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We study the information content of the angle-averaged redshift space galaxy bispectrum. The main
novelty of our approach is the use of a systematic tree-level perturbation theory model that includes galaxy
bias, IR resummation, and also accounts for nonlinear redshift space distortions, binning, and projection
effects. We analyze data from the perturbation theory challenge simulations, whose cumulative volume of
566 h3 Gpc? allows for a precise comparison to theoretical predictions. Fitting the power spectrum and
bispectrum of our simulated data, and varying all necessary cosmological and nuisance parameters in a
consistent Markov chain Monte Carlo analysis, we find that our tree-level bispectrum model is valid up to
kpax = 0.08 hMpc~! (at z = 0.61). We also find that inclusion of the bispectrum monopole improves
constraints on cosmological parameters by (5—15)% relative to the power spectrum. The improvement is
more significant for the quadratic bias parameters of our simulated galaxies, which we also show to deviate
from biases of the host dark matter halos at the ~3¢ level. Finally, we adjust the covariance and scale cuts to
match the volume of the BOSS survey, and estimate that within the minimal ACDM model the bispectrum

data can tighten the constraint on the mass fluctuation amplitude og by roughly 10%.

DOI: 10.1103/PhysRevD.105.063512

I. INTRODUCTION

The three-point function, or its Fourier transform the
bispectrum [1], is the simplest statistic beyond the power
spectrum that captures information about the large-scale
spatial distribution of galaxies. The shape dependence of
the bispectrum is sensitive to cosmological initial condi-
tions, gravitational instability, and galaxy formation
physics. For this reason the bispectrum is an important
observational probe which can improve our understanding
of both galaxy formation and fundamental cosmology
[2,3]. It has been argued that it may help sharpen the
limits on conventional cosmological parameters [3—6],
neutrino masses [6-8], and primordial non-Gaussianity
[4,9,10]. While these results are encouraging, they are
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often based on idealized Fisher forecasts and overoptimistic
assumptions about the validity of theoretical models needed
to describe the data. Most of the detailed comparisons of
theoretical models to large-volume simulations and joint
galaxy power spectrum and bispectrum fits were done in
real space [11-13]. However, these works have ignored
redshift space distortions, which are an important obser-
vational effect that breaks many degeneracies, but which
are, at the same time, the largest source of nonlinearities.
Therefore, it remains unclear whether the inclusion of the
bispectrum really makes a difference in a realistic analysis
of spectroscopic data, once all relevant cosmological and
nuisance parameters are varied.

A quantitative answer to this question cannot be given
without performing a consistent data analysis. While the
three-point functions and bispectra of the galaxy density
field have been measured both in simulations and in a
number of past and current datasets (e.g. Zwicky and Lick
catalogs [14,15], IRAS [16,17], WiggleZ [18], Baryon
Oscillation Spectroscopic Survey (BOSS) [19-22]), the
proper cosmological analyses of the bispectrum are still
lacking. This is clearly in sharp contrast with the galaxy
power spectrum analyses, which have been routinely used
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as an important source of information on cosmological
parameters. There are multiple factors that make the
bispectrum analysis much more challenging.

From the computational side, the main challenge is a
large number of data points, which correspond to triangle
configurations formed by three wave vectors ki, k,, kj.
Typical bispectra datasets consist of hundreds of triangles,
which makes it hard to estimate the bispectrum from
catalogs, compute the covariance matrix, and perform
likelihood analysis. This stimulated the development of
fast estimators [23-27], various compression techniques
[2,28-30], and efficient mock catalog pipelines [31].

From the theory side, the main challenge is modeling
nonlinear effects of matter clustering, galaxy bias, and
redshift space distortions. Recent analyses described
these effects by means of N-body simulations, which were
used to calibrate phenomenological bispectrum models
[19-21,32,33]. This simulation-based approach naturally
extends to “emulation,” in which the data is fitted directly to
the simulation output [7,8,34-36]. Despite significant
progress in numerical modeling of galaxy clustering over
last years, it is not yet clear if emulators can meet precision
requirements of future surveys, see e.g. [37]. The main
issue is persistent uncertainty in galaxy formation physics,
which has to be marginalized over in order to obtain robust
cosmological constraints. This motivates the development
of more conservative perturbative techniques [38—41],
which have recently taken nonlinear large-scale structure
modeling to a new precision level by virtue of the progress
in the effective field theory (EFT) of large-scale struc-
ture [42,43].!

Unlike simulation-based approaches, EFT is fundamen-
tally restricted to scales larger than 2zky] ~ 10 Mpc.
However, in the regime where it is applicable, EFT allows
calculations to arbitrary order, and hence it provides a
program of systematic successive approximations to the
true answer. Moreover, by construction, EFT covers all
possible galaxy formation scenarios by means of “nuisance
parameters,” which fully capture the impact of galaxy
evolution on large scale clustering. Thus, this framework
is naturally designed for the marginalization over galaxy
formation physics, which boils down to a literal margin-
alization over nuisance parameters. Finally, EFT-based
theoretical templates for a given cosmological model can
be quickly generated with modifications of Boltzmann
codes, e.g. [44-46], which allow one to efficiently explore
the cosmology-dependence of large-scale structure data.

The full utility of the EFT approach has been shown
recently in the analysis of the galaxy power spectrum data
from BOSS [47]. This has resulted in first-ever measure-
ments of fundamental cosmological parameters, such as the

'In what follows we will not distinguish between perturbation
theory and the EFT, as the EFT is the only consistent realization
of large-scale structure perturbation theory.

Hubble constant and the amplitude of the primordial scalar
fluctuations, from the full shape of the galaxy power
spectrum [48,49]. Moreover, the EFT-based full shape
analyses have opened up a new opportunity to testing
beyond-ACDM scenarios in a rigorous and self-consistent
fashion [45,50-53].

An important step in applying the EFT calculations
to the real data was the validation of the EFT-based
power spectrum likelihoods on high-fidelity simulations
[48,49,53,54]. In particular, the EFT-based pipelines have
passed a blind test on galaxy mock catalogs called the
“perturbation theory (PT) challenge” [55].> The PT chal-
lenge simulation suite covers a cumulative volume of
566 h~3 Gpc?, which is significantly larger than the volume
of current and planned surveys. This large volume is chosen
with the purpose of dramatically reducing statistical error
and thereby identifying systematic uncertainties in theo-
retical modeling at the unprecedented subpercent level.

Inspired by the success of the EFT approach in the power
spectrum analysis, in this work we extend the study of
the PT challenge simulation data from Ref. [55] to the
galaxy bispectrum. We analyze this data with the currently
available tree-level EFT model.” The two main goals of
our work are (1) to define the validity range of this model
and to (2) assess the information content of the redshift-
space galaxy bispectrum in the tree-level approximation.
Achieving these goals will bring us one step closer to
understanding the information content of the galaxy bis-
pectrum and building a pipeline that can be used to analyze
real data.

The paper is structured as follows. We describe the PT
challenge simulations in Sec. II. Section III describes in
detail our theoretical model. In Sec. IV we discuss our
baseline power spectrum and bispectrum likelihoods. Our
main results are presented in Sec. V, where we analyze the
real space and redshift space monopole bispectrum data in
combination with the baseline redshift space power spec-
trum likelihood. We discuss improvements in cosmological
and bias parameters and give a forecast for a BOSS-like
survey. There we also compare the measured values of
galaxy bias parameters with those expected from dark
matter halo relations. We compare our analysis with

>The aim of this challenge is to test various methods of
cosmological parameter inference from large-scale structure data
in a blind way. The Reader is welcome to participate. The
challenge details can be found at https://www?2.yukawa.kyoto-u
.acgp/takahiro.nishimichi/data/PTchallenge/.

“Perturbation theory one-loop bispectra of matter and halos
in real space have been studied in Refs. [11-13,56-63]. While
these calculations have not yet been extended to the realistic
case of galaxy clustering in redshift space, certain relevant
ingredients are already available in the literature, e.g. the red-
shift-space mapping in the EFT [64-66], the perturbative bias
model [67-72], IR resummation to describe the nonlinear
evolution of baryon acoustic oscillations [73,74], and grid-based
calculations for the matter bispectrum [75].
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previous works in Sec. VI and draw conclusions in
Sec. VII. Several appendices contain additional material
and tests. In Appendix A we validate our binning
approach, and in Appendix B we show that “open”
triangles do not carry any significant cosmological infor-
mation. In Appendix C we test our covariance matrix
choices. Our baseline power spectrum likelihood is
described in Appendix D. Appendix E contains an analysis
of the power spectrum and bispectrum purely in real space.
Theoretical calculations of the power spectrum and bispec-
trum covariance matrices in perturbation theory are pre-
sented in Appendix F, while Appendix G contains a
derivation of the Gaussian fingers-of-God damping.

II. DATA

The PT challenge simulation suite consists of 10 boxes,
each with the side length L = 3840 h~! Mpc. The gravi-
tational evolution was traced by 3072% particles in each
box. In this paper we consider one particular snapshot taken
at z = 0.61, which corresponds to the BOSS CMASSI1
sample [47]. The dark matter halos from this snapshot were
populated with mock CMASS-like red luminous galaxies
following the halo occupation distribution (HOD) prescrip-
tion detailed in Ref. [55]. We refer the reader to this
reference for further details on the simulations. The red-
shift-space power spectrum multipoles £ = 0, 2, 4 were
estimated as

o 20 + 1 .
Py(k;) = ‘ Zﬁf(MR)P(k)v (2.1)
' kek;
where we have introduced
by = VGl - g <D§fd><z>>2 H™ ()
W%IC (k) ’ Dgrue) (Z) [ (fid) (Z) ’
(2.2)

and o is the Fourier space overdensity field, the sum
runs over all modes whose norms belong to a bin
[(i = 1)Ak, iAk], we use Ak =0.01 hMpc~! and N; is
the number of Fourier modes in the bin. The modes in the
sum in Eq. (2.1) are composed of fundamental modes
kf = 2xL~!, which were rescaled by the Alcock-Paczynski
(AP) effect [76] as

Lok 2@ D)
X X fid ’ Yo Y fid ’
DY (z) Dy (2)
- H(fid) (z)
kf. =k, A () (2.3)

where the upper scripts (true) and (fid) denote the comov-
ing angular diameter distance D,(z) and the Hubble

parameter H(z) calculated in the true and fiducial cosmol-
ogies, respectively. The fiducial cosmological model is the
same as in Ref. [55], flat ACDM with Qﬁ,flld) = 0.3. Note
that we have subtracted the Poissonian shot noise power

spectrum contribution

1 L}
- = N N (24)
n gal

where N, is the total number of galaxies, taking into
account the interlacing technique for the aliasing correction
and the cloud-in-a-cell (CIC) window function. If not stated
otherwise, we will be using the data vector [Py, P,, P,] with
kax = 0.14 hMpc~'. In addition, we employ the trans-
verse moment (, (equivalent of the real space power
spectrum), which is estimated from the redshift space
multipoles via

a o 1. 3.
Q0:P0—§P2+—P4,

- (2.5)

see Refs. [77] for more detail and also Refs. [78-80] for
earlier works. We use Q, in the range of scales

0.14 hMpc™' <k < 0.4 hMpc™!,

so that it is not correlated with the multipoles’ data vector.
The angle-averaged (monopole) bispectrum is computed
using the following estimator:

“ 1
Bo(ky, ky k3) = Nyl o k)

<D D D ol@is)3 50 (26)

1€k q2€k; Q3Ek;

where @3 =q; + 4> + q3, and Sk(qo3) denotes the
Kronecker delta function,

1, if qi23 = 0
Sk(qi23) = { :

: (2.7)
0, otherwise
and Ng(ky, ko, k3) is the number of fundamental triangles
in the bin defined by wave number centers (k, k,, k3).
Each bin has width Ak = 0.01 hMpc‘l, which is the
same as for the power spectrum estimator. We measure
all nonequivalent bispectrum configurations with k; >
ky > k3. Note that unlike the power spectrum, we do not
subtract the shot noise contributions from the bispectrum.
As we show shortly, one of the shot noise corrections to
the bispectrum depends on the deterministic power spec-
trum, i.e. it has the form Pj;,7i~!. This carries cosmological
information and therefore should not be subtracted. For
consistency, we do not subtract the purely stochastic
correction as well, although this choice is only a matter
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of convenience. The estimator Eq. (2.6) is evaluated with
FFTs using the Scoccimarro method [23].

The real space bispectrum is calculated using the same
formula Eq. (2.6), but with the real space density 5 and
without the AP effect.

III. THEORY MODEL

Let us describe our theoretical model for the redshift
space bispectrum. We will discuss each relevant component
separately.

In what follows we will work in the plane-parallel
approximation. The galaxy density contrast field in
redshift space at quadratic order in perturbation theory
reads [66,72]

89 (k) = Z, (k)8 (k) + [Z(61)?y + dye(K),

2;0;

A 9(1):|k+...,
(3.1)

where |[...], denotes a Fourier-space convolution, %; is the
line-of-sight direction unit vector, &(!),0"") are linear
matter density and velocity divergence fields (satisfying
0" = 5M)); ¢ is the stochastic galaxy overdensity field, d,,
d, are free parameters, and the standard perturbation theory
[81] kernels are given by

+ dyby [6Vel — ifk.d, {e

Zi(k) = by + fu?, (3.2a)

b k- k,)?
Z2(k17k2) :?2+bgz (%_ 1)
172

+ b1 Fy(Ky, Ky) + f12Gr (K, Ks)

Juk (u 2
+2= (T by + f13) + 52 (by + f1) ).
2 \k k,
(3.2b)
5 1((ki-ky) | (ki-ky)\  2(k;-ky)?
F2(k17k2>:_+_< + +- ,
72\ R 12 7 KK
(3.2¢)
3 1 (k] : k2) (kl : k2) 4(kl 'k2)2
G,(ki, K))==+4— - ,
2k ko) 7+2< k2 i i3 7 KK
(3.2d)

where u; = (k; - 2)/kj, u=(k-2)/k, k =k, + k,, and f
is the logarithmic growth factor, related to the usual linear
growth rate D, via

dnD,
dlna ’

f= (3.3)
with a being the scale factor in the Friedmann metric. The
coefficients by, b,, and bg, capture linear, quadratic, and tidal
bias between matter and galaxies, respectively. The tree-level
bispectrum is obtained by computing the three-point function
of the perturbative density field at second order [71],

Bogo(Ki. K. K3) = 27,5 (k1. k) Z, (k) Z (Ky) Prin (k1) Prin (k2)

+ P(ky)d(2dyby + d fut)Zy (K ) Pyin(ky) + cycl. + diB. (k. k., K3),

where we have used the following correlation functions

(6D (k)M (K)) = (27)°8 (k +Kk') Py (K),
(e(k)e(k')) = (27)35y (k +Kk')P, (k).

(e(k)e(Ko)e(ks)) = (27)°65) (K, +k +K3)B. (k1. ko . ks).

(3.5)

A. Stochastic terms

At quadratic order in perturbation theory the shot-noise

contributions are constants,

P. = const, B, = const. (3.6)

Furthermore, if ¢ is Poisson distributed, both statistics are

fully determined by the galaxy number density 7 (see e.g.
Ref. [82] and references therein):

(3.4)

B, — P —

However, due to halo exclusion, deviations from Poissonian
sampling are known to be important [83—-86], in which case
we cannot use Eq. (3.7) and the tree-level bispectrum should
be characterized by three free parameters capturing stochas-
ticity. We define them to be Py, Bgor» and Agpo:

Ashot
i’

1"|_Psh0
By = ) =

Bshot = 2d2dl_1(1 + Pshot)’ (38)

which are expected to be O(1) numbers. Importantly, the
parameter Pg, also enters the power spectrum model.
Furthermore, following [19,49,68] we will assume that the
bispectrum and power spectrum of the stochastic overdensity
component are correlated as in the Poissonian case (3.7), but
their values are different from 771, i.e.
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B. = Pg’ = Aghot = (1 + Pshot)27 (39)
which is ultimately motivated by the expectation that
departures from the Poissonian sampling are small. We have
found that the bispectrum data is fully consistent with this
hypothesis. Therefore, we adopt this choice as our baseline
model for the stochastic nuisance parameters, which helps us
reduce their number down to two.

B. Fingers-of-God effect

An important feature of nonlinear redshift-space dis-
tortions is the sensitivity to the stochastic velocity field,
which can have relatively large scale correlations due to
halo virialization [80]. This is called the “fingers-of-God”
(FOQG) effect [87]. In the EFT, FOG are captured pertur-
batively through the gradient expansion involving deriva-
tives along the line of sight [46,64-66,88,89]. These
corrections are called “counterterms,” and at leading
one-loop order they are given by [66]

ctr k : 2 4 k .
" = —co T = (e1p” + o) w )
NL NL

The role of p-dependent counterterm coefficients ¢; and ¢,
is to capture the physical impact of the FOG on large scale
fluctuations.* In principle, the FOG is a one-loop effect in
the EFT nomenclature, and it needs to be included along
with other, “standard,” one-loop corrections, which we
ignore in this work. The characteristic momentum scale of
these one-loop corrections matches the real space dark
matter cutoff® kyy . If 27/ kg, is larger than 27ky) (and the
cutoff of the bias expansion 27zk§,[1), then the FOG counter-
term can actually dominate over usual loop corrections. This
is the exact situation that was observed for matter and galaxy
power spectra in redshift space, where FOG corrections were
found to be important even on relatively large scales where
the “standard” loop corrections (i.e. without the counter-
terms) are suppressed [48,54,55,65,90].6

This motivates including the FOG counterterms ¢y, ¢, in
our theory model even though formally they capture one-
loop effects, which we do not explicitly account for in our
work. Another rationale behind this practice is that these

(3.10)

4Strictly speaking, each coefficient c¢; has “infinite” and
“finite” pieces. The role of the infinite piece is to renormalize
the UV part of one-loop integrals, whilst the “finite” part captures
phgsical backreaction from short scales.

The EFT calculations, at least at the one-loop order, can be
interpreted as so-called standard perturbation theory [81] com-
putations corrected with a set of UV “counterterms.” In this
picture the one-loop integrals have the same scaling for all tracers,
while the tracer-specific momentum cutoffs appears only from
the counterterms.

®Note that the form of the finite counterterms in Eq. (3.10) is
quite similar to the large-scale limit of some phenomenological
prescriptions for FOG, e.g. the Gaussian damping model, see
Appendix G for more detail.

counterterms can be treated as a proxy for the theoretical
error [4,54]. Because of this reason, we do not assume any
relationship between these parameters and those appearing
in the redshift-space bispectrum model (see Appendix D for
more detail). The additional bispectrum counterterms will
also serve us as a tool to check if the tree-level calculation
can be trusted: if the counterterm contribution dominates
the tree-level bispectrum signal, the one-loop corrections
cannot be ignored anymore.

In practice, we have found that it is sufficient to include
only the k’4? counterterm in our theory model. We ignore
the contribution k?u* because we have found that it is very
degenerate with the k’u? shape at the level of the bispec-
trum monopole, and hence we set ¢, = 0 in what follows.
Note that we will have to include both ¢; and ¢, when we
consider higher order angular multipole moments. The
inclusion of the ¢; counterterm amounts to correcting the

kernel Z; as
k \2
> . (3.11)

-
kNL

Z) - Z{% = b + fu? —C1M2<

In what follows we set k§; = 0.3 #Mpc~! in agreement
with the measurement of the cutoff for the red luminous
galaxies from the power spectrum of the PT challenge
mocks [55,90].

C. IR resummation

Naive attempts to build the EFT as a perturbative
expansion in terms of smoothed (large-scale) density and
velocity fields break down for the BAO part of the linear
power spectrum (sometimes loosely referred to as the
“BAO wiggles”). The procedure of resumming enhanced
perturbative (loop) corrections to this part of the spectrum
is called “IR resummation” [73,91-95] (see Refs. [96,97]
for earlier works). IR resummation effects have to be
included in the theory model even when it is evaluated
at the tree level [73,92]. IR resummation for the bispectrum
in redshift space has been calculated in Ref. [74] (see
Ref. [98] for IR resummation of the bispectrum in the case
of non-Gaussian initial conditions). At leading order this
procedure amounts to the replacement of the linear matter
power spectrum by its resummed version,

Plin(k) - P%;Ree—res(k) = in(k>

+PW(k)e—zzkz(1+fﬂ2(2+f))—522k2f2#2(ﬂ2—1>, (3.12)

where P,, is the part of the spectrum that contains the BAO
wiggles, P, = Pjin — Py

1 ks . .
27 = @/0 dqPuy(q)(1 = jo(arsao) +2/2(qrsa0)).
5 1 kg .
657 = o | dqPuy(@)i2(qrano). (3.13)
T~ Jo
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are the BAO damping functions, j,(x) are spherical Bessel
functions, rgap 1s the comoving sound horizon at the drag
epoch, kg is the separation scale defining IR modes that
need to be resummed. In practice we use kg = 0.05 h/Mpc

|

ngg = [2Z2<k1 > kZ)Z$OG(k1)Z};OG<k2)

1
+ %(Bshotbl + (14 Ponod) f1%) Z1OF (k) Pe™ (k) + cyel] + 3z

where by, by, bg,, Py Bsnor are nuisance parameters to
marginalize over. Note that B, is the only new parameter
that is not present in the power spectrum model.

D. Redshift space multipoles

In real space the bispectrum depends on three kinematic
variables (wavelengths) which characterize the shape
of a triangle. In redshift space there appears an additional
dependence due to the orientation of the triangle with
respect to the line-of-sight direction. This orientation is
characterized by two angles, which we choose, following
Ref. [41], to be the polar angle of k; [its cosine is
cosf =u= (ﬁl -7)] and the azimuthal angle around k;
denoted by ¢. In this case the angles between wave vectors
k, (a = 1,2,3) and the line of sight are given by

H1 = H,
Uy = pcosa— (1 —u?)'/?sinacos ¢,
ki ky
=——U—-"lly, 3.15
Wi (3.15)

where cosa = x = (k; - k,). It is convenient to describe
this angular dependence by expanding By, in spherical
harmonics,

S 4
Byge(ki. ko k3) = > > By(ky ko, ks)Y 4 (0. ),

=0 m=—¢
2041 (2= 1
Bk, ko, ks) = ;A d¢/1d(0059)
X Y;m(eﬁ d))ngg(k],kQ, k3) (316)

In what follows we will focus on the m = 0 sector [23].
The corresponding momenta B, are called “bispectrum
multipoles,”

21 [2mdp [1
Bf(k],kz,k:;) = ) / 2— d(COSQ)
0 T J-1
X Ef(COSH)ngg<k1,k2,k3), (317)

where £, denotes a Legendre polynomial of order #. Note
that the integral above can be done analytically at the tree

following Ref. [73], although other choices, e.g. kg = k/2
[92] give statistically indistinguishable results.

All in all, our final tree-level bispectrum model
reads (cf. [72]):

PR (ko) Pie™ (k)

(1 +Psh0t)2 (314)

|

level in the absence of IR resummation and the AP effect
[41]. However, in what follows we will use the full
formula (3.14) with IR resummation, and evaluate angular
integrals in Eq. (3.17) numerically via Gauss-Legendre
quadrature.

E. Alcock-Paczynski effect

The AP conversion [76] from true wave numbers and
angles (g, v) to observed wave numbers and angles (k, u) is
given by

q* = Ko u® +a?(1 - p)],

v =a e’ +a (=) (3.18)
which depends on the ratios between the true and fiducial
Hubble parameters and angular diameter distances at the
redshift of interest,

o Dtrue,A (Z> HO,true

= , 3.19
+ Dyiga(z) Hogia ( )

o = —— Lt
I He(2) Hoia

where additional factors H ./ Ho fq account for the fact
that wave numbers are measured in AMpc~! units in our

analysis. The observed power spectrum multipoles are
given by [44]

Pk = 5 ; [ dntePeslali i,

(3.20)

In full analogy, the bispectrum multipoles are given
by [99]

Bf(kl’k27k3)
260+1 [2dp [
2L )
0 T J-1

 2a2dt
[puss

X Bogo(q1[k1, p1]s @ol---]s g3 ] vr [ ] va o ()]),
(3.21)

where the observed angles satisfy Eq. (3.15). In what
follows we will focus on the monopole moment # = 0, and
leave the analysis of other multipoles for future work.
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F. Binning effects

The measured bispectrum is a discrete approximation to
a continuous Fourier-space field. In order to account for
this discreteness we need to bin our theory predictions in
the same way as we bin the data. Binning corrections
are marginally important for the PT challenge power
spectrum and it is straightforward to take them into account
[55]. However, the situation is somewhat different for the
bispectrum, where binning can be a serious source of
systematics [100]. The exact discrete bispectrum that we
extract from simulations is given by7

BO.disc(kl ’ ka k3)

_ D oaiek Doqek, Dmek B(d1, 92, 93)0k (q123)
NG (ky. ka. k3)

Ng*(ky. ks, k3)

= Z Z Z Sk (d123)-

q,€k; q2€k; q3€k3

(3.22)

The sum in Eq. (3.22) runs over all discrete wave vectors (;
that belong to the triangle bin defined by its center
(ky,ky, k) and width Ak. N%¢(k, k,, k3) is the total
number of these “fundamental triangles” inside the triangle
bin (kl, kz, k3) [11]

Before going into technical details, let us outline our
strategy. As a first step, we take the continuum limit, i.e.
assume a vanishingly small fundamental wave number
k= (27)L™" as a leading approximation. In this first

|

approximation the discreteness effects can be taken into
account by integrating the continuous bispectrum field
within appropriate bins. It is natural to refer to this program
as the “integral approximation.” Because the actual funda-
mental bin is finite, the integral approximation requires
certain corrections. As a second step, we will introduce
these corrections, which will be referred to as “discreteness
weights.”

Note that with our binning scheme there are so-called
open triangle bins. The centers of these bins (k;, k», k3) do
not satisfy momentum conservation constraints, such as
ks — ky| < ky < k3 + k,.® In what follows we will discard
these triangles because of three reasons:

(1) Their properties (and very existence) crucially de-
pend on the box size, which makes it hard to make
generic statements that would not depend on a
particular survey volume.

(i) The leading binning effect cannot be well captured
by the integral approximation for these triangles, and
hence it requires a significant modification of our
baseline binning program.

(iii) These triangles do not carry any sizable cosmologi-
cal information (at least at the level of the tree-level
bispectrum likelihood) and with our particular
choice of bins’ width), see Appendix B.

As a first step of our binning procedure we implement
the integral approximation. Other binning schemes were
explored in Refs. [11,12,101]. The integral approximation
amounts to replacing the sum over the modes with the
Fourier integral,

\%
Z Z Z 5k (d123)B(41.92.93) = ﬁ/ (2”)35g)(Q123)B(Q1,Q2,Q3),
q,€k| q2€k; q, €k, ( ﬂ) kikoks
V2
Kk (q123) n 1)3)<Q123), (3.23)
Sk (q (27)38
q,€k; q2€k; 1€k ) kikok;
where V is the box volume and we introduced
6]1 dez d3613
, Viioks = D1 X Dy x Ds,
l 1koks /Vklkzlxg ) (2”)3 e
Ak Ak
Da:{(%ﬂ’%cz’%@)ER3:ka_7§|qa|Sk +7}’ a=1,2.3. (324)
This way we arrive at
B 9, b
By = Vz/ M(zﬂ) >(‘I1 +q2 +q3),
kikoks Vg3
2
Nis =V [ 205 (ai) = Srkikoks Al (3.25)
283

"We omit the subscript ¢ ‘ggg” for clarity in this section, i.e. replace B

(2n)°”

eeg =~ B

®Individual triangles that belong to the bin are, of course, valid triangles that satisfy all relevant constraints.
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The delta function can be integrated explicitly following Ref. [102], yielding

N V2 2rdgp (1 3 rk+AK2
Byt = —F+— — | d dqiq; | B(q1,92,q3, 1, D). 3.26
0,int (277.')6N123/) 4 . ﬂ<g /c,-—Ak/Z thl) (QI 92,43, 1 ¢) ( )
In order to estimate the accuracy of the integral approxi- B
mation, we compare the continuous (k; — O limit) pre- w= B (3.27)

diction for the number of triangle modes that fall in a given
bin N,3 with the actual number of discrete triangles in that
bin N, The result is shown in the upper left panel of
Fig. 1, where we display the ratio N9*¢/N,; for the bins
whose centers satisfy the momentum conservation con-
straint, and which we actually use in the analysis. We see
that the integral approximation correctly predicts the
number of fundamental triangles for most of the bins, up
to a few percent precision. However the integral approxi-
mation is not very accurate for folded triangles with
ky + ks = k; + Ak/2. For these triangles the typical mis-
match is about ~15%. This discrepancy also leads to a
mismatch at the level of binned bispectra. To correct for this
discrepancy we introduce “discreteness weights” w,

1.1 T T T T T T T

int

where Bdise is computed by using a direct discrete ex-
pression Eq. (3.22), while B, is calculated from Eq. (3.25).

We compute the weights for a certain fiducial cosmology
and nuisance parameters extracted from a fit to the
simulation data analyzed without the weights. Since the
evaluation of the full discrete expression Eq. (3.22) is too
expensive for an Markov chain Monte Carlo (MCMC)
method, the best strategy would be to iterate the discrete-
ness weights for the best-fit bispectra from a few consecu-
tive MCMC runs. However, quite remarkably, we have
found that this iterative procedure has converged already at
the first step. Our initial fiducial parameters happened to be

1.1 T T T
1.0p ° ]
% .
.
£ 09} ¢ ]
08t ]
0.7 1 1 1 1 1 1 1 0.7 L L L
0 50 100 150 200 250 300 350 0.7 0.8 0.9 1.0 1.1
triangle index NS /N g
1.00 T T T T r r
< 0.95¢ e 8§ : : ; 5 E' e M=0
< . : le o
) : ’ L] ° L[] . _
< o0.90f PR S S M=
£ . o M=2
x
X 085' ] o M:S
< . ol
= 0.80F oo 1 M=4
< . BRI °© M=5
T 0.75} — = I
070 1 1 1 1 1 1 1 . M=7
0.00 0.02 0.04 0.06 0.08 0.10 012 0.14
k, h Mpc™

FIG. 1.

Upper left panel: the ratio between the number of fundamental triangles from the data and from the integral approximation,

NYis¢ /N 53, as a function of the triangle bin. Upper right panel: the ratio between the exact binned bispectrum and the integral
approximation (“discreteness weights” w;), as a function of N4 /N ,; for the same triangle bins. The triangles shown correspond to
kyax = 0.15 h/Mpc. Lower panel: discreteness weights for folded triangles denoted by their bin centers (we use Ak = 0.01 A Mpc~!,

and hence k;, = Ak/2 =5 x 1073 hMpc™!).
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significantly different from the actual best-fit parameters,
yet both produced almost identical discreteness weights.
This shows that the discreteness weights are nearly cos-
mology independent, hence they can be computed only
once for a given survey specification.

We display the discreteness weights for PT challenge
boxes in the right panel of Fig. 1, along with the ratio
NYisc /N 1,3, which demonstrates that the “problematic”
triangles can be easily identified in the data by comparing
the number of fundamental triangles in the bin with the
prediction of the integral approximation. As we can see
from this figure, these corrections need to be included if
NYisc /N, deviates from unity by more than 10%. We
show discreteness weights specifically for the problematic
folded triangles in the lower panel of Fig. 1. For all other
triangle configurations the discreteness weights coincide
with unity with O(0.5)% precision, implying that the
integral approximation is very accurate for them.

Additionally, we validate our discreteness weights
approach in Appendix A by comparing it with an approxi-
mate discrete binning scheme similar to Eq. (3.22). These
tests suggest that our treatment of discreteness effects is
accurate enough for the full simulation volume and hence
can be safely adopted for the purposes of our paper and for
any realistic future analysis.

All in all our theory model is given by

B™ = By (ky. ky. k3)w(ky. ko, k3), (3.28)
where B{)‘“ is computed from Eq. (3.26) by numerically
performing the five-dimensional integral over the tree-level
IR resummed model (3.14).

IV. LIKELIHOOD
We will use a Gaussian likelihood for the bispectrum [3],

1

InLp=-7 > (BY - B (B — BE)(CP)7h..

triangles7”

(4.1)
where we assume without loss of generality that the bin
centers satisfy k; > k, > k3 and

kmax k] kZ

LD I3

T ky min K2=Kumin k? k.,

k, = max (kyn, k; — k).

(4.2)

The Gaussian likelihood approximation for the bispectrum
is justified within perturbation theory, which is consistent
with the tree-level approximation for the bispectrum itself.
This approximation must be true on sufficiently large
scales, to which we limit our analysis. In this regime we
can use the Gaussian tree-level approximation for the
covariance matrix C® [3,23,41,99],

s (2n)msin 27 deg
= K koky ARV, ”/ /
1
XH[PM b1+ EG P 4] (4

where (ky, k,, k3) denotes the center of the triangle bin 7,
Vot 18 the cumulative volume of the PT challenge simu-
lations (Vo = 566 h=3 Gpc?), 5153 = 6, 2, or 1 for equi-
lateral, isosceles, and general triangles. To approximately
account for the discreteness binning effects we use the true
number of fundamental triangles in the bin instead of the
prediction of the integral approximation, i.e. we rescale

CB, -2 (B (4.4)

We evaluate the covariance for the best-fit cosmology
extracted from the power spectrum likelihood analysis.
We ignore the cross-covariance between the power spectrum
and the bispectrum in our baseline analysis. This and other
likelihood approximations are validated in Appendix C.
There we show that our results are stable if we include the
one-loop theoretical error bispectrum covariance, and the
cross-covariance between the power spectrum and bispec-
trum (computed in perturbation theory), as well as if we
replace the Gaussian bispectrum covariance with the sample
covariance from the available mocks. All these different
options yield statistically indistinguishable results.

Our total likelihood thus consists of a product of the
bispectrum and baseline power spectrum likelihoods,

Lot = L X Lp. (4.5)

The details of our baseline power spectrum likelihood can be
found in Appendix D and in Ref. [77]. We compute power
spectrum theoretical templates using the CLASS-PT code
[44].9 We run MCMC chains using the MONTEPYTHON code
[103,104]."° Posterior density plots are generated with the
GETDIST package [105]. We will scan over the parameters of
the base ACDM model and EFT nuisance parameters [53,54]
(see Appendix D for precise definitions),

{wcdm’HovAsa ns}
X {bh b2’ bgzv bl"y CO’ C2’ C4’ b4vaO9a2’Psh0thshot7 Cl}'
(4.6)

The priors on the power spectrum nuisance parameters are
also given in Appendix D. As for By, we place a Gaussian

9Publicly available at https://github.com/Michalychforever/
CLASS-PT.

10Publicly available  at
montepython_public.

https://github.com/brinckmann/
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prior on it with unit mean, which corresponds to the
Poissonian sampling prediction, and unit variance,

Byt ~ N (1, 12). (4.7)
¢, is varied in our MCMC chains without any priors, unless
otherwise stated. We fix the physical baryon density to its true

value in order to simulate the big bang nucleosynthesis
(BBN) prior as it was used in Refs. [48,53].”

V. RESULTS

We start our analysis from the simple case of the
real space bispectrum, which is free from redshift space
distortions (RSD) and projection effects. Then, we will
analyze a setup that closely matches an actual spectroscopic
survey: we will study the bispectrum in redshift space and
in the presence of the projection effect.

Since the PT challenge data which we are using is still
ongoing, we report the measurements of all cosmological
parameters normalized to their true injected values. As far
as nonlinear bias parameters are concerned, we will present
their values after the subtraction of the fiducial values
extracted from our best-fit estimates from the most con-
straining baseline likelihood analysis. Specifically, we will
report

Ab2 = b2 - bgf,

Abg2 = bgz - btg)i, (51)

where b3, b! are best-fit values extracted from the fiducial

analysis of the redshift space power spectrum combined
with the real space bispectrum at k., = 0.08 h/Mpc.
This will be our best guess for the true values of these
parameters.

We emphasize that except for Sec. VD, in all our
analysis the scale cuts of the power spectrum like-
lihood are kept fixed. Only k., of the bispectrum data
is varied.

A. Redshift space power spectrum +
real space bispectrum

We start with the real space bispectrum, which can be
formally obtained from our model Eq. (3.14) by setting
f =0, ¢c; =0, and ignoring the AP effect. We also note
that the discreteness weights are closer to unity in this case.
This can be attributed to the absence of leakage from higher
angular moments [79], which is present in the redshift-
space case. We perform our analysis for the bispectrum for
five choices of kp, ranging from 0.06 to 0.14 hMpc~!

llFormally, we also use the FIRAS value of the current CMB
temperature T, which is a required input parameter in the
Boltzmann code cLASS [106]. This parameter is tightly con-
strained by FIRAS and other probes, see e.g. [107] for more
detail.

with a step 0.02 2 Mpc~!. The resulting corner plot from
our MCMC analyses is shown in Fig. 2, and the 1D
marginalized limit for the case ky, = 0.08 hMpc™' are
presented in Table I. The best fitting curves for certain
triangle configurations are shown in Fig. 3, while Fig. 4 is a
residual plot over all triangles used in the fit.

We observe that inclusion of the bispectrum sharpens
estimates for all cosmological and bias parameters
and does not lead to any significant biases up to
kpax = 0.08 hMpc™'. We see some small biases, espe-
cially in the b; — og plane, but our MCMC posteriors
still enclose the true values within 99% C.L., which makes
these shifts compatible with statistical fluctuations.
Besides, these small shifts do not change when switching
the bispectrum data cut from 0.06 to 0.08 #Mpc~!. In
contrast, for k,,, > 0.08 A Mpc~"' we see clear shifts that
push estimated values away from the ground truth. In
particular, we find the bias on o3 to be [-1.9,—-5.2, —-6.7|c
for kpa/hMpc~! =[0.1,0.12,0.14], respectively. This
suggests us to adopt k., = 0.08 2 Mpc~' as a baseline
data cut for the real space bispectrum in what follows.
Similar result is obtained in [12,13] for the joint fit
of the real space power spectrum and the real space
bispectrum.

The tree-level bispectrum likelihood improves con-
straints on cosmological and some nuisance parameters.
This improvement can be estimated by ratios of the 1D
marginalized 68% confidence intervals. For the cosmo-
logical parameters we have

Op+B

{wcdm7 hv ng, As7 Qm7 68}
Op

= {0.82,0.90,0.81,0.88,0.83,0.93}

indicating a (10 — 20)% improvement in most cases. The
gain is more sizable for the nuisance parameters,

GZ;B {bh b27 bgz’PShOt} = {075’0097007’061}

Intuitively, this happens because in the bispectrum one
can probe the galaxy bias parameters from large scales,
and hence their determination is not contaminated by
loop corrections and additional nuisance parameter
marginalization.

The picture that we have observed here is in stark
contrast with the real space only results, presented in
Appendix E. This analysis shows that the real space power
spectrum has much less information than the redshift-space
one. In this case the combination with the bispectrum leads
to a dramatic shrinking of posterior distributions for both
cosmological and nuisance parameters. However, in red-
shift space the power spectrum has much more information
to begin with, and thus the addition of the bispectrum yields
only a moderate improvement.
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FIG. 2. Posterior distributions of cosmological and some nuisance parameters from MCMC analyses of the joint redshift-space power
spectrum and real space bispectrum data. We show results for five different choices of the bispectrum data cut k,,. All cosmological
parameters and b, are normalized to their true values. We have subtracted constant fiducial values from the quadratic bias parameters b,
and bg,. Results for the power spectrum data only are shown for comparison.

B. Bias parameters can use the so-called Lagrangian local in matter density

Our simulated galaxies are produced with simple HOD ~ (LLIMD) bias model prediction bg™MP = =2(by ~1)/7
models and therefore one may expect their nonlinear bias ~ [71]. Using the fiducial value of b; we find
parameters to match those of the host halos and to follow
the same dependence on b,. Let us compare this expect-
ations with reality (similar measurements in real space were

2 .
ADLUIMD _ _ = (pfid _ ) _ pfid — ()23, 52
done in [12,13]). For the tidal bias bg,, as a first guess, we 5 7= >
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TABLE I. One-dimensional marginalized limit for the cosmo-
logical and most important nuisance parameters from various PT
challenge likelihoods: redshift space power spectrum only (upper
left panel), the joint power spectrum + real space bispectrum
(upper right panel), redshift space bispectrum only (lower left
panel), and the joint redshift space power spectrum +
redshift space bispectrum (lower right panel). Parameters that
were directly varied in MCMC chains are displayed in the upper
part of the table, the lower groups contain derived parameters.
Most parameters are normalized to their true values. See the main
text for more detail.

TABLE 1. (Continued)

RSD bispectrum

Parameter 68% limits
AQ,/Q, 0.03310032
bt —0.19470082

(biod)sa

Power + RSD bispectrum

Power

Parameter 68% limits
AHy/H, 0.0001 +0.0019
A®cqm/ Dcam 0.010 £0.012
AA /A, —-0.016 £0.022
Ang/ng —0.0084 + 0.0094
Aby/b, 0.003 £ 0.010
Aby -0.13594
Abg, 0.29 +0.30
Pshol _024:())115
Aog /o3 —0.0045 £ 0.0087
AQ, /Q,, 0.0087 4+ 0.0077

biog —0.008 £+ 0.022

(b1od)sa

Power + real space bispectrum

Parameter 68% limits
AH,/H, —0.0002 £ 0.0018
A®cdgm/ Dedm 0.0022 4 0.0098
AA/A, —0.019 £0.019
Ang/ng 0.0048 + 0.0076
Ab, /b, 0.0183 + 0.0077
Ab, 0.011 £0.043
Abg, 0.006 £ 0.020
Pt —0.384 £ 0.089
Bgot 0.99 +0.12
Aoy /oy —0.0065 = 0.0080
AQ, /Q,, 0.0022 4 0.0064

bioy _ 0.028 £ 0.016
(b36)sa

RSD bispectrum
Parameter 68% limits
AH,/H, —0.026 £0.015
A®cdgm/ Dedm —0.026 £+ 0.032
AA,/A, —0.071937
Ang/ng —0.018 = 0.034
Aby/by 007203
0.26

o 08
Abg, 0.2707 500y
cy -24+38
Pyt —0.095 £0.93
Bshol 089:()]219
Acg/og —0.0701¢

(Table continued)

Parameter 68% limits
AH,/H, —0.0014 £ 0.0018
A®¢im/ Dedm —0.005 £ 0.010
AA /A, —0.017 £ 0.021
Ang/ng 0.0036 + 0.0080
Ab, /b, 0.0149 + 0.0085
Ab, —0.054 £ 0.088
Abg, 0.070 £ 0.026
c 5627
Pgo —0.249 £0.093
Bghot 1.75 +£0.43
Aog /oy —0.0107 + 0.0082
AQ,./Q,, —0.0017 =+ 0.0068
bioy 1 0.001 +£0.016

<b?”g>ﬁd

which is more that 106 away from the truth. The LLIMD
approximation is known to be in tension with high
precision simulation measurements, which clearly show
the evidence for the tidal Lagrangian bias [108]. A better
fit to this data is a coevolution model with the initial
Lagrangian bias that has the following dependence on the
mean halo mass M

. M 038
b; =-05(——F—+— . 5.3
G, (4 x 104 ! MO) ( )

Reference [108] also presents the function M(b,), from
which we can express the above equation as béz(bl).

Inserting there our measurement of b, we find
2, , .
ADEIN = 2 (b = 1) + B (1) ~ b <0072, (5.4)

where “LTCM” stands for “Lagrangian tidal coevolution
model.” We see that our measurement is still in ~3¢ tension
with the prediction of LTCM, although in absolute terms
the discrepancy is quite small. The discrepancy with the
excursion set prediction from Ref. [109] is also quite high,
it exceeds 100 in terms of the standard deviation of our
measurement.

As far as b, is concerned, we can compare our
measurement with the fit to halos from Refs. [110,111],
i.e. to consider
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3

Abtzlalo — blzlalo (btl'ld7 bg;i) _ bgld = —0.49, (5.5) btghzis work __ bgj\,ious, btzhis work __ bgrevious + 4 bglzis work

(5.7)

where
Thus, our analysis confirms significant deviations between
the bias coefficients of galaxies and halos, which have
already been pointed out in the literature [12,13,112]. We
also confirm the trend seen in the literature for the CMASS-
like galaxies [47] (similar to our PT challenge sample): the

Note that we have accounted for the difference in tidal bias of galaxies is lower than that of halos, but b, is
our definition of quadratic biases with respect to  higher. In particular, the results of Ref. [12] for the CMASS

phale(p, bg,) = 0.412 —2.143b; + 0.929b?

4
+ 0.008b3 + 3 ba.- (5.6)

Refs. [110,111], galaxies read
Squeezed, B(k,K,Kkmin)
20 T T T T T T T
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FIG. 3. Bispectrum data points from the PT challenge simulations along with best-fit theoretical predictions extracted from our
MCMC chains. We show the bispectra for squeezed, equilateral, and isosceles triangles (left panels), and the corresponding residuals
(right panels).
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al al
b‘%d =-0.2+0.1, béz = —0.46 + 0.06. (5.8)

These values can be compared with the predictions of the
local Lagrangian approximation and the fit to b,,

Ref. [12] : Ab, = byo(b5", bE) — b§" = —0.41 £ 0.1,

I
Abg, = baJMD - béj =0.17 £ 0.06. (5.9)

These estimates perfectly agree with our results

Ab, = —0.49 £ 0.04, Abg, =0.234+0.02.  (5.10)

Finally, let us discuss the cubic tidal bias parameter br-,.
At the power spectrum level it is almost fully degenerate
with bg . However, this degeneracy gets broken by the
bispectrum data, since only bg, enters the tree-level

bispectrum model. We will compare our measurements
with halo relations obtained in Refs. [108,109],

1

B(bl - 1),
1 3

— (b= 1) =3 bg,

Ref. [108] : bl = —bg, —

Ref. [109] : pilo = (5.11)

This gives us a tension between our results and these halo
predictions at the 2¢ level,

Ref. [108] : b — bl (b5 pEY) = 0.23 £ 0.11,
Ref. [109] : b — b (b bE") = 024 £0.11. (5.12)

However, here we see the difference with respect to the
CMASS-like sample of Ref. [12] (br, = =7y /4 in their
notation). The relevant measurement from this work is fully
consistent with that of halos,

HEMASS — phalo(pil pEl) — —0.02£0.14.  (5.13)
02 I I I- Reall spacel
_ oa { ]
L H{ )ﬂ}{ﬂﬂk # 1
S { f f}h} gﬂ@{[{i{{ !{}I#&f
: {
-0.1{ i
=0

triangle index

The discrepancy between our br, and that of Ref. [12] is
marginally below 2o, and hence our measurements can be
considered consistent.

Overall, we conclude that with the PT challenge simu-
lations we see a ~3c¢ discrepancy between the bias
parameters of our HOD galaxies and their host halos.
However, our bias parameter measurements agree well with
those from similar mock CMASS-like galaxies, analyzed
in Ref. [12].

C. Redshift space

We now consider the realistic case of the redshift-space
bispectrum monopole in the presence of the AP effect. We
analyze our joint power spectrum and bispectrum like-
lihoods for three choices of the bispectrum data cut ranging
Kunax from 0.08 to 0.12 A Mpc~! with a step 0.02 2 Mpc~'.
Our triangle plot is displayed in Fig. 5, where for
comparison we also show the results of the baseline real
space bispectrum analysis from the previous section.
Marginalized 1D limits are presented in Table I. Best-fit
curves and the residual plot are shown in Figs. 3 and 4.

We see that at ky,,, = 0.08 2 Mpc~' the addition of the
bispectrum likelihood slightly narrows the power spectrum
contours and does not lead to any significant bias. Both
cosmological and nuisance parameters are recovered within
95% confidence intervals. However, already at k., =
0.08 hMpc~' we observe some evidence for the nonzero
FOG counterterm ¢, which suggests that the one-loop
corrections may not be negligible. Indeed, for more
aggressive data cuts k,, > 0.08 A Mpc~! we find large
biases that signal the breakdown of the tree-level bispec-
trum model. These biases are more significant than those
that we have seen in the real space power spectrum
likelihood, which is an expected consequence of nonlinear
redshift space distortions [41,46,54,65,113,114]. A similar
conclusion that FOGs in the bispectrum are important
even on relatively large scales was made in Ref. [115].

02 . . . .
[ * Redshift space
_ o1} ]
{ ]IH | 1
4 ool ey il
o1 ]
020 20 30 40 50 80 70

triangle index

FIG. 4. Residuals between the bispectrum data and best-fitting theory templates for all triangles from the real space (left panel) and the

redshift space (right panel) analyses.
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Posterior distributions of cosmological and certain nuisance parameters from MCMC analyses of the joint redshift space power

spectrum and redshift space bispectrum monopole data. We show results for three different choices of the bispectrum data cut k.
All cosmological parameters and b; are normalized to their true values. We have subtracted constant fiducial values from the
quadratic bias parameters b, and bg,. Results for the power spectrum (“P”) and for the power spectrum + real space bispectrum
[“P + Brea (kmax = 0.08 hMpc™")”] datasets are shown for comparison.

These results motivate us to choose k., = 0.08 2 Mpc™!
as our baseline data cut.

In Fig. 6 and Table I we display the breakdown of
different likelihoods in terms of their parameter constraints,
including the redshift space bispectrum alone. Clearly, the
constraints on cosmological parameters are heavily domi-
nated by the power spectrum data. In part, this is a result of
using only relatively low wave numbers in our bispectrum
analysis.

The bispectrum likelihood adds new information mostly
through the bias parameter measurements. In particular, the
principle component of the b; — o3 degeneracy can be well
approximated by a combination bjc§, which captures the

galaxy bispectrum amplitude in the absence of quadratic
biases and projection effects. Our redshift space bispec-
trum-only analysis yields a measurement quite competitive
with the redshift-space power spectrum result,"? cf. Table 1.
Beside b; — oy, the bispectrum also adds significant infor-
mation through the quadratic bias parameters b, and bg,,
whose measurements from the bispectrum alone are more
precise than from the power spectrum.

"For the power spectrum the principle component is slightly
different, b%a‘g. This small difference in the exponent is not
important for our discussion.
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FIG. 6. Posterior distributions of cosmological and certain nuisance parameters from MCMC analyses of the redshift space power
spectrum, redshift space bispectrum, and their combination. We use ki, = 0.08 7 Mpc™' for the bispectrum here.

Addition of the bispectrum leads to following improve-
ments on cosmological and nuisance parameters

Op+B
e {wcdmvhvns’Asvgmvaég}
P

= {0.88,0.94,0.86,0.95,0.89,0.96},

O
ﬂ{b]’bZ’bgz’Pshot}
op

= {0.84,0.18,0.09,0.65}. (5.14)
In general, the gain here is more modest compared to what
we have obtained from the real space bispectrum. One
reason for that is the correlation between the additional
FOG counterterm ¢; and other parameters. For example,
the degeneracy between ¢ and b,, By, 1s quite significant,
which explains why the confidence intervals for these

nuisance parameters are noticeably larger than those of the
real space bispectrum case. Another reason for the rela-
tively small improvement in cosmological parameters is
that the BAO wiggles are more suppressed in redshift
space, cf. Eq. (3.12), and hence there is less available
distance information.

All in all, the upshot of our analysis is that for the full PT
challenge simulation volume the data cut for the tree-level
redshift-space bispectrum model is ky,, = 0.08 2 Mpc~!,
and the addition of the bispectrum likelihood yields <10%
improvement on cosmological parameters, but much larger
gains on bias parameters.

D. Forecast for BOSS

It is useful to rerun our analysis for the covariance that
matches the volume of the currently available BOSS data.
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FIG. 7. Same as Fig. 5 but with the covariance rescaled by 100 to match the BOSS survey volume.

In this case the covariance is larger, and hence we can use
more aggressive data cuts provided that the bias in
cosmological parameters due to higher order loop correc-
tions is smaller than a fraction of the statistical error. In this
case the power spectrum multipole analysis can be pushed
t0 kpyax = 0.20 hMpc~!, which is noticeably larger than
our baseline PT challenge power spectrum multipole data
cut ko = 0.14 A Mpc~! [53]. Note that this k,,, is lower
than k,,,, = 0.25 7 Mpc~! used in Refs. [48,116] because
here we include the hexadecapole moment, see Ref. [53] for
more detail. Consequently, the transverse power spectrum
moment Q, is taken in the range 0.2 < k/(hMpc~!) < 0.4
[77]. Unfortunately, we cannot push the bispectrum analy-
SiS t0 Ay = 0.1 AMpc™! because the relative theory
systematic error on oy there is around 3%. This is a
significant fraction of the BOSS statistical error,

04,/ 03 = 5%. We have explicitly checked that the recov-
ered value of oy is biased by 16 of the BOSS error when the
bispectrum is taken at k,,,, = 0.1 2#Mpc~'. Therefore, we
proceed with the same baseline cut as in the PT challenge
analysis of the previous section, k., = 0.08 hMpc~'.

We analyze the same PT challenge data but with the
covariance rescaled by a factor 100, which is the difference
between the PT challenge volume and the BOSS survey
volume Vgoss =~ 6 h~3 Gpc?. In this particular analysis, we
also impose the following Gaussian prior on cy,

¢; ~N(0,5%), (5.15)

which is motivated by the EFT expectation ¢; = O(1). Our
results are shown in Fig. 7 and in Table II.
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TABLE II. 1D marginalized limits from analyses of the redshift
space galaxy power spectrum (left panel) and the joint power and
bispectrum data (right panel) from the PT challenge simulation
with the covariance rescaled to match the volume of the BOSS
survey, as shown in Fig. 7.

Power spectrum (PS), BOSS-like

Parameter 68% limits
AH,/H 0.001+0013
chdm/wcdm Oozlfgggg
AA /A, ~0.017010
Ang/ng —0.009 £ 0.059
Ab,/b, 0.004 4 0.053
Ab, —0.097930
Abg, 0.36 +0.33
Ppot -0.13 +0.51
Aoy/oq 0.000/22
AQ,/Q, 0.01610.04

PS + bispectrum, BOSS-like

Parameter 68% limits
AH,/H, 0.006-0013
chdm/wcdm 0029t885?3
AA /A, —0.049°09%3
Ang/n, —0.008 + 0.057
Ab, /b, 0.028 £ 0.047
Ab, 0.19704
Abg, 0.21 £0.25
Por —0.38 +0.40
Bt 1.23 +0.89
) 0.1 +48
Ao/ oy ~0.013+0044
AQ,,/Q,, 0.0127 004

We observe that the addition of the bispectrum has
roughly the same impact for cosmological parameters are
the full PT challenge case, i.e. there is a ~10% improve-
ment on the 1D marginalized constraint on A, and &g, and
barely any effect on other parameters. As far as quadratic
bias parameters are concerned, the improvements for them
are less sizable. In contrast to the full PT challenge
simulation, in the BOSS-like power spectrum case the bias
parameters are dominated by priors (given in Appendix D)
and not by the data. Hence, the power spectrum posteriors
are narrower to begin with. Still, the addition of the
bispectrum data sharpens b, and bg, posteriors by a factor
of two.

VI. COMPARISON WITH PREVIOUS WORK

Our analysis complements and extends other works on
the galaxy bispectrum. Therefore, it is useful to compare
our study with the most relevant literature.

Reference [11] studied the real space halo galaxy bispec-
trum from simulations with the overall volume similar to that
of the PT challenge suite. This work used the tree-level
bispectrum model to fit the pure bispectrum data (in the
absence of the power spectrum), and has established that this
model works up to k., = 0.082 #Mpc~!, in agreement
with our baseline result k,,,, = 0.08 & Mpc~". This work did
not find any significant deviations from Poissonian sampling
for the halo bispectrum. Reference [13] used the same data to
perform a joint power spectrum and bispectrum analysis in
real space. When comparison is possible, our results agree. In
particular, we find similar improvements on cosmological
parameters for the real space analysis and find the sub-
Poissonian shot noise for the PT challenge galaxies, both in
real and redshift space. This detection is mainly driven by the
power spectrum data, which yields a 220 deviation from the
Poissonian sampling even in the absence of any bispectrum
data. This can be compared with the bispectrum data alone
(see Fig. 6), which is not precise enough to constrain the shot
noise. When the two likelihoods are combined, we obtain
much tighter constraints on the shot noise parameters than the
bispectrum alone. This result is not surprising, given that on
general grounds we do expect halo stochasticity to be
different from that of galaxies, see e.g. [114]. The importance
of beyond-Poissonian sampling for primordial non-
Gaussianity constraints from the bispectrum was also
emphasized in [10].

Reference [12] presented constraints on the galaxy bias
parameters from the combination of the real space power
spectrum and bispectrum data. This work used a one-loop
theoretical error model for the bispectrum, which allowed
one to push the analysis to small scales and achieve
parameter measurement precision similar to ours while
using smaller effective volume Vs =6 A3 Gpc’. An
important observation is our analysis confirms the result
of Ref. [12] that the quadratic bias parameters of BOSS-like
galaxies do not follow halo-calibrated dependencies on
linear bias b. The deviations from these dependencies that
we find in our work agree very well with those reported
in Ref. [12].

It is very important to compare conclusions on the
cosmological parameter improvements from the bispec-
trum in real space from Refs. [12,13] and from our redshift
space analysis. References [12,13] showed that constraints
on A, typically improve by factors of 4-6 in real space. This
improvement factor stays roughly the same regardless of
whether the tree-level or the one-loop bispectrum model is
used. In contrast to this, our analysis implies that the
bispectrum monopole sharpens the A, constraints only by
~20% in redshift space. This happens because the noto-
rious degeneracy between the linear bias b, and A, which
plagues real space analyses, is lifted in redshift space
already at the level of power spectrum multipoles.

The bispectrum monopole of BOSS-like mocks and the
actual bispectrum data from the CMASS north galactic cap
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sample were analyzed in Ref. [49]. This analysis is closest
to ours since it uses essentially a similar EFT theoretical
model for the power spectrum part. However, its bispec-
trum analysis is different from ours by a number of
instances. First, systematic errors in the window function
treatment forced Ref. [49] to discard low wave number
modes, i.e. use ky,;, = 0.04 h Mpc~! .3 Second, similarly to
us, the authors of Ref. [49] used the tree-level EFT model
for the bispectrum monopole. However, they ignored IR
resummation (which is necessary already at the tree level
[4,63,73]) and additional corrections due to FOG and
binning, which was partly justified by the smallness of
the total simulation volume of that work compared to ours.
Nevertheless, the final scale cuts k., = (0.08-0.1) AMpc~!
of the bispectrum analysis of Ref. [49] are consistent with
our choice k,x = 0.08 #Mpc~!. Finally, Ref. [49] found
that the bispectrum data from one BOSS data chunk
(CMASS north galactic cap) sharpens the constrain on
A, by <20% and leaves intact other cosmological param-
eters. We have found a quantitatively similar behavior in
our analysis, see Fig. 7. It will be interesting to see how
much the constraints improve in the analysis of the actual
BOSS data with our likelihood. We leave this for future
work [119].

Finally, it is worth comparing our results with those from
the MCMC forecast for the Euclid-like survey from Ref. [6].
This work used a very similar methodology and found that
the addition of the tree-level bispectrum monopole likelihood
leads to ~(10-50)% on all relevant cosmological parameters
of the ACDM model with massive neutrinos. Our analysis
is different from Ref. [6] in several aspects. First, unlike
Ref. [6], our baseline power spectrum likelihood contains the
real space power spectrum Q [77]. Moreover, our likelihood
here includes physical priors on nuisance parameters,
whereas Ref. [6] did not assume any priors on them.
These two factors may diminish relative information content
of the bispectrum in our work. Second, we analyze only one
redshift bin here, whereas Ref. [6] considers a more realistic
data sample spread across eight different bins. Clearly, this
latter case contains more distance information that can be
extracted through the AP effect. Third, we impose the BBN
prior on €, here, while Ref. [6] fits this parameter directly
from the large-scale structure data. Despite these significant
differences, one observes a qualitative agreement between
our results: in both cases the tree-level bispectrum monopole
improves cosmological parameter constrains by tens of
percent.

VII. CONCLUSIONS

In this work we have studied the cosmological informa-
tion present in the redshift-space bispectrum monopole of

PIn principle, this issue can be avoided with the help of
unwinnowed estimators implemented along the lines of
Refs. [117,118].

PT challenge simulation galaxies. We analyze the joint
power spectrum and bispectrum likelihood using the one-
loop EFT model for the power spectrum and the tree-
level model for the bispectrum. This is a fully consistent
approach as for both statistics we use the perturbative
density field expanded to third order in the linear solution.
Our bispectrum theoretical templates include, for the first
time, all the effects that are needed to describe the data at
this order: tree-level IR resummation, corrections due to
discreteness, FOG, and the AP effect. Our main results are

(i) The tree-level bispectrum model is valid up to
kpax = 0.08 hMpc™! for a BOSS-like luminous
red galaxy sample.

(i1) The addition of the tree-level bispectrum likelihood
to the power spectrum one leads to moderate
improvements of constraints on cosmological
parameters by <10%.

(iii) The improvement on bias parameters is very sig-
nificant. The error bars on the quadratic local in
density bias b, and the tidal bias bg, shrink by more
than a factor of 10 after adding the bispectrum data.

(iv) We have found that the quadratic galaxy bias
parameters are quite different from biases of host
dark matter halos. This confirms the trend seen in the
literature [12,112].

On the technical side, we have proposed a new efficient
approach to account for binning effects by a combination of
the integral approximation and discreteness weights, and
also studied in detail the dependence of our results on
bispectrum covariance matrix choices.

There are several ways to extend our analysis. First, it
would be important to upgrade our theory model with the
redshift-space one-loop bispectrum calculations. In par-
ticular, we have found that at k,,,,, > 0.08 7 Mpc~' the data
shows evidence for FOG, which is a loop effect in the EFT
nomenclature. Given that the one-loop calculation signifi-
cantly extends the regime of validity of the EFT in the
power spectrum case, one may expect that a similar
improvement can take place for the bispectrum. It is
important to notice that for consistency one needs to
compute the power spectrum at two-loop order when
considering the one-loop bispectrum.

Moreover, it is also interesting to consider higher angular
moments of the redshift-space bispectrum. Various fore-
casts suggest that these moments may contain significant
cosmological information, see e.g. [5]. We plan to verify
these results in an actual analysis of simulated or real data.
Importantly, higher order bispectrum multipoles are sensi-
tive to FOG, and hence one-loop corrections are desirable
for their systematic study. This issue can be mitigated with
an analog of the transverse moment Q for the bispectrum.
We plan to study this statistics in future.

Another natural step is the analysis of the actual
bispectum data from the BOSS survey [119]. Our work
suggests that the inclusion of the bispectrum may improve
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constraints on the mass fluctuation amplitude by ~10%.
This improvement is not very dramatic, but it should be
pointed out that so far we have considered only the minimal
ACDM model. The information content of the redshift
space bispectrum can be richer in nonminimal cosmologi-
cal models, which may have some implications for certain
tensions, e.g. the so-called og tension [120].

Finally, it would be interesting to repeat our analysis for
the emission line galaxies, which will be the main targets of
future surveys like DESI [121] and Euclid [122,123].
Emission line galaxies are less biased than the red luminous
galaxies whose mocks we studied in this paper. Moreover,
recent measurements suggest that they are less affected by
FOG [90,124], which implies that the EFT model may
perform better for this sample.
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APPENDIX A: TESTS OF BINNING

In order to account for binning effects, one should ideally
evaluate the full sum over all possible triangle configura-
tions inside the bin. However, this evaluation is computa-
tionally very expensive. In the main text we have used the
integral approximation along with discreteness weights that
correct for the inaccuracy of this approximation for the
folded triangles. In this appendix we present an alternative
to this scheme, which works well for the real space
bispectrum.

The main goal of our binning scheme is to generate many
“fundamental” triangle configurations based on the true k;
and then sum them into appropriate bins. It is computa-
tionally expensive to generate all the fundamental triangles
on the actual 3D Fourier grid. Moreover, it is also not
efficient, because the fundamental grid contains a large
number of identical fundamental triangles. We can avoid
that by organizing a sum over unique fundamental triangle
configurations with ¢; > g, > g3, where ¢; are wave vector
moduli of fundamental triangles. In this case we need to

sample the bispectra over a relatively small grid of wave
numbers. We will call this method “approximate 1D
binning” in what follows. It is based, essentially, on taking
the integral expression Eq. (3.26) and approximating it with
a sum over appropriate discrete configurations of wave
vector moduli.

Let us start with the integral approximation Eq. (3.26),
obtained after eliminating most of angular variables by
means of the Dirac delta function. In real space the integrals
over u and ¢ drop out of this expression because the
bispectrum does not depend on angles. Now we can write
down the following discrete approximation to the final
integral,

V212341(]2(]3B(CI1 > 42, Q3)
VZ123Q1Q2Q31

Bim ~

, (A1)

where the sum ) ,; is taken over all configurations of
momentum moduli g; that fall in the bin. This sum contains
many indistinguishable modes. Now we replace this sum
with a discrete sum over independent triangle configura-
tions only,

VY r419293B(q1. 42. q3)
V> 14192931 '

Bt ~ (A2)

where the sum ), runs over all unique triangles that fall in
the bin (ky, k,, k3) and that respect the k, spacing,

ky+Ak/2 min(k,+Ak/2.q;)

)R S S

qr=max(k;.k—Ak/2) g =max(ky.ky—Ak/2) gs=max(k.k3—Ak/2.q1=q>)

(A3)

min(k3+Ak/2.,q,)

To compute the sum in Eq. (A2) in practice, we generate a
grid of tuples (g, g», q3) with spacing Ag = k; and select
only those that satisfy the constraints of Eq. (A3) for each
bin (kq, k, k3). Notice that we have used the isotropy of the
bispectrum in our derivation, which is certainty not true in
redshift space. We apply the approximate 1D binning
scheme in real space only.

Equation (A2) is not exact because it was derived from
the integral expression (3.26), which is approximate on its
own. But we can still use it as an alternative prescription
for the binning effects that will allow us to assess the
systematic error of our baseline discreteness weight
method. The two methods can be compared in Fig. 8§,
“Baseline” vs “Approx 1D binning.” We can clearly see that
they yield almost identical results. This validates our
discreteness weight approach adopted in the main analysis.
In this plot, we also show results from the “pure integral
approximation” obtained from the bispectrum model
with the integral approximation but without discreteness
weights or any additional corrections. This prescription
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Triangle plots and 1D marginalized posteriors of cosmological and nuisance parameters from the following analyses that differ

by the real space bispectrum likelihood treatments: baseline (Gaussian covariance + discreteness weights), approximate 1D binning,
integral approximation for binning without additional binning corrections (+Gaussian covariance for the last two cases); likelihood
based on the bispectrum sample covariance (discreteness weights), and the likelihood that includes the extra open triangles

(+sample covariance).

leads to significant biases in the recovery of quadratic bias
parameter b, and bg, .

APPENDIX B: IMPACT OF OPEN TRIANGLES

In principle, we could also include in our analysis
the open triangles, i.e. the triangle bins that do not satisfy
|ks — ko| < ky < k3 + k, at their centers. We refrained
from doing so because of the reasons listed in the main
text. In this Appendix we explicitly check that neglecting
these triangles does not lead to any appreciable loss of
information. We include these triangles in the analysis by
adopting the approximate 1D binning scheme described
above. We have found that the Gaussian covariance

approximation is very inaccurate for them, and therefore
use a diagonal sample covariance matrix in our likelihood.
The sample covariance matrix approximation for “usual”
closed triangle configurations is validated in the next
section, showing that it leads to essentially the same results
as our baseline Gaussian covariances.

The results of our analysis of the bispectrum likelihood
including open triangles are shown in Fig. 8, which should
be compared with the case “weights + sample covariance.”
We see that the posterior distribution in this case is almost
identical to that of the usual sample covariance analysis
without open triangles, which implies that they can safely
neglected for the purposes of this paper.
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APPENDIX C: COVARIANCE MATRIX TESTS

— Real space
— Redshift space To test our baseline Gaussian covariance model, in
this section we run our analysis with the bispectrum
likelihood based on sample covariance matrix estimators.
The PT challenge suite consists of 10 boxes only, which
means that the relative error on elements of the sample
covariance in this case is around 10~'/? ~ 30%. Since the
sample covariance is not invertible for our baseline bispec-
trum data with 70 triangle bins, we will use only its
. ) ) ) diagonal part. This should still be a good approximation
FIG. 9. Ratio of diagonal elements of the bispectrum covariance

. . . S on large scales where the bispectrum covariance is domi-
matrix computed in the Gaussian approximation and the sample . . RS

. . . nated by the Gaussian diagonal contribution. The elements
covariance extracted from 10 PT challenge simulation boxes.

CGauss/csample -1

triangle index

B P+Bgsp, Gaussian covariance + TE
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FIG. 10. Triangle plots and 1D marginalized posteriors of cosmological and nuisance parameters from the joint redshift-space power
spectrum and bispectrum likelihoods built with different covariance matrices: the Gaussian covariance, the Gaussian covariance
including the theoretical error (TE), the Gaussian covariance including the theoretical error and the cross-covariance between the power
spectrum and bispectrum, and the bispectrum sample covariance. In all cases we have used the discreteness weights and k., =
0.08 hMpc~! for the bispectrum likelihood.
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of our sample covariance normalized to the predictions of
the Gaussian approximation are shown in Fig. 9. We see
that the ratio is scattered around unity with most of the
points dispersed within ~50% in accordance with the
expected variance. However, we also observed several
notable outliers. Nevertheless, the posterior distribution
from the likelihood based on the sample covariance is
almost identical to that of the baseline analysis, see Fig. 8
for the real space case and Fig. 10 for the redshift space
case. We see that the main effect of the sample covariance is
to shift the posterior distributions, but these shifts do not
exceed lo, which is an expected effect of the sampling
noise in the covariance [30,125].

1. Theoretical error and cross-covariance

We additionally check the stability of our results
with respect to the inclusion of the theoretical error
covariance to the bispectrum and the cross-covariance
between the power spectrum multipoles and the bispectrum
monopole.

The theoretical error covariance accounts for the imper-
fectness of the particular theoretical model that is used to fit
the data. In the EFT approach theoretical calculations are
done up to a fixed order on scales where higher order
corrections are estimated to be negligible. A more system-
atic way to account for these corrections is to marginalize
over their approximate shape dictated by the EFT power
counting [4,54]. This marginalization leads to a simple
change of the covariance matrix by an additive correlated
contribution. We incorporate the theoretical error covari-
ance for the bispectrum following Ref. [4]. We use the
following one-loop bispectrum theoretical error kernel

EB(k1»k2» k3) = Btree(ktha k3, Z)Di(z)

33
< ky + ky + ks ) e

3 x0.23 hMpc!
whose amplitude is reduced by a factor of 3 compared to
Ref. [4]. We do so because the original envelope
of Ref. [4] was calibrated to one-loop calculations at
k~0.2 hMpc™' which is larger than our baseline cut
kmax = 0.08 hMpc~'. We have checked that on these
scales the original theory error kernel of Ref. [4] over-
estimates the actual size of one-loop matter bispectrum
corrections, and therefore have accounted for it by multi-
plying this kernel by a factor 1/3. Using Eq. (Cl), the
theoretical error covariance can be written as

3 (ki=K")
CBE) — Ep(ky. ko, ks) Eg (k. Ky, k) [T

i=1

(C2)

where the coherence scale 6k = 0.1 hMpc~! following
Refs. [6,54]. The full covariance is given by

(T8), (C3)

__ ~B(Gauss) B
cE,=cC + il

7~ “1T
The result of our analysis of the bispectrum likelihood
with the theoretical error covariance are presented in
Fig. 10 and in Table III. We see the inclusion of the
theoretical error covariance leads to a moderate infla-
tion of error bars and insignificant shifts of some
posteriors.

Finally, we include the cross-covariance between the
power spectrum multipoles and the bispectrum monopole
in our likelihood. We compute this cross-covariance in
the tree-level approximation along the lines of Ref. [3],
see Appendix F for more detail. The results of this
analysis are displayed in the same Fig. 10 and Table IIL
The impact of the cross-covariance is quite marginal—the
posteriors are virtually identical to those of the previous
analysis which treated the bispectrum and the power
spectrum uncorrelated. This is consistent with common

TABLE III. One-dimensional marginalized limits from analy-
ses of the redshift space bispectrum monopole data at k., =
0.08 hMpc~! with two additional ingredients: the one-loop TE
bispectrum covariance (left table) and the TE bispectrum covari-
ance plus the cross-covariance between the power spectrum
multipoles and the bispectrum (right table).

TE covariance

Parameter 68% limits
AHy/H, —0.0002 + 0.0018
A®cdgm/ Dcam 0.004 +0.011
AA /A, —-0.017 £0.021
Ang/ng 0.0009 4 0.0082
Ab, /b, 0.0128 4+ 0.0089
Ab, —-0.11 £0.12
Abg, 0.058 + 0.038
Pgor —-0.32 £0.11
Bgot 2.36 £0.64

c 11.0 £4.0
Aog /oy —0.0059 + 0.0083
AQ, /Q,, 0.0035 4+ 0.0072

TE + cross covariance

Parameter 68% limits
AH,/H, 0.0004 + 0.0018
A®cigm/ Dedm 0.008 £ 0.011
AA/A, —0.021 £ 0.021
Ang/ng —0.0006 + 0.0084
Ab, /b, 0.0140 + 0.0088
Ab, —0.10 £ 0.11
Abg, 0.059 + 0.037

P ot —-0.35+0.10
Bghot 2.154+0.59

c 10.4 £ 3.8
Aog /oy —0.0056 + 0.0084
AQ, /Q,, 0.0061 & 0.0075
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expectations that the cross-covariance is negligible on
large scales [4,6].

All in all, the analyses that we have carried out suggest
that our baseline results are stable with respect to the choice
of covariance matrices.

APPENDIX D: BASELINE POWER SPECTRUM
LIKELIHOOD

Our baseline power spectrum likelihood consists of two
pieces:

Redshift space multipoles: £ =0, 2, 4 with k., =
0.14 hMpc~!. We build the likelihood using the Gaussian
approximation for the covariance matrix of these multipole
moments. In the previous work [55] we have checked that
the one-loop EFT model provides an accurate and unbiased
fit to the data in this range.

Transverse moment (real space) power spectrum
in the range 0.14 hMpc! < k < 0.4 hMpc~!. We use
the Gaussian covariance for real space part of the power
spectrum likelihood.

Below, we present a brief overview of our theory model.
We use the following deterministic part of the bias
expansion (6, and & are overdensity fields of galaxies
and matter, respectively),

b
5, = b6+ 3252 +bg,Gs + br,Ts + R20%5,  (DI)

where we introduce the Galileon operators built from the
gravitational potential @ and velocity potential ®,

Gy (@) = (aiajq))z - (al‘z‘b)zv I3 = Go(P) = Go (D).

(D2)

The higher derivative bias parameter R? is degenerate with
the dark matter sound speed and the redshift-space counter-
terms. Thus, for convenience, we use the parametrization
where each redshift space multipole has its own higher
derivative counterterm,

=024

2041 (1
Pyl = —C, 2 [ P () ) (D3)

1

The parameters C,, C,, C; can be easily translated into the coefficients in front of the ‘“fundamental”
line-of-sight dependent higher-derivative counterterms [44]. Note that we conservatively assume that these
parameters are different from c¢;, which we use in the bispectrum model. A detailed calculation of all relevant
redshift-space bispectrum operators will be presented elsewhere. In addition, we include a single higher-derivative
RSD counterterm

v 20 +1
P (k) = ki, 2

1
/ AuL ) by + S PP ), € = 0.2.4, (D4)

whose necessity is motivated by the analyses of the redshift-space matter power spectrum [54]. Finally, we use the following
parametrization for the stochastic part of the redshift-space power spectrum,

1+ Py k 21
Pstoch(k7 H) = fht + (aO + a2ﬂ2) (W) 5 ’ (DS)
Overall, our power spectrum likelihood depends on the following nuisance parameters
{b1,by,bg,, br,, Cy, Cy, Cy, by, ag, ay, Pyoy } (D6)
for which we assume the following physically motivated priors [44,53,54,77]:
23 .
b, € (1,4), b, ~N(0,12), bg, ~N(0,1%), br, NN(E (bl —1), 12>,
Cy C, Cy
——— ~ N(4,10%), ——=— ~ N(20,20?), ——— ~ N(-10,20%),
( h~'Mpc)? ( ) ( h~! Mpc)? ( ) ( h~'Mpc)? ( )
b
W ~N(500,500%),  ag~N(0,12),  ay~N(0,12),  Pgy ~N(0,12). (D7)
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APPENDIX E: REAL SPACE POWER
SPECTRUM + BISPECRUM ANALYSIS

In this appendix we study the information content of
clustering statistics purely in real space. Similar analyses
have done before, see for instance [11-13]. We analyze the
real space galaxy power spectrum of PT challenge simu-
lation at k,,,, = 0.2 hMpc~! and the real space bispectrum
at kp. = 0.08 hMpc~!. The real space power spectrum
case is very different from the redshift space one. In the
absence of RSD the degeneracy between the linear galaxy
bias b; and clustering amplitude og is largely unbroken.
Moreover, the real space case does not capture the

distance information, which should result in larger error
bars on H,,.

Our results are shown in Fig. 11 and in Table VI. The real
space power spectrum data Pgy ., 1s much less con-
straining than the dataset [P, P,, P4, Q] that we are using
in our baseline redshift space power spectrum analysis. In
particular, the constraints on @y, 1y, and H, are a few
times weaker, and the limit on oy is weaker by an order of
magnitude. We can also see that the cosmological param-
eters’ posteriors from the bispectrum alone are comparable
to the power spectrum ones. When we combine the two
statistics the improvement is quite significant, e.g. the limit
on og improves by a factor of four, the limit on H, by 30%.

BN Py, real
H By
- ng, reaI+BreaI

2
-2

Pshot

—is>]

i i
—05 00 05 0.0
DAG/As

=01 00 01 -0.05 0.00

DWedm/Wedm BHolHo BQm/Qm

FIG. 11.

01 -0.05 0.00 0.05

H i H
H L H
00 05 10 -05 00 05 02 00 02 -2 0 2
Aby/by Aby Abg, Pshot

i
=04 -02 00 02
Aog/og

Triangle plots and 1D marginalized posteriors of cosmological and nuisance parameters from the real space power spectra

and bispectra data of the PT challenge simulation. For compactness, only linear and quadratic bias parameters are shown.
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TABLE IV. One-dimensional marginalized limits from analy-
ses of the real space power spectrum at k,,, = 0.20 2 Mpc~! and
the real space bispectrum at k,,, = 0.08 A Mpc~'. For compact-
ness, only linear and quadratic bias parameters are shown.

Pgg real» 1€l SPace

Parameter 68% limits
AH,/H, —0.0058 100076
chdm/wcdm _0023:())(())23
AA /A, ~0.297013
Ang/ng 0.011 +0.033
Ab, /b, 0.22:19:14
Ab, 0.43 +£0.91
b, 071204
Pshot 038j825;
Aog/og _0'177:()):?697
AQ,,/Q,, —0.008 10913
B al, real space
Parameter 68% limits
AHy/H, —0.018 £0.013
A®cqm/ Dedm —0.047 £0.028
AAL/A, 022108
Ang/ng 0.027 £ 0.029
Ab, /b, 0.25+0.24
Ab, 0.29192)
Abg, —-0.047313
Pnot 00+1.0
Bt 0.87 +£0.32
Aoy /oy —0.14815%"
0.022
AQ,/Q, —0.0041 5055

Pgg real + Breal> T2l space

Parameter 68% limits
AH,/H, —0.0054 =+ 0.0047
A® g/ Dedm —0.026 + 0.020
AA, /A, —0.107:569
An,/n, 0.018 +0.019
Ab, /b, 0.071 £ 0.036
Aby 030702
Mg, 0.046. 02!
P ot —0.05+0.14
Bihot 0.96 +0.18
Aoy /oy —0.066 =+ 0.033
AQ,/Q, —0.011 +0.010

APPENDIX F: POWER SPECTRUM AND
BISPECTRUM COVARIANCES IN
PERTURBATION THEORY

In this appendix we calculate tree-level covariance
matrices for the power spectrum and bispectrum. Let us
start with the real-space estimators for the density power

spectrum and bispectrum in the narrow bin approximation
Ak < k [23]

oy d*q B
P(k)= / i Aaota).

Vv
=4nk’ Ak
Nk T (2”)
2 q
bbb~ [ [ 450 0 0t
NI =872k kyks AK? v F1
T T ON K1KK3 (27[)6, (F1)

Using the formulas from [102],

/ Pdrjo(ks)jolkar)jolksr) =

4n)* m
[dq)?(2r) = kikyk Ak3(——,
ll AZ Ax ql’(27)? (‘hz%) 2k3 (27)° 4

5y (ki + Ky + k3) = 5y <COS(k17k2)

ki koks 0P
-k -k o) ¢
-6, (k
2k1k2 D ( 3
- (ki + ky)), (F2)

we can compute the autocovariances of the estimators (F1),

2

Cix, = 0P (k;
k,k/ N ( )
( 775123
Crp = —2 18 5 /IIP 3
T ks ARV T (F3)

where 5153 = 6, 2, or 1 for equilateral, isosceles, and gen-
eral triangles. The cross-covariance (P(k")B(ky, ks, k3)) is
given by

2(2x)?
Ny

i

Cur = =22 (8,5, P(K)B(k;,. k. k) + cycl.).  (F4)

Jie M M

It is straightforward to generalize these calculations to
power spectrum multipole ¢ and the redshift-space bispec-
trum multipole £,

R d’q
Py(k;) = /qek bhenmcso(—Q)(so(Q)@f‘F 1)

X Ef(i' A)
3 3 3)
B d’q; (2r)
By(ky, ky k) = (26" + H/ q3 Nm(‘lm)
1 T
x 5(q1)5(q2)5(q3) L (2 - q,), (F5)
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where (k) = 5(k)(1 + Bu?) in the linear approximation
[126], p=f/b,. In particular, this implies that the
continuous part of the angle-averaged bispectrum auto-
covariance would be modulated in redshift space by
a form factor

/ g/o 1+ B2+ B 221+ s (. )
(F6)

Similarly, the cross-correlation between P, and B is
given by

220, [ 4

< [ ault+ L)
x B(k, ks, k3) + cycl.). (F7)

<Pf(k)Bo(k1,kz7k3)> =

APPENDIX G: GAUSSIAN FINGERS-OF-GOD
EXPONENT DERIVATION

In this section we revisit the derivation of the Gaussian
FOG exponent that is often used in the literature to motivate
some phenomenological models for FOG, see e.g. [19].
Reference [54] has explicitly shown that this model com-
pletely fails to capture the behavior seen in high quality dark
matter redshift space simulations. Nevertheless, it would be
of some interest to see when the Gaussian FOG model breaks
down at the mathematical level. Let us consider the redshift
space mapping,

s (k) = / B xe X i (%) (5(x) + 1) — (27)%6%) (K).

(G1)

Now we split the velocity field into the long and short
wavelength components,

v; = vk + 0}, (G2)

where v* is correlated with the density field on large scales
and »° is the short-scale contribution generated by the
nonperturbative effects such as virialization. A common
assumption is that this part is fully uncorrelated with the
perturbative long wavelength density field. Taylor-expand-
ing the exponent over its perturbative part we have

89 (k) = / dPxeXH k) (5(x) + iH ok (X)),

(G3)

where we have neglected terms which have support only
around k = 0. In what follows we restrict ourselves to the
tree-level order for the perturbative part, in which case the
velocity field can be expressed as

ai 651

L _
vi =—fH A

— (kb (k) = f128h(K).  (G4)

In order to reproduce the Gaussian FOG exponent, we need
to assume the short scale velocity field is Gaussian distrib-
uted, and its two point correlation function has a finite
support on short scales,

(v;(x)v;(x")) = 6;/H*07 for x =x' and 0 otherwise.
(G5)

Clearly, this assumption cannot be justified within the EFT
approach, which requires that the short-scale averages should
depend on all possible operators involving low-energy
degrees of freedom compatible with IR symmetries of
large-scale structure [42]. Nevertheless, if we proceed using
the cumulant expansion theorem

o) =exp{ 0.} (a9

we find the power spectrum in redshift space given by

(69 (K)8C) (K)) = (27)%6% (k + K')e K Py ieer (K),
(G7)

where

PrelK) = (b1 + fi2PPH) = (GB)

For the redshift space bispectrum we have

(6% (k)51 (k1)8') (k3))

3

_o_%‘ 2 12
= (2”)35g)(k123)e 2Z“:maknBtree(klvk27k3>v (G9)

which would formally coincide with the leading order EFT
expression used in this work if we Taylor expand the
damping exponent and identify

(kI};IL)Z G%bl ,

5 (Ko )* o’f. (G10)

2

cl = Cyr =
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