532 (2015).

[114] N. Hand, Y. Li, Z. Slepian, and U. Seljak, An optimal FFT-
based anisotropic power spectrum estimator, J. Cosmol.
Astropart. Phys. 07 (2017) 002.

[115] E. Beutler and P. McDonald, Unified galaxy power
spectrum measurements from 6dFGS, BOSS, and eBOSS,
J. Cosmol. Astropart. Phys. 11 (2021) 031.

[116] N. Kaiser, Clustering in real space and in redshift space,
Mon. Not. R. Astron. Soc. 227, 1 (1987).

[117] N. Bartolo, E. Komatsu, S. Matarrese, and A. Riotto,
Non-Gaussianity from inflation: Theory and observations,
Phys. Rep. 402, 103 (2004).

[118] M.J. Wilson, J. A. Peacock, A.N. Taylor, and S. de la
Torre, Rapid modelling of the redshift-space power spec-
trum multipoles for a masked density field, Mon. Not. R.
Astron. Soc. 464, 3121 (2017).

[119] A. Lewis, A. Challinor, and A. Lasenby, Efficient compu-
tation of cosmic microwave background anisotropies in
closed Friedmann-Robertson-Walker models, Astrophys.
J. 538, 473 (2000).

[120] X. Fang, E. Krause, T. Eifler, and N. MacCrann, Beyond
Limber: Efficient computation of angular power spectra for
galaxy clustering and weak lensing, J. Cosmol. Astropart.
Phys. 05 (2020) 010.

[121] J. A. Peacock and D. Nicholson, The large-scale clustering
of radio galaxies., Mon. Not. R. Astron. Soc. 253, 307
(1991).

[122] D. Wands and A. Slosar, Scale-dependent bias from
primordial non-Gaussianity in general relativity, Phys.
Rev. D 79, 123507 (2009).

[123] L. Hui, E. Gaztafaga, and M. Loverde, Anisotropic
magnification distortion of the 3D galaxy correlation. I.
Real space, Phys. Rev. D 76, 103502 (2007).

[124] L. Hui, E. Gaztafiaga, and M. Loverde, Anisotropic
magnification distortion of the 3D galaxy correlation. II.
Fourier and redshift space, Phys. Rev. D 77, 063526
(2008).

[125] S. Alam et al., The eleventh and twelfth data releases of the
Sloan Digital Sky Survey: Final data from SDSS-III,
Astrophys. J. Suppl. Ser. 219, 12 (2015).

[126] M. von Wietersheim-Kramsta, B. Joachimi, J. L. van den
Busch, C. Heymans, H. Hildebrandt, M. Asgari, T. Troster,
S. Unruh, and A. H. Wright, Magnification bias in galaxy
surveys with complex sample selection functions, Mon.
Not. R. Astron. Soc. 504, 1452 (2021).

[127] P. Fosalba, M. Crocce, E. Gaztafaga, and F. J. Castander,
The MICE grand challenge lightcone simulation—I. Dark
matter clustering, Mon. Not. R. Astron. Soc. 448, 2987
(2015).

[128] M. Crocce, F.J. Castander, E. Gaztaiaga, P. Fosalba,
and J. Carretero, The MICE grand challenge lightcone
simulation—II. Halo and galaxy catalogues, Mon. Not. R.
Astron. Soc. 453, 1513 (2015).

[129] P. Fosalba, E. Gaztafiaga, F. J. Castander, and M. Crocce,
The MICE grand challenge light-cone simulation—III.
Galaxy lensing mocks from all-sky lensing maps, Mon.
Not. R. Astron. Soc. 447, 1319 (2015).

[130] B. Joachimi et al., KiDS-1000 methodology: Modelling
and inference for joint weak gravitational lensing
and spectroscopic galaxy clustering analysis, Astron.
Astrophys. 646, A129 (2021).

[131] C. Heymans et al., KiDS-1000 cosmology: Multi-probe
weak gravitational lensing and spectroscopic galaxy clus-
tering constraints, Astron. Astrophys. 646, A140 (2021).

[132] E-S. Kitaura et al., The clustering of galaxies in the
SDSS-III Baryon Oscillation Spectroscopic Survey: Mock

083533-37


https://doi.org/10.1093/mnras/stv2382
https://doi.org/10.1093/mnras/stv2382
https://doi.org/10.1093/mnras/stw3298
https://doi.org/10.1111/j.1365-2966.2012.21235.x
https://doi.org/10.1111/j.1365-2966.2012.21235.x
https://doi.org/10.1093/mnras/stu523
https://doi.org/10.1086/174036
https://doi.org/10.1111/j.1365-2966.2012.21472.x
https://doi.org/10.1111/j.1365-2966.2012.21472.x
https://doi.org/10.1093/mnras/stt572
https://doi.org/10.1093/mnras/stt572
https://doi.org/10.1111/j.1365-2966.2011.20249.x
https://doi.org/10.1111/j.1365-2966.2011.20249.x
https://doi.org/10.1086/427976
https://doi.org/10.1086/427976
https://doi.org/10.1086/338085
https://doi.org/10.1093/pasj/58.1.93
https://doi.org/10.1093/pasj/58.1.93
https://doi.org/10.1093/mnrasl/slv090
https://doi.org/10.1093/mnrasl/slv090
https://doi.org/10.1103/PhysRevD.92.083532
https://doi.org/10.1088/1475-7516/2017/07/002
https://doi.org/10.1088/1475-7516/2017/07/002
https://doi.org/10.1088/1475-7516/2021/11/031
https://doi.org/10.1093/mnras/227.1.1
https://doi.org/10.1016/j.physrep.2004.08.022
https://doi.org/10.1093/mnras/stw2576
https://doi.org/10.1093/mnras/stw2576
https://doi.org/10.1086/309179
https://doi.org/10.1086/309179
https://doi.org/10.1088/1475-7516/2020/05/010
https://doi.org/10.1088/1475-7516/2020/05/010
https://doi.org/10.1093/mnras/253.2.307
https://doi.org/10.1093/mnras/253.2.307
https://doi.org/10.1103/PhysRevD.79.123507
https://doi.org/10.1103/PhysRevD.79.123507
https://doi.org/10.1103/PhysRevD.76.103502
https://doi.org/10.1103/PhysRevD.77.063526
https://doi.org/10.1103/PhysRevD.77.063526
https://doi.org/10.1088/0067-0049/219/1/12
https://doi.org/10.1093/mnras/stab1000
https://doi.org/10.1093/mnras/stab1000
https://doi.org/10.1093/mnras/stv138
https://doi.org/10.1093/mnras/stv138
https://doi.org/10.1093/mnras/stv1708
https://doi.org/10.1093/mnras/stv1708
https://doi.org/10.1093/mnras/stu2464
https://doi.org/10.1093/mnras/stu2464
https://doi.org/10.1051/0004-6361/202038831
https://doi.org/10.1051/0004-6361/202038831
https://doi.org/10.1051/0004-6361/202039063

TOSHIKI KURITA and MASAHIRO TAKADA

PHYS. REV. D 108, 083533 (2023)

galaxy catalogues for the BOSS final data release, Mon.
Not. R. Astron. Soc. 456, 4156 (2016).

[133] A. Barreira, G. Cabass, F. Schmidt, A. Pillepich, and D.
Nelson, Galaxy bias and primordial non-Gaussianity:
Insights from galaxy formation simulations with Illus-
trisTNG, J. Cosmol. Astropart. Phys. 12 (2020) 013.

[134] F. Feroz and M. P. Hobson, Multimodal nested sampling:
An efficient and robust alternative to Markov Chain
Monte Carlo methods for astronomical data analyses,
Mon. Not. R. Astron. Soc. 384, 449 (2008).

[135] F. Feroz, M. P. Hobson, and M. Bridges, MULTINEST: An
efficient and robust Bayesian inference tool for cosmology
and particle physics, Mon. Not. R. Astron. Soc. 398, 1601
(2009).

[136] F. Feroz, M. P. Hobson, E. Cameron, and A.N. Pettitt,
Importance nested sampling and the MultiNest algorithm,
Open J. Astrophys. 2, 10 (2019).

[137] A. Lewis, GetDist: A Python package for analysing
Monte Carlo samples, arXiv:1910.13970.

[138] O.H.E. Philcox, Cosmology without window functions:
Quadratic estimators for the galaxy power spectrum, Phys.
Rev. D 103, 103504 (2021).

[139] J. A. Blazek, N. MacCrann, M. A. Troxel, and X. Fang,
Beyond linear galaxy alignments, Phys. Rev. D 100,
103506 (2019).

[140] T. Matsubara, The integrated perturbation theory for
cosmological tensor fields I: Basic formulation, arXiv:
2210.10435.

[141] T. Matsubara, The integrated perturbation theory for
cosmological tensor fields II: Loop corrections, arXiv:
2210.11085.

[142] T. Nishimichi, G. D’ Amico, M. M. Ivanov, L. Senatore, M.
Simonovi¢, M. Takada, M. Zaldarriaga, and P. Zhang,
Blinded challenge for precision cosmology with large-
scale structure: Results from effective field theory for the

redshift-space galaxy power spectrum, Phys. Rev. D 102,
123541 (2020).

[143] A. Aghamousa et al. (DESI Collaboration), The DESI
Experiment Part I: Science, targeting, and survey design,
arXiv:1611.00036.

[144] M. Takada et al., Extragalactic science, cosmology, and
galactic archaeology with the Subaru Prime Focus Spectro-
graph, Publ. Astron. Soc. Jpn. 66, R1 (2014).

[145] R. Laureijs et al., Euclid definition study report, arXiv:
1110.3193.

[146] D. Spergel et al., Wide-Field InfrarRed Survey Telescope-
Astrophysics focused telescope assets WFIRST-AFTA
2015 report, arXiv:1503.03757.

[147] O. Doré et al., Cosmology with the SPHEREX all-sky
spectral survey, arXiv:1412.4872.

[148] H. Aihara et al., The Hyper Suprime-Cam SSP survey:
Overview and survey design, Publ. Astron. Soc. Jpn. 70,
S4 (2018).

[149] K. Kuijken et al., Gravitational lensing analysis of the kilo-
degree survey, Mon. Not. R. Astron. Soc. 454, 3500 (2015).

[150] T. M. C. Abbott et al. (Dark Energy Survey Collaboration),
Dark energy survey year 1 results: Cosmological con-
straints from galaxy clustering and weak lensing, Phys.
Rev. D 98, 043526 (2018).

[151] M. R. Becker et al. (Dark Energy Survey Collaboration),
Cosmic shear measurements with dark energy survey
science verification data, Phys. Rev. D 94, 022002 (2016).

[152] P. A. Abell et al. (LSST Science Collaboration), LSST
Science Book, Version 2.0, arXiv:0912.0201.

[153] F. Schmidt, A. Vallinotto, E. Sefusatti, and S. Dodelson,
Weak lensing effects on the galaxy three-point correlation
function, Phys. Rev. D 78, 043513 (2008).

[154] P.S. Behroozi, R.H. Wechsler, and H.-Y. Wu, The
ROCKSTAR phase-space temporal halo finder and the
velocity offsets of cluster cores, Astrophys. J. 762, 109
(2013).

083533-38


https://doi.org/10.1093/mnras/stv2826
https://doi.org/10.1093/mnras/stv2826
https://doi.org/10.1088/1475-7516/2020/12/013
https://doi.org/10.1111/j.1365-2966.2007.12353.x
https://doi.org/10.1111/j.1365-2966.2009.14548.x
https://doi.org/10.1111/j.1365-2966.2009.14548.x
https://doi.org/10.21105/astro.1306.2144
https://arXiv.org/abs/1910.13970
https://doi.org/10.1103/PhysRevD.103.103504
https://doi.org/10.1103/PhysRevD.103.103504
https://doi.org/10.1103/PhysRevD.100.103506
https://doi.org/10.1103/PhysRevD.100.103506
https://arXiv.org/abs/2210.10435
https://arXiv.org/abs/2210.10435
https://arXiv.org/abs/2210.11085
https://arXiv.org/abs/2210.11085
https://doi.org/10.1103/PhysRevD.102.123541
https://doi.org/10.1103/PhysRevD.102.123541
https://arXiv.org/abs/1611.00036
https://doi.org/10.1093/pasj/pst019
https://arXiv.org/abs/1110.3193
https://arXiv.org/abs/1110.3193
https://arXiv.org/abs/1503.03757
https://arXiv.org/abs/1412.4872
https://doi.org/10.1093/pasj/psx066
https://doi.org/10.1093/pasj/psx066
https://doi.org/10.1093/mnras/stv2140
https://doi.org/10.1103/PhysRevD.98.043526
https://doi.org/10.1103/PhysRevD.98.043526
https://doi.org/10.1103/PhysRevD.94.022002
https://arXiv.org/abs/0912.0201
https://doi.org/10.1103/PhysRevD.78.043513
https://doi.org/10.1088/0004-637X/762/2/109
https://doi.org/10.1088/0004-637X/762/2/109

