of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 476, 4045-4070 (2018)

hancing
Aionamy
Gephysicr

doi:10.1093/mnras/sty261

Advance Access publication 2018 January 31

Maximal compression of the redshift-space galaxy power spectrum and

bispectrum

Davide Gualdi,'* Marc Manera,'>*> Benjamin Joachimi! and Ofer Lahav'

! Department of Physics and Astronomy,

University College London, Gower Street, London WCIE 6BT, UK

2Centre for Mathematical Sciences, DAMTP, Cambridge University, Wilberforce Rd, Cambridge CB3 OWA, UK
3Institut de Fisica d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology, Campus UAB, E-08193 Bellaterra (Barcelona), Spain

Accepted 2018 January 28. Received 2018 January 25; in original form 2017 September 11

1 INTRODUCTION

ABSTRACT

We explore two methods of compressing the redshift-space galaxy power spectrum and bispec-
trum with respect to a chosen set of cosmological parameters. Both methods involve reducing
the dimension of the original data vector (e.g. 1000 elements) to the number of cosmological
parameters considered (e.g. seven) using the Karhunen—Loeve algorithm. In the first case,
we run MCMC sampling on the compressed data vector in order to recover the 1D and 2D
posterior distributions. The second option, approximately 2000 times faster, works by orthog-
onalizing the parameter space through diagonalization of the Fisher information matrix before
the compression, obtaining the posterior distributions without the need of MCMC sampling.
Using these methods for future spectroscopic redshift surveys like DESI, Euclid, and PFS
would drastically reduce the number of simulations needed to compute accurate covariance
matrices with minimal loss of constraining power. We consider a redshift bin of a DESI-like
experiment. Using the power spectrum combined with the bispectrum as a data vector, both
compression methods on average recover the 68 per cent credible regions to within 0.7 per cent
and 2 per cent of those resulting from standard MCMC sampling, respectively. These confi-
dence intervals are also smaller than the ones obtained using only the power spectrum by
81 per cent, 80 per cent, and 82 per cent respectively, for the bias parameter b, the growth rate
£, and the scalar amplitude parameter As.

Key words: methods: analytical —methods: data analysis—methods: statistical —
cosmological parameters — large-scale structure of Universe —cosmology: miscellaneous.

However, gravity increases the level of non-linearity in the mat-
ter distribution field, creating non-Gaussian features which are not

In recent years, the number of available large data sets to be used
for cosmological analysis has drastically increased (Planck, ! Ade
et al. 2014 ; Sloan Digital Sky Survey, > Eisenstein et al. 2011;
DES, The Dark Energy Survey Collaboration 2005°) and will do
even more so in the near future (DESI, * Levi et al. 2013; Euclid, >
Laureijs et al. 2011; PFS, © Takada et al. 2014). Improving current
analysis techniques to extract as much information as possible from
these catalogues has become highly relevant. Up to now, most work
has been done using two points (2pt) statistics like the two points
correlation function or its Fourier transform, the power spectrum.
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constrained by the sole use of 2pt statistics. Higher order statis-
tics like the three points (3pt) correlation function or its Fourier
transform, the bispectrum, have already been studied in the past
in order to capture the non-Gaussian part of the statistical infor-
mation contained in the large-scale structure galaxy field. The first
measurements of the 3pt correlation function and the bispectrum
on a galaxy catalogue were performed by Peebles & Groth (1975),
Groth & Peebles (1977), and Fry & Seldner (1982). Fry (1984)
studied the relation between the cosmological and bias parameters,
modelling the relation between luminous and dark matter, which
affects the amplitude and the shape of the bispectrum. Integrated
3pt statistics like the skewness were introduced in order to reduce
the complexity and number of modelling parameters (Peebles 1980;
Fry & Scherrer 1994; Bernardeau 1994; Juszkiewicz, Hellwing &
van de Weygaert 2013). The modelling of redshift-space distortions
into the 3pt statistics was later introduced and studied by Matarrese,
Verde & Heavens (1997a), Verde et al. (1998), Heavens, Matarrese
& Verde (1998), Scoccimarro et al. (1998), and Scoccimarro (2000).
Different 3pt statistics have also been proposed as useful tools to
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quantify deviations from GR (Borisov & Jain 2009; Bernardeau
& Brax 2011) and to measure primordial non-Gaussianities (Fry
& Scherrer 1994; Gangui et al. 1994; Verde et al. 2000; Liguori
et al. 2010; Tellarini et al. 2016). In the last 20 yr, these statistics
have received increasing attention especially for the benefit of lift-
ing degeneracies present in 2pt statistics between cosmological and
nuisance parameters in data sets produced by spectroscopic redshift
surveys like BOSS. The most recent measurement on this data set
for the bispectrum was made by Gil-Marin et al. (2016) and for the
3pt correlation function by Slepian et al. (2015), obtaining also the
first significant BAO detection using 3pt statistics (Slepian et al.
2017).

When studying the power spectrum and the bispectrum, it is
necessary to subdivide the range of possible k-vectors in Fourier
space into bins . By doing this, one defines the number of possible
elements for both the power spectrum and bispectrum data vectors.
While in Fourier space, the number of possible elements for the
power spectrum data vector is the same as the number of bins, for
the bispectrum, it corresponds to the number of triangles that can
be formed by triplets of the available k-vectors (less than ~n3, ).
This difference becomes even larger when redshift-space distortions
(Kaiser 1987), described in Section 2.2, are included in the analysis.
In addition, as explained in Appendix B, not only the modulus of the
three k-vectors but also the orientation of the triangle with respect
to the line of sight becomes relevant. Consequently, a fine binning
in k-space corresponds to a very large number of possible triangles.
While for the power spectrum in redshift space, there are ~n?
possible data-vector elements, for the bispectrum there are slightly
less than ~ny, . possible triplets, since the vectors need to satisfy
the triangle condition.

The problem is that when doing parameter estimation using a data
vector for a given statistic, the corresponding covariance matrix is
needed. This can either be computed analytically, which requires
the evaluation of several multidimensional integral expressions, or
it can be estimated from simulations. However, in order to obtain
a precise and accurate estimate of the covariance using numeri-
cal simulations, the number of realizations must be larger than the
number of elements of the data vector (Hartlap, Simon & Schneider
2007; Taylor & Joachimi 2014). Therefore, numerically estimating
the covariance matrix of a 3pt statistic from simulations could be-
come very expensive in terms of simulations required to predict it
accurately. Indeed, one usually sacrifices the stronger constraining
power achievable by considering a larger number of triangle con-
figurations for a more accurate estimate of the covariance matrix
obtained using only a subset of all the possible triangles. Com-
pressing the original data vector is an efficient method to avoid
losing access to part of the constraining power contained in the 3pt
statistics. Alternatives to the full bispectrum have been proposed
in the last few years. For example Schmittfull, Baldauf & Seljak
(2015) substituted to the tree level matter bispectrum, functions of
the cross-power spectrum between 8%(x) and 8. The performances
of some of them, including the modal decomposition proposed by
Schmittfull, Regan & Shellard (2013), have been recently studied
by Byun et al. (2017). We will compare their results with ours in
the conclusions.

Therefore, one can reduce the original number of data-vector
elements either by performing a selection of triangles based on
some criteria or by compressing the data vector. This paper is about
this second option, where we present an application of a linear
compression mechanism by Karhunen and Loeve (K-L) used in
Tegmark, Taylor & Heavens (1997) for the first time in a cosmolog-
ical context to compress with respect to multiple parameters. The
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Figure 1. Diagram highlighting the two compression methods presented in
this work, including the respective advantages with respect to the uncom-
pressed data vector.

underlying principle is to assign a vector, such that the weights are
proportional to the sensitivity of each element to the variation of a
model parameter. When the covariance matrix can be assumed to
be parameter independent, the dimension of the compressed data
vector corresponds to the number of considered model parameters.

We use this prescription in two ways to do parameter inference,
which are summarized in Fig. 1. In our first method, we run an
MCMC sampling for the compressed data vector (hereafter MCMC
+ KL). This has the immediate and appealing benefit for a cosmo-
logical survey of requiring fewer simulations to estimate precisely
the covariance matrix in the case of a long data vector like the bis-
pectrum (with > 10 triangles) to just 1 data-vector element for each
cosmological parameter. Indeed, in order to have a reliable estimate
of the covariance matrix, one needs a significantly larger number
of mocks than of data-vector elements. For example, in the DR12
BOSS paper studying the bispectrum (Gil-Marin et al. 2016), the
number of triangles used was limited to 825 out of the 6391 possible
ones, since only 2048 mocks were available (Kitaura et al. 2016).

In our second method, before compressing, we orthogonalize
the parameter space by diagonalizing the Fisher information ma-
trix (principal component analysis, hereafter PCA + KL). This en-
ables sampling from 1D posterior distributions of the new set of
parameters, to recover the full multidimensional posterior distribu-
tion for the original physical set of parameters without the need
of an MCMC sampling. This proves to be ~103 times faster than
an MCMC run, in particular because the linear matter power spec-
trum needs to be recomputed far fewer times.

In addition to being competitive with the standard likelihood
approach, this method could be also very useful for future cosmo-
logical surveys in order to test and forecast the constraining power
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of the expected data set for several different combinations of cosmo-
logical and nuisance (e.g. bias) parameters. We apply our analysis
to the redshift-space galaxy bispectrum and to the joint data vector
formed by the galaxy power spectrum and bispectrum.

The paper is structured as follows: Section 2 describes the basis
of perturbation theory upon which the data-vector estimators and
covariance matrix terms are computed. In Section 3, we present the
covariance terms. Section 4 contains the specifics of the analysis
performed. In Section 5, the compression formalism is presented.
In Section 6, we present the results of applying the MCMC + KL
method. Section 7 describes the performance of the PCA + KL com-
pression in obtaining constraints on the cosmological parameters.
In Section 8, we comment on the added value given by jointly using
the power spectrum to the bispectrum. We conclude in Section 9. All
detailed derivations are deferred to Appendices A (redshift-space
kernels), B (estimator definition), C (covariance matrix terms), D
(compressed covariance formalism), and E (weights orthogonaliza-
tion).

2 PERTURBATION THEORY WITH
REDSHIFT-SPACE DISTORTIONS

2.1 Bias model

Since luminous objects like galaxies are not exact tracers of the un-
derlying dark matter distribution, it is necessary to model their
relationship. This is commonly referred to as ‘galaxy biasing’;
the relationship could be linear/non-linear, deterministic/stochastic,
local/non-local, and a function of scale and cosmic time. Under-
standing biasing is important in its own right as a probe of galaxy
formation and evolution. Galaxy biasing was recognized when it
was noticed that different populations of galaxies (e.g. spirals and
ellipticals) have different clustering strengths.

A physical mechanism for galaxy biasing was suggested
by Kaiser (1984) and developed by Bardeen et al. (1986),
namely that galaxies would tend to form in peaks in the matter
density distribution thus being more clustered than the underlying
matter distribution. In this model, more massive (and thus rarer)
tracers are naturally more highly biased. Biasing can be non-linear
(McDonald & Roy 2009) and stochastic (Dekel & Lahav 1999).
Galaxy biasing also evolves with redshift (Clerkin et al. 2015, and
references therein), being larger at higher redshift. It is also scale
dependent at small physical scales where the non-linear effects of
galaxy formation are important, although there is almost no scale
dependence above 20-40Mpc h~! (Manera & Gaztafiaga 2011;
Crocce et al. 2015). Another popular approach, known as the Halo
model, is to parametrize the relationship between galaxies and the
dark matter distribution by assuming that all galaxies reside in dark
matter haloes or subhaloes, discussed e.g. in Tinker et al. (2010)
and references therein. We note that biasing and the relationship
between galaxies and haloes can also be constrained through com-
binations of various observables, e.g. galaxy positions and weak
gravitational lensing.

Here, we adopt a biasing model which is a Taylor expansion of
the galaxy density fluctuations &, in terms of the matter fluctuations
dm (Fry & Gaztanaga 1993):

= bi n.l
68 = Z F ai,m' ey
i=0

where 8 is the non-linear matter density fluctuation.
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In this work, only the first two terms of the above expansion are
considered, b; and b,. The above bias model considers only the
local relationship between 8, and 8,,; non-local bias terms may be
included in a more accurate modelling (Chan, Scoccimarro & Sheth
2012; Baldauf et al. 2012; Bel, Hoffmann & Gaztafiaga 2015).

2.2 Redshift-space formalism

The conversion of the galaxy redshifts from surveys like BOSS
or DESI to proper distances is a cosmological model-dependent
operation. In addition, the local gravitational field influences the
peculiar velocities of galaxies producing redshift-space distortions
(Kaiser 1987) which affect the observed redshift.

Heavens et al. (1998) have shown how to express the Fourier
transform of the redshift-space galaxy overdensity fluctuation, mea-
sured in cosmological surveys, 8} (k) in relation to the real space
linear matter fluctuation 8, (k) )

8y k] = F [Kk] 8 (k)

+

&Er Pk dp k —ky — k
(27_[)3/ 1d7k, 8p ( 2 1)

x B [ky, k] 8 (k1) 81 (K2)

1
(2m)°

x B [k1, ko, k3] 8 (k1) 8 (K2) 81 (o), 2

+

/ Sk P hadPhs 8p (k — k3 — ky — ky)

where the redshift-space distortion kernels F{!:>3) are given in Ap-
pendix A. In this work, all k-vectors are described in terms of their
components parallel k! and perpendicular k* to the line of sight.
We define u = kl!/k;. The galaxy redshift-space power spectrum is
defined as

(85 (k) 8 (k) = (270)° P (k) bp (ky + ko). 3)

Substituting equation (2) into equation (3) and applying Wick’s
theorem assuming that the initial perturbations are Gaussian, the
power spectrum is given by:

S — s,(1) s,(2) s,(3)
P (k) = PV 4+ PY? 4 Py

= (b1 + f1?)"P" (k)

d3

+2/ (2733 P" (@) P" (Ik — q]) (F [q. k — q1)
d’q m 3)
(27[)3P @F g, —q. k],

)

where the growth rate is defined and parametrized as f(z) =
dInD/dIna = QF (z) where Q1,(z) is the mass density parame-
ter function at a given redshift z, the growth index y ~ 0.55 for a
standard cosmology (Peebles 1980; Lahav et al. 1991; Linder 2005),
D(a) is the growing mode of the amplitude fluctuation, and scale
factor a = (1 + z)~'. P™(k) is the linear matter power spectrum
defined analogously to equation (3). In this work, when consid-
ering the power spectrum data vector we stop at tree level using
only Py = P;('). This choice is consistent with previous analyses
(Scoccimarro, Couchman & Frieman 1999; Sefusatti et al. 2006,
Song, Taruya & Oka 2015; Gagrani & Samushia 2017). The error
arising from excluding the one-loop terms (Jain & Bertschinger
1994; Bernardeau et al. 2002; Taruya, Koyama & Matsubara 2008;
Lazanu et al. 2016) is less than 10 per cent up to kyax = 0.2 "Mpc ™!

6 (0 + )P0 [
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increasing to 30 per cent for kp,x = 0.3 hMpc*I. An accurate mod-
elling of the redshift-space galaxy power spectrum was introduced
by Taruya, Nishimichi & Saito (2010). This translates approxi-
mately into an error on the diagonal of the power spectrum co-
variance matrix computed in Section 3.1 of ~1percent up to
kmax = 0.2 hMpc*l and ~9 per cent for ky,, = 0.3 hMpC*l when
including cosmic variance terms. For brevity, sometimes we write
Py (ki k) = P (k;), keeping in mind that the galaxy power spec-
trum depends on the parallel and perpendicular components of the
wave vector. Therefore, P, will not depend on the second order bias
parameter b,.
Analogously, the bispectrum is defined as (Fry 1984):

(85 (k1) 85 (ko) 85 (ko)) = (270 B k1, o, k)
x ép (ky + ky + k3). ©)

The relation to the linear matter density power spectrum is at first
order:

B} (k. ko, k3) = 2P" (k) P (k) B [ki ] F [ko] F) [y, ko]
+ two cyclic terms. (6)

For the redshift-space galaxy bispectrum, the most recent and accu-
rate models (up to the mild non-linear regime) were introduced by
Hashimoto, Rasera & Taruya (2017) and Raccanelli et al. (2013).

3 COVARIANCE

In this section, we summarize the covariance terms at tree level for
the power spectrum and the bispectrum, including also the cross-
covariance between the two. Here are written only the final analyti-
cal expressions, while we show the full derivations in Appendix C.

3.1 C™ : power spectrum covariance matrix
The power spectrum covariance matrix is given by two terms,
Ch =Cf +Cf, (7

where CEY is proportional to the square of the power spectrum and
CPP is proportional to the trispectrum. The first term is given by:

CEP (’_61;1_63)

H / AV 8 (ky + ka) S (s + k)

vW1 Vi e

x (8, (k1) 8, (k3)) (8, (k2) 8, (k) + 1p

271 47

P s (1 2
vs/E,iAkzD‘234 P; (kn)” = Veki-Ak?

B Py (k1)

%

®

where the integrals are over a cylindrical shell V° centred at
each k; with integral limits on: k| — Akl /2 < k] <kl + Ak!/2,
Eﬁ — Akl/Z < kil < I_ciL + AkL/Z and 0 < ¢ < 27t. From the def-
inition of the power spectrum estimator given in Appendix B, the
cylindrical bins for k, and k, are centred respectively on k; and
k3. When a Dirac delta 8p (k; + k;) is used to simplify one of the
integrals over the cylindrical shells, it produces a Kronecker delta
Si'i( which is equal to one and not to zero only when k!l = kj‘I and
kit = k.

We have defined a combination of Kronecker deltas DY,,, =
8585, + 85,85, in order to take into account the additional permu-
tation, wh1ch given the initial Dirac deltas conditions, reduces to

DP,., = 2 x §K. V, is the survey volume. The second term in equa-
tion (7) is proportional to the trispectrum and is given by

2

CF (krks) ~ 3 d¢13Tz<l'cﬁ,lE‘1‘,lE3{7<§,¢13). )

where ¢13 is the difference between the azimuthal angles of k, and
k. The full expanded expression is written in Appendix C, while
the trispectrum definition is in Appendix B.

3.2 CBB: bispectrum covariance matrix

For the bispectrum covariance matrix, at leading order, only the
diagonal term proportional to the product of three power spectra is
required:

Quiakl
Vokikiki AKS 12
3
x Digase [ [ P (i) - (10)

i=1

CEB (1}1,1_62, 1}3;1_64, I}S,I_C(,) =

where A is a function defined in Appendix B which is related to the
fraction of wave-vector triplets allowed by the triangle condition
such that the bispectrum estimator (BS5) is unbiased. Dyy34s6 is a
shorthand notation for the sum of all the possible permutations of
pairings of k vectors between the first and second triplets, encoded
in Kronecker deltas, e.g. 8k, 8% 6. This is the symmetry factor
which is equal, respectively to 1, 2, and 6 in the case of scalene,
isosceles, and equilateral triangles. Full computations can be found
in Appendix C.

3.3 CPBP: cross-variance matrix

The cross-variance term is also given by the sum of two parts.
The first part is proportional to the product between the power
spectrum and bispectrum. The second part is proportional to the
tetraspectrum

CBP = CBF 4 CBP. (an

ml

The expression of the first term as derived in Appendix C is:

(2n)y?

C‘?‘l; (’_(';I}3”_€4’l}5) =2x Ve A34S (5:(3 +6 +8 )

x P (ki) By (ks ky. ks) , (12)
Where the semicolon separates the wave vector relative to the power
spectrum from the ones of the bispectrum.

The last non-vanishing term is the one proportional to the
tetraspectrum Te$ given by the connected part of the five points
correlator

kiiks ko k (2“)2 Ak; dve
C%P (kl;k3’k4’k5> = 5A34ls H /
i=1,3,4,5

x 6p (ks + ks + ks)TZ,g (ki, ks, ks, ks) .
(13)

The definition and analytical expression for the tetraspectrum are
in Appendix B. In the appendix, it is shown that at leading order
the tetraspectrum is proportional to the fourth power of the linear
matter power spectrum. Being this one order higher than all the
terms considered in the paper, CE has not been included in the
numerical computations.
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All the terms rederived above agree with the ones derived in
the literature when considering redshift-space distortions (Sefusatti
et al. 2006; Scoccimarro et al. 1998).

3.4 Shot noise contribution

All terms of the covariance matrix have been corrected in or-
der to account for the shot noise, which is given by the average
number density of galaxies. In our analysis, we consider a DESI-
like ELGs sample with 71, &~ 1.175 x 10h*Mpc ™ and a survey
volume V, &~ 12.3h3Gpc® (Levi et al. 2013; Song et al. 2015;
DESI Collaboration et al. 2016). The only correction corresponds
to substituting the galaxy power spectrum with:

1
P (k) — Py (k) + —. (14)
Ny

We made the assumption that the shot noise is well approximated by
a Gaussian distribution (which is reasonable if the galaxy number
density is fairly high). In that case only second moments exist, and
thus contributions appear only in the 2pt correlators, and those yield
power spectrum contributions to the cosmic variance. If the noise
were Poisson-distributed, the corrected expressions would become
much more complicated (Matarrese, Verde & Heavens 1997b).

4 ANALYSIS SETUP

In this section, we describe the pipeline and codes for the com-
pression and the MCMC analyses. We compressed the power spec-
trum and the bispectrum with respect to the set of parameters:
{b1, by, f, Qm, Q, A, ng} where the first two are galaxy bias
parameters, f is the linear growth rate, 2,, and 2, are the den-
sity parameters of total matter and baryonic matter, A; is the scalar
amplitude of the primordial perturbations, and n; is the scalar spec-
tral index. For both cases, the fiducial cosmology was fixed to
by = 1.90, by = 0.20, f = Qu(z = 0.81)"%, Q,(z = 0) = 0.307,
Qu(z = 0) = 0.0482, and A, = 2.9 x 10~ similar to the one used
in Kitaura et al. (2016) and close to the one reported in the Planck
15 results (Ade et al. 2016). The redshift used is that of the effective
redshift bin (0.6 < z < 1.0) of an ELG sample of a DESI-like survey
with ze = 0.81.

The k-range chosen is 0.01 < k < 0.2Mpc~! h, 12 bins for both
parallel (linear binning) and perpendicular (logarithmic binning)
to the line-of-sight components. We have adopted a logarithmic
binning for the perpendicular components of the wave vectors in
order to better capture the different features at different scales.
A linear binning has been used for parallel to the line of sight.
For the perpendicular component, Alog ok* = 0.11827 while for
the parallel one Akl = 0.0182Mpc~! k. With these settings, the
resulting number of configurations satisfying the triangle condition
is Ny, = 1333 for the bispectrum and Ny,is = 132 combinations of
parallel and perpendicular components for the power spectrum.

The triangle configurations for the bispectrum are generated by
a 5D loop choosing first the three perpendicular components of the
sides of the triangle and secondly two of the parallel ones. The third
parallel component is chosen such that the final triangle satisfies the
triangle condition. All sides and projections must be in the range
given above.

For the MCMC sampling, we have used 64 samplers together with
the same number of Xeon E5-2650 processors connected through
MPI (Gabriel et al. 2004), each with 2000 burn-in steps followed by
10000 steps for the actual posterior sampling. The pyTHON package
EMCEE was used as MCMC sampler (Foreman-Mackey et al. 2013)

Power spectrum and bispectrum compression 4049

. Uninformative flat priors have been used both in the compression
code and MCMC sampler. We employed the camB code (Lewis,
Challinor & Lasenby 2000) in order to generate the linear matter
power spectrum for different cosmological parameters.

5 COMPRESSION FORMALISM

5.1 Fisher information matrix

The log-likelihood £ for a Gaussian probability distribution relative
to an n-dimensional data vector x, can be written as

—2L = nln2m + IndetCov + (x — (x))T Cov' (x — (x)),
(15)

where Cov = ((x — (x))(x — (x))T) is the covariance matrix
and (x) is the mean of the data vector.

From this quantity, the Fisher information matrix can be defined
as

Eo_ ’L
" 26,06; / |,

which is a measure of the curvature around the maximum-likelihood
point Oy, = By, 02, - - -, 64%), where the 0’s are the m model
parameters and the comma notation indicates the derivatives with
respect to them. In the case of a Gaussian likelihood, the Fisher
matrix can be expressed as

= — (L), (16)

ML

1
F = 5Tr [AiA; + Cov 'My], )

where the matrices A; and Mj; are defined as A; = Cov!Cov;; and
M = (x)5(0)T + (1) (x) ;.

The diagonal entries of the Fisher matrix are related to the min-
imum error attainable in estimating a parameter 6;. In particular,
in the case of single parameter estimation, the minimum attain-
able error is AH{‘“" =1/ (Fii)%. When more than one parameter is
considered, the full Fisher matrix is needed to compute the min-
imum marginalized error for each parameter, which is given by
AN = (B! )2. The target of the compression is to obtain a new
data vector such that for each parameter 6;, A@i‘“i“ is minimized. In
other words, the compression algorithm will be obtained by maxi-
mizing Fj; for each parameter 6;.

5.2 Karhunen-Loeéve compression method

A general linear transformation of the data vector x with a transfor-
mation matrix B is given by

y = Bux. (18)

The mean and the covariance matrix for y become, respectively
(y) = B{x) and Cov, = B"Cov,B.

In the case in which only one of the linear combinations of the
data is considered, B has only one row, B = bT. Therefore the
diagonal entries of the Fisher matrix are given by:
P 1 (b7 Cov;b\* (b7 <x>,i)2

] ( bT Covb ) * (b™ Covbd)’
where again the comma notation followed by the index i stands for
the derivative with respect to the model parameter ;. As explained
by Heavens, Jimenez & Lahav (2000), who also derive weights

based on minimizing the Fisher matrix diagonal elements, it is a
very complex problem to find an analytical solution for b from the

19
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full equation (19). Only by ignoring then the first term of equation
(19), it is possible to find an analytic solution for b. This implies
assuming that the derivatives of the covariance matrix with respect
to model parameters are negligible when compared to the data vector
ones. Recently, Heavens et al. (2017) presented a method to relax
this approximation.

For both the power spectrum and bispectrum, we numerically
checked that it is reasonable to assume it to be valid, by taking
the ratio between the diagonal elements of Cov ;/+/Cov with (x) ;
[corresponding to the ratio of the first and second terms in equation
(19), respectively]. This ratio for the bispectrum case results to be
on average < 10 per cent for the considered parameters. There are
peaks for few triangle configurations (<10 for more than a thou-
sand triangles) for which the ratio is around 70 per cent—80 per cent,
while the minima are around 2 per cent.

By maximizing F;; as described in Tegmark et al. (1997) using
a Lagrange multiplier, it follows that the compressed data vector is
given by a scalar

yi = (x)TCov'x = b"x, (20)

where we have defined the weighting vector b = Cov™ ! (x) ;.

For the compression, it is acceptable to use an analytic
approximation of the covariance matrix (in our case as it is de-
scribed in Section 3), as any systematic error in the covariance
would mostly degrade the compression; it would not bias the pa-
rameter inference. The compression enables then to use an accurate
simulated covariance for the actual inference. This has the advan-
tage of being able to compute weights for a data vector with an
arbitrary large dimension (e.g. number of triangles). The Fisher
matrix diagonal element can be rewritten as

Fi = (x)TCov ' (x) ;. 21

In order to apply the KL compression method, one needs to
choose a fiducial set of parameters at which to compute (analyt-
ically or numerically) the derivatives of the mean. In our case, the
fiducial values are reported in Section 4. We compute the numerical
derivatives using the five-point method for the first derivative in one
dimension (Abramowitz 1974).

6 MCMC OF COMPRESSED DATA VECTORS

In this section, we compare the results obtained by running the
MCMC algorithm for both uncompressed and compressed data vec-
tors. The goal is to check whether it would be possible to substitute
the original data vector for its compressed version. Even if this
would not bring any relevant advantage in terms of speed when
computing the data vector from the theoretical model, in the case of
a real cosmological survey, it will be much easier and less expen-
sive in terms of required simulations/mock catalogues to estimate
the covariance matrix of the compressed data vector rather than the
full data vector. Moreover, in the case of the bispectrum, a much
larger number of triangles could be used for the original data vector,
allowing more information to be captured, since the dimension of
the compressed covariance matrix would be reduced to the number
of parameters considered in the analysis. In order to use the com-
pression, it is necessary to convert the covariance matrix for the full
data vector to the one for the compressed data vector. This is shown
in Appendix D.

In this paper, we consider two cases for the data vector: the galaxy

bispectrum By, and the joint data vector [P;, B;] . For the latter, we

include two further cases depending on whether or not we compress
the power spectrum P;.

Fig. 2 shows the 1D and 2D marginalized posterior distributions
when only the bispectrum data vector is considered. For the con-
sidered set of parameters, there is no substantial loss of information
when the compressed data vector is used, even if some degeneracies
are present. In this case, the compressed vector has seven elements
instead of the ~ 1000 triangles for the uncompressed bispectrum.
The 1D and 2D posteriors have been smoothed using a Gaussian
kernel density estimation procedure, for clearer visualization. Fig. 3
shows the 1D and 2D marginalized posterior distributions when we
consider both the power spectrum and the bispectrum. As can be
seen, there is no qualitative or quantitative difference on the pos-
terior distributions between compressing or not compressing the
power spectrum together with the bispectrum. The precise numbers
can be found in the summarizing Table 1.

7 POSTERIOR DISTRIBUTIONS DIRECTLY
FROM COMPRESSED DATA VECTORS

It is possible to compute the 1D likelihood for each linear com-
bination y,, of the original data vector obtained compressing with
respect to the parameter 6; as done in Zablocki & Dodelson (2016):

nx

— Vo 2
_Oa = Ya) with o} ) = ijz Covj;, 22
=1

2
200,

InL =

()'()i

where 5, = (¥, is the mean of the compressed linear combination.
Nevertheless, these 1D likelihoods would not be realistic since they
are obtained using the compressed data-scalar yy, by varying only
one parameter at a time. In reality yy, is sensitive to all the other
parameters.

In order to account for this fact, we transform the set of yj,
scalars in such a way that, at linear order, they are sensitive
only to the parameter with respect to which the original data
vector was compressed. One method to do so is to orthogonal-
ize the parameter space by diagonalizing the Fisher information
matrix. This has the advantage of obtaining realistic multidimen-
sional posteriors directly from the 1D posteriors of the new set
of model parameters (linear combinations of the original, physical
parameters).

For comparison, we include another method presented in
Zablocki & Dodelson (2016) which consists of orthogonaliz-
ing the weights in such a way that the Fisher matrix for the
compressed data vector would become diagonal; we call this
weights orthogonalization and it is described in Appendix E.
The idea behind these two slightly different orthogonalization ap-
proaches is the same, namely to diagonalize the Fisher informa-
tion matrix. The difference is that while the diagonalization in
the first method is the starting point independently from com-
pressing (or not compressing) the data vector later, in the sec-
ond method the diagonalization is a consequence of the procedure
used.

Both methods are approximations at linear level. Therefore as
anticipated earlier they both fail (even if at different levels as
it is shown later) when non-linear degeneracies are present. For
example, cases where the 2D posterior distribution of a pair of
parameters can no longer be approximated by an ellipse but has
instead a ‘banana’-shape. This breakdown of the above procedures
is in agreement with the fact that the compression method relies on
the assumption that the multidimensional posteriors are Gaussian.

Downl oaded W%A§s47péc%9é‘§€4&’%oc@9rlr§r)as/ article-abstract/ 476/ 3/ 4045/ 4832531

by University Col |l ege London user
on 10 April 2018



by

0.61 1

b
2 025

—0.11 A

0.91
f 0.84

0.77 1

Power spectrum and bispectrum compression 4051

Bispectrum B
| MCMC + KL
s MCMC

3.38 4
1094

0.0514

Qn  0.049

0.046 1

s 0:95;3: !@> | @ | @}

0.9324

T T T T T T T T

5 o O N A A
&0 /Q,\Q.» AN S

b by f

Figure 2. Bispectrum case: 1D and 2D posterior distributions for the MCMC sampling done using the full data vector (blue) and the compressed data vector
obtained through the K-L compression (orange). The contours correspond to the 68 percent and 95 per cent confidence intervals. We see that there is no
substantial loss of information despite the presence of strong degeneracies between the parameters; this is quantified in Fig. 7 and Table 1. The 2D posterior
distributions have been smoothed using the Gaussian kernel density estimation package provided by scipy.

7.1 Parameter space orthogonalization — PCA

As anticipated above, the compression returns only 1D posterior dis-
tributions for each one of the parameters. Therefore, an additional
step is required in order to be able to assume that these distributions
correspond to 1D marginalizations from the original multidimen-
sional distribution. This is because the KL compression with respect
one model parameter returns a linear combination of the original
data vector which is still sensitive to the variation of the other model
parameters. Zablocki & Dodelson (2016) obtained marginalized 1D
posterior distributions by orthogonalizing the weighting vectors for
all the model parameters through a Gram—Schmidt like procedure
described in Appendix E. We label this method as ORT + KL.

In order to test whether the compression results match the ones
obtained running a MCMC sampling algorithm, we also compare
the 2D posterior distributions for different pairs of parameters. In
the case of ORT + KL, the only possibility to reconstruct the multidi-

mensional posterior is to take the outer product of the 1D marginal-
ized posteriors. However doing so would be misleading: it would
return ellipses with axes oriented at different angles to the ones
given by the MCMC sampling as it can be seen in Figs 5 and 6
looking at the difference between the 2D red (ORT + KL) and blue
(MCMC) contours. These axes orientation reflects the different de-
gree of degeneracy between the parameters.

Therefore in order to avoid this difference, instead of orthog-
onalizing the weights we perform a PCA transformation of our
parameter space before applying the KL compression. This is done
by diagonalizing the Fisher information matrix using the eigenvalue
decompositions

nghys_ =P FGPCA PT  where 0pcA = PT 0phys,, (23)

where P is the linear transformation matrix. After having diagonal-
ized the Fisher matrix, we compress the data vector with respect to
this new set of parameters @pca. The weights obtained doing so are
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Figure 3. Joint data vector [PS, B;] posteriors: the colours for the 1D and 2D posterior distributions are: the full data vector (blue), the compressed data

vector (orange), and the uncompressed power spectrum plus the compressed bispectrum (purple). The contours correspond to the 68 per cent and 95 per cent
confidence intervals. There is no substantial loss of information due to compression, which again is quantified in Fig. 7 and Table 1.

displayed in Fig. 4 for the case of the bispectrum as data vector.
The effect of a PCA decomposition is to rotate the parameter space
to the axes corresponding to the degeneracies between the original
set of parameters. Therefore taking the outer product of the 1D
posteriors of the parameters #pca in order to get the multidimen-
sional posterior distribution should return with good approximation
the one sampled by the MCMC code. Once the multidimensional
posterior has been reconstructed by taking the outer product of the
1D posterior distributions for the #pca set of parameters, this can be
randomly sampled in terms of the physical parameters 6 s using
the rotation matrix P in order to get the 1D and 2D marginalized
posterior distributions for the ;. parameters. The results for the
PCA + KL method just described can be seen looking at the green
(PCA + KL) and blue (MCMC) 2D contours still in Figs 5 and 6.
The PCA + KL method recovers tilted ellipses in good agreement
with the MCMC ones.

7.2 Comparison with MCMC sampling

Fig. 7 shows the ratio and relative difference of the 68 per cent
confidence intervals of the 1D marginalized posteriors between the
compression methods MCMC + KL and PCA + KL and the stan-
dard MCMC sampling. In the bispectrum case, while MCMC +
KL tends to underestimate the 68 per cent confidence intervals ob-
tained by the MCMC, PCA + KL tends to overestimate them by
approximately the same amount (~2.5 per cent). For the joint data
vector, MCMC + KL returns equivalent confidence intervals to the
MCMC’s ones, while PCA + KL overestimates them in average by
~2.5 per cent (first panel) but still less than ~1 per cent in terms of
relative difference (second panel). We consider the averages of these
ratios since at the same time the compression methods overestimate
the 68 per cent confidence intervals for some parameters while un-
derestimating them for others. In terms of the individual parameters
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Table 1. The 68 per cent confidence intervals of the 1D posteriors for the bispectrum and the joint data vector [PS, B?b,] obtained from the full data vectors
and the two possible compression applications, KL + MCMC sampling or PCA + KL compression. Since the marginalized 1D distributions are not perfectly
Gaussian (symmetric with respect to the maximum-likelihood point) in the table is reported for each parameter, the halved difference between the maximum
and minimum values included in the 68 per cent confidence interval. The four rows in the third panel show the improvement in percentage on the constraints
gained by using the joint data vector instead of the bispectrum alone for all the compression methods considered. The percentage shows indicates how much
smaller are the constraints obtained using | P, B | as data vector than the ones computed using just By. In the last panel, the percentages are relative to the
improvement obtained by adding the bispectrum to the power spectrum. The added value of the bispectrum with respect to power spectrum alone consists in
68 per cent confidence intervals ~4 times smaller for the amplitude-like parameters by, f, and As.

aspercent e per cent
.\ —Omin

A =
Ab, Aby Af AL0°Aq AQy AQy An,
P MCMC 0.251 - 0.111 0.856 0.0041 00009 00116
MCMC 0095 0174 0.028 0232 0.0031  0.0008  0.0091
B} MCMC + KL 009 0172 0.027 0.220 0.0032  0.0008  0.0093
PCA + KL 0101 0173 0.029 0.249 0.0032  0.0008  0.0092
MCMC 0047 0132 0022 0.151 0.0027 00007 0.0079
[P;, B;] MCMC + KL 0047 0134 0022 0.153 0.0027 00007  0.0079
“*(Pyuncomp.)  0.048 0134 0022 0.152 0.0027 00006  0.0078
PCA + KL 0.049 0136 0022 0.157 0.0027  0.0007  0.0079
MCMC 51% 24% 23% 35% 13% 15% 13%
percent (A% — AGFB) /AGP MCMC + KL 47% 22% 17% 31% 13% 14% 15%
(P uncomp)  47% 22% 17% 31% 14% 17% 16%
PCA + KL 52% 22% 22% 37% 14% 15% 14%
MCMC 81% % 80% 82% 34% 27% 32%
percent (A0F — AG"B) /AGP MCMC + KL 81% % 80% 82% 33% 27% 31%
“* (P} uncomp.) 81% % 80% 82% 34% 29% 33%
PCA + KL 81% % 80% 82% 33% 27% 32%
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Figure 4. Logarithm of the absolute value of the weights for all the triangle configurations used in the bispectrum data vector. Each row corresponds to the
weights for the bispectrum Bj, with respect to a specific linear combination 6pca of the original cosmological parameters obtained by diagonalizing the Fisher
information matrix. The discontinuities observed reflect the five loops used to produce the set of triangles. From left to right, the average size of the sides of
the triangles increases, from the smallest triangle up to the largest. The amplitude of the weights slightly depends on the size of the triangle (increasing from

left to right). The fluctuations are far more influenced by the shape and orientation of the triangles (which can be seen within each loop).

68 per cent confidence intervals, PCA + KL diverges at most from
the MCMC'’s ones respectively by ~7 percent and ~6 per cent in
the case of the bispectrum and the joint data vector. MCMC + KL
diverges at most, respectively, by ~6 per cent and ~4 per cent in the
case of the bispectrum and the joint data vector.

Both in the case of the bispectrum and joint data vector [P;, B;] s

the compression for both MCMC + KL (Figs 2 and 3) and PCA +

by University Col |l ege London user

on 10 April

2018

KL (Figs 5 and 6) methods well matches the 1-2D contours derived
from the MCMC sampling. This shows that in the bispectrum case
there is no relevant difference between MCMC + KL and PCA +
KL methods while there is a very small one in the case of the joint
data vector.

In the bispectrum case (Fig. 5) when the 2D posterior distributions
are considered, only the contours derived by orthogonalizing the
parameter space before the compression (PCA + KL) have elliptical
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Figure 5. Comparison between the MCMC-derived posteriors and the ones obtained using only the compression. The 1D and 2D posterior distributions are
relative to the data vector B, for the three different cases: MCMC (blue), KL + ORT compression (red), and PCA + KL compression (green). The contours

g

correspond to the 68 per cent and 95 per cent confidence intervals (Fig. 7 and Table 1 for numerical values).

shapes with the right inclination. In the case of the joint data vector
instead (Fig. 6), the KL method alone fails to recover even the 1D
posterior for the parameter A, producing an unphysical secondary
peak, while using PCA + KL returns 1D and 2D contours equivalent
to the MCMC’s ones. This shows that the orthogonalization of
the parameter space (PCA step) performs better than the weights
orthogonalization for combinations of parameters presenting strong
non-linear degeneracies. As described in the following subsection,
the compression methods PCA + KL and KL + ORT breakdown
when the kp.x used drops below a certain threshold value. For
the KL + ORT method, this is ~0.2 Mpc*'h as shown in Fig. 6,
while for PCA + KL, the threshold value is lower. Applying the
compression up to those mildly non-linear scales on real data like
the BOSS DR12 requires to modify the model in order to take into
account non-local bias terms. However, this would not require the
introduction of additional bias parameters. This is because assuming
that even if the galaxy bias is non-local in Eulerian space, it is in
Lagrangian space, and hence the additional non-local bias terms

can be related at first order to the linear bias b; as done in Gil-Marin
et al. (2015).

The parameter set used in our analysis has been chosen to have
strong degeneracies in order to test the applicability of the MCMC
+ KL and PCA + KL methods. When working with real data, the
parameter set is usually designed to be less degenerate, for example
considering only og instead of €, and A or also combining o
with by, by, and f.

In absence of non-linear (banana shape) degeneracies, the com-
pression PCA + KL can be a valid and much faster substitute to
the standard MCMC sampling since it returns realistic multidi-
mensional posterior distributions. In particular, compression could
be used to accurately forecast the constraints for different sets of
parameters. It would also be possible to qualitatively study the de-
generacies present in each set.

Running both compression algorithms (KL or PCA) takes ap-
proximately 20 min for seven parameters, with the time depend-
ing on the number of intervals for each parameter range and
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Figure 6. 1D and 2D posterior distributions using as data vector [PS, B; , for the three different cases: MCMC (blue), KL + ORT compression (red), and

PCA + KL compression (green). The contours correspond to the 68 per cent and 95 per cent confidence intervals(Fig. 7 and Table 1 for numerical values). The
KL method fails to reproduce the correct contours, both 1D and 2D, since for the used value of kngay it fails to work, producing an unphysical secondary peak
for the parameter Ag. On the contrary, the PCA + KL method recovers with very good agreement the MCMC contours.

therefore how many times the linear matter power spectrum is
computed. As a rough estimate, if we consider 100 intervals
for each of the seven parameter ranges, P™ will be recomputed
300 times (no need to recompute the matter power spectrum
when varying only one of the parameters by, by, f, or Ay). For
a standard MCMC with 64 samplers and 10* steps instead of
300 times P™ needs to be recomputed 64 x 10* times. There-
fore, the compression is more than ~2100 times faster than the
MCMC.

The compression PCA + KL is also much less demanding in
terms of computing resources. It can be run in few minutes on a
laptop with a single Intel i7 processor while for the MCMC we have
used 64 threads working in parallel on 64 Xeon E5-2650 processors
connected using MPI for ~72 h.

7.3 Limitations of the compression

Unfortunately, the orthogonalization prescriptions do not work
when ‘strong’ non-linear degeneracies are present in the param-

eter space and the Fisher matrix can no longer be diagonalized in
practice. This happens because the multidimensional posterior dis-
tribution can no longer be approximated by a multivariate Gaussian
distribution. In our work, this happens when ki, is lowered, reduc-
ing the information accessible through the power spectrum and the
bispectrum.

This failure of the method manifests itself with the appearance
of unphysical secondary peaks in the posterior distributions. For
example, when the MCMC (or MCMC + KL) returns 2D posterior
contours with degeneracies that are banana-shaped, like in the case
of the joint data vector [PS s B;] for the parameters (b, by, f, 0'g), the
compression alone (KL + ORT or PCA + KL) fails to recover the 1D
and 2D posteriors. In these cases, both the KL + ORT and PCA + KL
produce unphysical secondary peaks in the posterior distribution.
However, as shown in Fig. 6, PCA + KL still works considering
only larger scales (kp,x lower), where standard perturbation theory
gives more accurate predictions, than when using only the KL +
ORT method.
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Figure 7. Ratio (first panel) and relative difference (second panel) between the 68 per cent confidence intervals of the 1D marginalized posteriors for all the
cosmological parameters obtained using either the compression plus the MCMC sampling (MCMC + KL, orangle triangles) or just the compression (PCA +
KL, green hexagons) with the ones obtained running the MCMC on the full data vector. The black lines in all plots represent the reference values given by
running a MCMC sampling using the full data vector. The ratios A6/AOMC give an idea of how much the 68 per cent confidence intervals obtained through
compression differ from the one given when using the full data vector. The relative difference (A8 — AGMC) /@ is helpful, since it scales the difference between
the compressed and full data-vector results with respect to the value of the chosen parameters. The first column shows the results when just the bispectrum B;
is considered, where the largest discrepancy happens for the parameters most degenerate between each other’s (b1, f, As). Using the MCMC + KL method on
the bispectrum proves to be negligible with loss of information. In the second column, the ratios and relative differences in the case of the joint data vector

[Pg + B;] are shown. In all the subplots, the horizontal lines show the averages of the ratios and relative differences of the same colour. For [Pé + B;} , the

compression is optimal, both using MCMC + KL and PCA + KL. Compressing or not the power spectrum together with the bispectrum seems to produce no
relevant statistical difference. The bottom right subplot b, appears to be the parameters whose divergence from the MCMC result is greater with respect to its
fiducial value.

In the case of the bispectrum, the breakdown of the PCA + KL vector is particularly relevant for all the degenerate amplitude-like
method happens for k., < 0.18 Mpc~'4 while for the joint data parameters: by, by, f, and A,. For the redshift bin of a DESI-like
vector |PS, BS } for kmax < 0.17 Mpc™'h. A potential solution to this survey considered in our analysis, the improvement for the above-

mentioned parameters obtained using the joint data vector with
respect using only the bispectrum is respectively of 52 percent,
22 percent, 22 percent, and 37 percent (using PCA + KL). The
improvement with respect to the power spectrum alone is even
greater, in particular: 81 per cent, 80 per cent, and 82 per cent for b,
f, and A,.

Comparing our results to Sefusatti et al. (2006) and in particular
their table 8 for ky.x = 0.2Mpc*1h, it is possible to see a similar
effect due to including the bispectrum in the analysis together with
the power spectrum. The similarity consists in the fact that the
parameters that more benefit from this addition are the bias ones (by,
b,) and the amplitude ones (A, og). The greater improvement that
we find for certain parameters by adding the bispectrum to the power
spectrum with respect to Sefusatti et al. can be explained by the fact
that we consider redshift-space distortions, which are encoded in
the growth rate parameter /. This increases the degeneracies already
present between by, by, 03, A, and 2. Therefore, the added value
of the bispectrum in lifting the degeneracies increases. Together

model would be needed in an application to real data in order to l\;v,lth this, 1n. S?ﬁ:am let al.ffs dPaPer t?e covanaﬁc.:ehn:latrlx of tﬁe

describe the bias non-local nature observed in simulations (Sheth, lspect@m Includes aiso 9 B 1ag0na. terms, whic ecre?se the

Chan & Scoccimarro 2013; Modi, Castorina & Seljak 2017) constraining power of the bispectrum since these terms describe the
’ ’ correlation between different triangle configurations.

For what concerns, the most recent bispectrum measurements
from BOSS DR12 data by Gil-Marin et al. (2016), it is impor-
tant to point out that the data vector considered is given by the

limitation could be the application of the Gaussianization method
proposed by Schuhmann, Joachimi & Peiris (2016) which we plan
to include in a future work. This failure also happens when V; or n,
are one order of magnitude smaller. However, these scenarios are
below the specifications of current and future cosmological surveys.
Another solutions is to consider less parameters by either fixing to a
fiducial value one or more of the most degenerate ones or by rewrit-
ing them in terms of combinations which absorb the degeneracies
(e.g. fog). It is important to note that in this paper we have on pur-
pose considered an extreme case of degenerate parameter space in
order to test the method applicability. In a realistic case, a much less
degenerate parameter space is usually considered when analysing
data. In the considered parameter space, the main cause of parame-
ters degeneracy is due to having both Ay, ©,,, and finstead of using
only og and f. It is then reasonable to assume that the method would
still work when a more complex biasing model is considered by
adding a further bias parameter b3 or the tidal bias by,, provided
that A and 2., are substituted with og. A more accurate biasing

8 JOINT DATA-VECTOR ADDED VALUE

In both cases presented in this paper, either running an MCMC power spectrum monopole and quadrupoles together with the bis-
sampling on the compressed data vector or doing the parameter pectrum monopole. Using the bispectrum monopole implies wash-
estimation directly from the compression (MCMC + KL or PCA ing out some of its information when integrating over the az-
+ KL), the added value of combining the power spectrum with the imuthal and polar angles. This could explain the lower impact
bispectrum is qualitatively (Fig. 8) and quantitatively (Fig. 7 and of the bispectrum monopole with respect to the power spec-
Table 1) evident. This improvement obtained using the joint data trum monopole and quadrupole in constraining the parameters.
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Figure 8. Forecasted posteriors for the redshift bin of ¢ DESI-like survey for what concerns the combined two- and three points statistics. 1D and 2D contours

are derived from MCMC sampling using for the three data vectors: Pg (grey), B; (blue), and [PZ + B; (red). Combining two and three points statistics enables

to drastically reduce and break the degeneracies in the parameter space, in particular the ones between b;, As, and by. This improvement obtained using the
joint data vector is therefore particularly evident for all these amplitude-like parameters (Table 1). In particular, it is qualitatively evident from this plot the
benefit of adding the bispectrum to the power spectrum. It is important to notice that for the adopted model the galaxy power spectrum does not depend on
the parameter by. Even with one parameter less to constrain than the bispectrum, as expected, the MCMC for the galaxy power spectrum alone does not well

converge for most of the degenerate parameters.

Moreover in this case, the covariance matrix used to do parameter
inference is estimated from galaxy mocks, therefore it includes not
only of-diagonal terms describing the correlation between different
triangles, but also the noise due to the fact that it is an estimated
quantity.

Finally, in the recent paper by Byun et al. (2017) similar improve-
ment to ours have been obtained in parameter constraints (table 3),
in particular for what concerns b, and og (proxy for Ay).

The efficiency of the compression PCA + KL also drastically
improves if ones considers the joint data vector [P;, Bz] as can be
seen in Figs 3 and 6. Indeed, the combination of power spectrum and
bispectrum reduces the degeneracies between the considered pa-
rameters and the results obtained by running approximately 20 min
long compression pipeline almost perfectly match the ones given

by a three days of MCMC sampling run in parallel on 64 processors
(right-hand panel, Fig. 7).

As is well known in the literature, the degeneracy between the
bias parameters (in particular at the linear order b,) with the ampli-
tude of the dark matter perturbations og or the primordial pertur-
bations scalar amplitude A cannot be broken using only the power
spectrum. These degeneracies are even larger when redshift-space
distortions are considered. On the other hand, the bispectrum alone
can (in theory) lift these degeneracies, even if it requires including
the quadratic bias parameter b,. In any case being a 3pt statis-
tic, it is more difficult to measure and analyse from real surveys
than 2pt statistics. Therefore, combining power spectrum and bis-
pectrum is of fundamental importance in order to obtain the best
possible constraints, especially in light of the large data sets that
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are going to become available in the near future (DESI, Euclid,
PFS, etc.).

9 CONCLUSIONS

In this paper, we have shown that it is possible to compress the
information about cosmological parameters contained in the galaxy
power spectrum and bispectrum and to extract this information in
an efficient way. In particular, we have shown:

(i) Compressing the data vector using the K-L algorithm before
running an MCMC sampling gives negligible loss of information in
terms of parameters constraints (Figs 2, 3, and 7). In particular, run-
ning an MCMC sampling on the compressed data vector (MCMC
+ KL) returns 68 per cent confidence intervals less than 1 per cent
larger in terms of relative difference than the MCMC’s ones. This
happens in both the cases of the bispectrum and power spectrum

plus bispectrum (B and {PZ, B;} ). For real surveys, this would

allow us to drastically reduce the number of simulations needed
to numerically estimate the covariance matrix. This is because the
dimension of the compressed covariance matrix corresponds to the
number of model parameters, not the number of the original data-
vector elements.

(ii) Orthogonalizing the parameter space through the diagonal-
ization of the Fisher matrix before applying the compression (PCA
+ KL), proves to be competitive with the MCMC sampling with
minimal loss of constraining power (Figs 5 and 6). PCA + KL

returns for both B;, and [P;, Bfg 68 per cent confidence intervals

less than 1 percent different in terms of relative difference from
the ones obtained running the MCMC sampling for the full data
vectors. This method cannot be applied when the parameter space
presents non-linear degeneracies, since a multidimensional Gaus-
sian posterior distribution is no longer a valid approximation. Us-

ing the joint data vector [stg’ B;} lowers the minimum k., nec-

essary for the only-compression method (PCA + KL) to work to
Kmax = 0.17Mpc’lh (while in case of just the bispectrum, this
threshold is kya, =~ 0.18 Mpc™!4). These values have been obtained
considering the redshift bin of a DESI-like survey. Moreover these
values can be further lowered if the parameter space we considered
is reduced to a less degenerate one, for example (b1, b, f, o).

(iii) Byun et al. (2017) reduced the covariance matrix dimension
without significant loss of information by using a proxy that aggre-
gates the matter bispectrum over a subset of Fourier configurations.
In particular, they obtained their best results in terms of constraints
on Acold dark matter parameters from combining the power spec-
trum with the modal decomposition of the bispectrum (Fergusson,
Regan & Shellard 2012; Regan et al. 2012). Their results demon-
strate that the modal bispectrum performs as well as the Fourier
bispectrum, even with considerably fewer modes ( 10 ) than Fourier
configurations (95).

The main difference with the approach presented in this work is
that we use the original full galaxy bispectrum data vector in or-
der to compress it. This does not have any limitations in terms of
original size of the bispectrum data vector. Therefore, it allows us
to access the full information content achievable through the bis-
pectrum. Moreover, the number of elements of the compressed data
vector in our case is independent of the number of elements of
the original data vector. In our case, we considered ~1000 triangle
configurations and seven parameters which give a compression of
at least two orders of magnitude. In Byun et al. (2017), it is left

for future work to check whether the achieved compression of the
bispectrum data vector by an order of magnitude would improve if
more triangle configurations are taken into consideration.

(iv) As already quantified using real data sets like BOSS (Gil-

Marin et al. 2016), the use of the joint data vector [P“, B;] signif-

icantly increases the constraining power on the cosmological pa-
rameters compared to using only the power spectrum or bispectrum
individually. In the case of an ELGs sample for a DESI-like sur-
vey, the improvement obtaining by combining power spectrum and
bispectrum is quantified and can be visualized in the second panel
of Fig. 7 and the second and third rows of Table 1. The constraints
obtained considering power spectrum and bispectrum together are
up to 52 per cent smaller than the constraints obtained using only
the bispectrum. The difference is even greater with respect to the
power spectrum alone. Together with lifting the degeneracies be-
tween amplitude-like parameters as it can be seen in Fig. 8, the
68 per cent confidence intervals of the marginalized 1D posteriors
for the joint data vector are up to ~5 times smaller than the power
spectrum ones.

(v) Using the compression PCA + KL as analysis method is much
faster than MCMC and less computationally demanding (few min-
utes on a single processor compared to days using several processors
working in parallel). Since it is relatively easy to implement, it can
be used to ‘sample’ different sets of parameters and obtain reliable
constraints for a given model without having to wait days for each
one of them as in the case of the MCMC.

(vi) The pre-compression PCA transformation allows us to better
capture the nature of the degeneracies between the chosen parame-
ters, returning realistic multidimensional posterior distributions that
follow closely the MCMC ones. Also in the case of ‘strong’ degen-
eracies, orthogonalizing the parameter space before compressing re-
turns contours qualitatively more realistic and closer to the MCMC
than orthogonalizing the weights after compressing.

Future work will include the study of how the compression
method applied here is affected by the choice of the set of con-
sidered parameters. Finally, we would like to test the methods pre-
sented here using BOSS data or simulations for the upcoming DESI,
Euclid, and PFS surveys. Using MCMC + KL or PCA + KL com-
pression methods has the potential of becoming a standard fast and
reliable approach to adopt when dealing with large data vector as
in the case of higher order statistics.
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APPENDIX A: REDSHIFT-SPACE KERNELS

The redshift-space kernels derived from standard perturbation theory as reported in Matarrese et al. (1997a) and used in the expression for
the power spectrum and bispectrum in this work are given by:

FUIk] = by + fu’

k k
FO [k, ko] = biJP ki kol + fr? KO [k k] + b2+1—f{ 2l 4 mm( : 2)}
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In the above expressions, we defined yu = ki”/ki, k=k +k,+ksand jury3 = (k) + kg)/lkz + k3.

APPENDIX B: ESTIMATORS DEFINITION AND UNBIASEDNESS CHECK

In this appendix, we present the definition of the power spectrum and the bispectrum estimators, as well as the definition of the trispectrum
and the tetraspectrum, which are necessary for the computation of the full covariance matrix for the joint data vector |P;, B} |.

Including the effect of redshift-space distortions in our analysis requires enlarging the number of parameters needed to describe a particular
configuration of the bispectrum. In this case, it is possible to see that, considering the distant observer approximation, which consists in
assuming that all the line-of-sight vectors paired to each wave vector are parallel between each others, the natural symmetry to exploit is the
cylindrical one. In other words, what characterizes the redshift effect on the bispectrum are the parallel to the line-of-sight components of
the wave vectors, from now on labelled as k. Therefore, the natural set of coordinates to describe each wave vector is the cylindrical one:
(k!, k*, ¢) where k* and ¢ describe the component of the wave vector laying on the perpendicular plane to the line of sight. Hence, for what
concerns the bispectrum in redshift space, from the original 9 degrees of freedom, three are cancelled by translational invariance given by the
closed triangle condition &p (k| + k> + k3).

Moreover, from the chosen coordinates above it is possible to see that there is a further symmetry which is the rotation along the line
of sight of a particular triangle of wave vectors. Different configurations given simply by rotating the same triangle around the line of
sight give the same value for the bispectrum. The coordinate ¢ describes these rotations and expresses this symmetry. As a consequence
of the symmetries mentloned we are left with five remaining degrees of freedom describing all possible configurations, which are given
by: {ki, ki, k5, k‘ll, k }, from which we can derive all the other quantities (e.g. k —k'l‘ — kﬂ). It is necessary then to define a new type of
bin for our estimator: a cylindrical anulii defined by ¢ € [0, 27, k* € [k* — kL/2, k- + Akt /2] and kI € [k' — Akl /2, k1 + Akl /2]
For thin anulii, the surface area is given by A. = 27tAk k* and hence the volume is given by V¢ = 2wAk? k*. The 3D Dirac’s delta can be
decomposed as

o (k) + ks + ) = 8 (k] + K3+ k) o (i + K+ k). B1)
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B1 Power spectrum

A standard way to define an estimator for the power spectrum is the following (Peebles 1980):

_i/ vy / dV28D(k1+k2)85(k1)83(k7) (B2)

where V is the survey volume. Notice that both cylindrical bins are centred on k; and therefore by definition k; = k,. We specify that the
power spectrum for the redshift galaxy field depends on the wave vector, precisely on its perpendicular and parallel components to the line of
sight, and not on its module. Following the definition given in equation (B2), it is straightforward to check whether the estimator is unbiased;
one only needs to take the average

e = 1 [/ dve :
B (k1)) = — . dVs 8p (ky + ko) (85 (k1) 85 (k»))
é( 1) Vs Veiky) Velky) Veiky) 2 O 2\ WG 12
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B % gt dkidk] k- e
/ . / A Btk ~ Pk (B3)

where the standard expression for the galaxy power spectrum at leading order is given by

Pi(ky) = P" (k) B (k) (B4)

B2 Bispectrum estimator

Proceeding now as shown in Joachimi, Shi & Schneider (2009), we define the following estimator for the bispectrum

2m)° Ak
8 (kR LR = ZRE A

3

. dve ! . .

kf,k;,k;,k‘.',kg) H/VC o o Gy + Ko+ ks) 8, (en) 8} (ko) 8 (k) (B5)
i=1 i 1

where A is a function related to the fraction of wave-vectors triplets allowed by the triangle condition and defined such that the bispectrum
estimator (B5) is unbiased, which can be checked by taking the average of the estimator, which also is reported in the appendix. The expression
for A is

3
o0 ‘ 4
A (ki ky ky) = 271/ drtrt I o (Krt) = ,
0 i1 \/ 2kt 2+ 2k kT — ki -kt — k!

(B6)

if [kt —ki| < ki < kit + k3 or O otherwise. Jy is the zeroth-order spherical Bessel function. It is also possible to check that for the
bispectrum, the estimator is unbiased

B (k& kr kL R R = M K kS kL k! k” @m)* (6 (ky + ko + k3))’ B (ki ky . ky . k| k)
g (KR Ry Ky kg ) = V. 1’2v3v1’2 e Jus g D (R 2 3 1Ko s K3 Ky Ky
= 2m)’ AkJA D, / / / 8p (ki + k2 + k3) B, o3, (B7)
vs Jvs

where a shorthand notation for the bispectrum has been introduced and where we have used the approximation 83 ~ V,/(27)*8p from
Joachimi et al. (2009). Since the bispectrum is invariant under rotation around the line of sight, we integrate now the angular part, namely

over ¢
27 27 27 N L L erL I
/ d¢,/ d¢2/ deps 8p (kl +Ik +k3) = /d¢|d¢zd¢3/—2e("l +hy ki )r
0 0 0 (2m)
dzrl 2 Lol o m Lo L m il 1
— / d¢>] ezk,r cos(p1—r) x/ d¢>2e’klr COS(¢2—¢7-)/ d¢>3e’k3’ cos(¢p3—r)
@my? Jo 0 0

/ on )2(271) Jotki rH) Jolky 1) Jo(ks ) = (2m)* / drt riHJo(kirl

i=1
= 2nA(kT, Ky, k), (B8)

from which it is possible to see that in this case A depends only on the perpendicular components of the wave vectors. This agrees with the
fact that on the orthogonal plane, the wave-vectors components must form a closed triangle. In one of the steps above we used the argument
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that integrating a trigonometric function over an interval of 27t gives the same result no matter what are the extrema of integration as long as
the interval is of 27t. For completeness, the Bessel functions of order O are defined as

27
Jo(x) = / Sﬁ oo, (B9)
0

U
Then, inserting the expression for A (B8) into equation (B7), it is possible to verify that our estimator is unbiased
d*k;-dk] .
(BS re) = QP ARLAT H / a1 e KB (ki Kk 1 K
I, Ak

R+ dkdkl k- s
= (271)2Ak Ay H /L " /H w 2nKLAR ——=—75,2TtA 123 p (k'l\ +k)+ k!) B, 123

~ §%,B} (Ef,/%j,l%j,l%i‘,/%ﬁ) , (B10)

where 8¥ is a Kronecker delta. In the last step, the thin-shell approximation has been used in order to bring out the bispectrum from the
integrals. The standard expression for the galaxy bispectrum is given by

B (ki, ks, k3) = 2P" (k) P" (ko) E" (k) Y (k) B [k, kol + 2. (B11)

B3 Trispectrum definition
The trispectrum is defined as
(838 (k)33 (k)8 (k) = (270) p (ky + Ko + ks + k) T} (ki Ko, ks, s, (B12)

where the subscript ‘c’ indicates that trispectrum is the connected part of the four points correlation function. Therefore, the leading order
terms are of two types: T}® and T3 respectively characterized by the RSD perturbation kernels F{’ and F{*). Starting from the first one, we
have that:

, 1
Qn)*6p (ky + ky + ks + ko) T2 (ki k. ke, k) = (B [y 1R [kea] 8, 8, o / &k, d’ky p (ky + ki, — k3) F? [ky, k] 8k, 85,

x / dhod’ky 8p (ke + ka — ka) FP [ke, kal 85.6k,) + 5P

= (27.06 Fgl) [kl] Fgl) [kZ] / d3kad3kb SD (ka + kb - k3)F§2) [ka’ kb] / d3kcd3kd 5D (kL + kd _ k4) F(SZ) [km kd] <5k16k25ku5kb6kcakd> + 5p
(B13)

From the last line of the previous expression it follows that, when Wick’s theorem is applied, there are three different ways to pair the wave
vectors.

T2 & (St Sky) (Sky Ok ) (B Oig) X 2 (sym.)
Ty? ST & (8, 8k, ) (B, Ok ) (81 Ok X 4 (sym.)
Ty (8K, k) (8kyOk,) (1, Bky) X 4 (sym.)

The first term represents a non-connected one-loop correction to the power spectrum covariance matrix (Fry 1984; Mohammed, Seljak &
Vlah 2017). For completeness, we just show below that the simplified expression makes explicit the fact that it is an unconnected term of the
full four points correlator

Qm)’8p (k1 + ko + ks + ka) Ty (ki ko, ks, k)
= G ——=FV [k F [k>] / &y kyd ke d kS (ko + Ky — ke3) 8p (ke + ka — ka) B [ky, k] B [k, ko]
x (2m)° 8p (ky + k) 8p (ko + k) 8p (ki, + kg) PRPPPY + 5p.

= 202 (ki + ko) Py (k1) / Cha@ky B [k, kol B [k, —ko] 80 Gk + ko — k) 8p (ks + ko) PP, + 5p.
= 2(27)°8p (k1 + k2) 8p (k3 + k) P (k1) / &la FP [k, ks — kP PEPR | + 5p.
= 2210’ 8p (k1 + ka + k3 + ku) p (ks + ku) P} (kl)/d3ka F? [ky ks — k' PPPR. . + 5p.. (B14)

We then look at the first connected tree level term T€??
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(2m)*8p (ki + ko + k3 + ks) TZ(%) (ki, ko, k3, k)

= @ FU [k 1 ED [k / Pl d ok kg8 (ko + ko — k3) 8p (ke + kg — ks) FO [k, ko] F2 [ke, kq]

x 2m)° 8p (k1 + k) Sp (ko + ke) 8p (ky, + ka) P;cnl P,i“.P,i‘; + 5p.
=4 x 2n) F [k R [k, 1P P / oy d®ky 8p ey — Ky — k3) 8p (kg — by — ky)

x FP [~k ki + k3] F? [—ka, ka + ky] P 8p (ko + ka) + 5p.
=4 x )’ F" [k JF" [k JFP [—ky, ky + k3] B2 [—ky, —ky — k3] 8p (ki + ko + k3 + k) PUPRPR . +5p.. (B15)

1

from which it is possible to directly write the third term which result to be exactly the same
Qm)*8p (k1 + Ky + ks + ka) Ty (ky, ko, ks, Kea)
= 4 x )’ FV [k JF [k JF [—ka, o + k3] B [—k1, —ks — k3] 6p (ki + ko + ks + k) PRPRPR 4 + Sp.. (B16)

1

Finally, it is possible to consider the last term 7:¢ ®)

Qm)*8p (ki + ko + ks + ks) TZG) (ki, ko, k3, ky)

1
= (B ] ol B k] 6, 80,80, o / & k@ kpd’ke 8 (ko + iy + ke — k) B [k, ko, ke 84,80, 8%) + 3 p.

1
= G FO [k ] FO (ko] FD [ks] / P, ko d’ke 8p (ky + ki + ke — ky) FY [k, Ky, k] (8, Sk, k30, 8k k) + 3D (B17)

Like we did before, we apply now the Wick’s theorem. In this case, there are two different ways to pair the wave vectors.
O T;G”) & (8, 8k, ) (83 k) {80y Sk ) + 2 p.) X 3 (sym.)
T & 8k, 8k,) (ky Ok, (ks k) X 6 (sym.)
The first option represents again a non-connected one-loop correction to the power spectrum covariance matrix.
Qmy’op (ky + Ky + ks + ka) Ty (ki ko, K, Kes)

3
= WP@” [k 1P [k BV (ko] / ok d*kedp ko + ky + ke — k) FY [ky, ky, k]

x(2m)° 8p (k1 + k2) 8p (ks + k) 8p (ko + ko) PRPEPR + 2p.
= 3 x (2m)* Py (k) F" [k3] P 6p (ki + ko) / Phad*kpd’kedp (ko + ey + ke — ki) FP [ky, ko, k]
X 8p (k3 + k) 0p (ky + k) P + 2p.

= 3 x(2n)’ Py (k) FV (k3] Py dp (k1 + k2) /d3kbd3kc5D (kv + ke — ks — ka) FY) [—ks, ky, k] 8p (ky + ko) Pp + 2p.
= 3 x 270 P} (ky) BV [ks] PP 6p (ky + ko) 8 (ks + k) /d3kb FO [—k3, ky, —ky] P + 2p.

= 3 x 2n)’ Py (k) [ks] PP op (ki + ko + ks + ku) p (ks + k4)/d3kb FO [—ks, ky, —ky] P + 2p.. (B18)

From the last line, it is clear that this is also an unconnected term. The second term gives the tree level contribution

(2m)*8p (ki + ko + k3 + ks) TZ(%) (ki, ko, k3, ky)

6
e Bl k] Y The] / Pl ko dkeSp (ky + ki + ke — k) FD [y, Ko, k]

x (2m)’ 8p (ki + ky) p (ka + k) p (ks + k) PEPOPL + 3p.

= 6 x )’ FV [k JF" [k ] BV [k3]8p (ky + ko + ks + ka) B [—ky, —ka, —ks] PR PRPE + 3p.. (B19)
Therefore, the full trispectrum at tree level is given by

s __ Ts(2b) s (2¢) s (3b)
T, = T® + T30 + T30, (B20)
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4064  D. Gualdi et al.

B4 Tetraspectrum definition
The tetraspectrum is defined as
(83 1)83 283 (s)83 (k)83 (Ks))e = 27 8 (Ko + ko + ks + Ky + ks) T, (k. Ko, Kes, ey, Kes) (B21)

where the subscript ‘c’ stands for the connected part of the five points correlation function in Fourier space.
Drawing the diagrams as shown in Fry (1984), it is possible to see that the leading term of the connected part has order O (821), There are

two possible ways through which O (8%) can be reached, either by having F®* or FOF® terms:

n)* 8p (ky + ko + k3 + ky + ks) T3, (k. Ko, ks, ke, kes) =

FU [k ] FV (ko] [ dkldk 8 (ko + ko — k3) FP [k, ko]
@my

x / dicdi 8y (ke + kg — ky) F? [k, kq) / dicdi} 8y (ke + ky — ks) F? [k, k] (818,8.8,8.848.5¢) + 59 p.

+(271)9 F" [ky] F" [ko] F" [k3] /dkidkg 8p (ko + Ky — ka) F2 [k, ko]
x / ARSI 8p (ke + kg + ke — ks)FD [ke, ka, ke (818:838:855:508:) + 19p.. )

Starting from the first term that appears in the above expansion:

@7y’ 8p (ki + ko + ks + ka4 ks) TS (ki ko, ks, ey, ks)

1
= Gy EV (k] FY [ky) / di dic}dk dic 3 di di; 8y (ke + Ky — k3) 8p (ke + kg — k) 8p (ke + k¢ — ks)

x FO [ky, kp ) F? [k, kgl FP [k, kr] (81828,8,8:846:8¢) + 59p.
= 82n)’*FV k] FV [ky] / dic} dk; dk dk;dk dk} 8p (ky + ke, — k3) 8p (ke + ka — ky) 8p (ke + k¢ — ks)
x 8p (ki + k) 8p (ks + k) 8p (ky + ke) 8p (kg + ke) F? [ky, k)PP [ke, kq] F? [ke, kel P™ (ki) P™ (ko) P™ (ky) P™ (ko) + 359 p.
= 82n)’F" [ki] F [k»] / dkydk; 8p (—k> + ky — k3) 8p (—ky + kg — k4) 8p (—kq — ki — ks)
x F? [—ky, ko ]F? [—ky, kgl F [—kq, —k; 1P (k1) P™ (ko) P™ (ki) P™ (ky) + 359 p.
= 2r)’8p (ki + ka + k3 + ks + ks) 8F" [ky] F [k,]
x FO [—ky, ks + k3] PP [—ky — k3, —ky — ks]FP [k + ks, —k 1P™ (ki) P™ (ko) P™ (|k2 + k3 |) P™ (k> + k3|) + 359 p.. (B23)

where the factor of 8§ comes from permutations which do not influence the relations between the starting five wave vectors. On the contrary
for each the original 60 permutations, there are six for which the relation between the initial wave vectors varies. Considering now the second
term:

@7y’ 8p (ki + ko + ks + ka4 ks) TS (ky, ko, ks, K, ks)

1
= Gy EV (k1] FO [k,) BV [ks] / di di}di didic 8p (ke + ky — ky) 8p (ke + kg + ke — ks)

x F? [k,, k] F® [k, kg, k] (8182838,8,8:848) + 19p.
= 62n)*F" (k] FV [ky] BV [k3] / dic di} dic di 3 dk? 81y (e, + ky — ka) 8p (ke + kg + ke — ks)

x 8p (ky + k) 8p (ky + ka) 8p (ks + ky) 8p (ky + ko) FY [y, k) F [ke, kg, ke] P™ (k) P™ (ko) P™ (k3) P™ (k,) + 119 p.
= 62n)°F" [ki] F\V [ky] F" [ks] / dkc} 8p (kg — ks — k) p (ko — ko — ki — ks)

x F® [ky, —ks] FY [—k,, —ka, —k;] P™ (k1) P™ (ko) P (k3) P™ (k,) + 119 p.
= 2n)*8p (k1 + ko 4 k3 + kg + ks) 6FD [k, ] FD [ky] BV [k3]
x F [ks + ky, —k3] F [—ks — kg, —ko, —ki]1 P™ (ki) P™ (ko) P™ (k3) P™ (k5 + k4|) + 119p.. (B24)

where the factor of 6 comes from permutations which do not influence the relations between the starting five wave vectors. On the contrary
for each the original 19 permutations, there are six for which the relation between the initial wave vectors varies. From the above expressions
of both T:f‘gj) and Tj_’gj), it is possible to see that at leading order the tetraspectrum has order O ((Sffﬂ) In other words, it is proportional to the
fourth power of the linear matter power spectrum.
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B5 Unconnected part of the five points correlation function

If one looks at the unconnected part of the five-point correlation function, the leading term has order O (6,?1). Below are derived the analytical
expression for this unconnected part.

Us, o (ki ko, ks, ka, ks) =

4
(2m)3 H F [ki] /dkidki 8 (ky + ki, — ks)F? [ky, k] (818283848,80) + 5p.. (B25)
il

Using Wick’s theorem, the six-points correlator can be approximated using in products of two points correlators. For example, for the first
permutation one obtains

(816283848,86) = 2 X (818,)(8285)(8384) < Ug,

+2 X (8184)(830p) (6284) < ng

+2 % (818,) (8485) (8283) < U3,

+2 X (8284)(830) (8184) <> ng

+2 % (8:8.)(8480)(8183) <> U3,

+2 % (8368.) (8a8) (8182) < US,. (B26)
Since all these terms are similar to each other, we compute below only the first one of them as an example on how to derive the others.
@m0y’ p (ki +ka + ks + ks + ks) U,

2 4
~ 2y ) / die}dle, 8 (ky + ko — kes) F [ley, Koy ] (2708 (ke + k) 8 (Rea + k) 8 (ks + Kea) P™ (k) P™ (ko) P™ (k)
i=1

2 x (2m)°F" [k 1F [ko] BV [k ] B [ka] FP [k, ko] 8p (ks + ka) Sp (ky + ko + ks) P™ (ki) P™ (ko) P™ (k3)
=2 x 2m)°F [k 1P [ko] BV (k31 P [ky1FP [k, kol 8155 0p (ks + ka) 8p (ky + ko + ks + kg + ks) P™ (k) P™ (ko) P™ (k3),  (B27)

where it is important to note that, in the last line, when substituting the Dirac’s delta for the sum of three wave vectors with the sum of all five
of them, a Kronecker’s delta must be added to keep track of the original relation between the three k’s. From the last line, one can immediately
write another one of the six terms

@7y’ 8p (ky + ko + ks + ko + ks) U3, (k1 ko, ks, Ky, Kes)
=202m)°F [k 1FY [ko] Y [k]FY [ka] B [ko, ka] 855 8p (ki + k3) 8p (v1 + va + ks + ky + ks) P™ (ko) P™ (k) P™ (k3) . (B28)

Therefore, it is possible to write down the complete expression that takes into account all the permutations and terms as follows

5

Us, (ki ko ks kg kes) = Y U, (87) where U3

e (87) =UL, + U3, + UL + UL + UL + UG (B29)
i=1

The argument 8 identifies which wave vectors corresponds to the second-order perturbation expansion for each term.

APPENDIX C: COVARIANCE TERMS DERIVATION

In this appendix, we present the derivation of the covariance terms, starting from the power spectrum one.

C1 Covariance term: C*?

As stated in the main text, the covariance matrix element can be computed as

C = Cov [P (k1) . P; (ks) | = < (e = (Py) >< (P = (Pr)) > = (B, By, — Py B (el))

The computation of the covariance matrix involves a four points correlator of &5 that can be expanded into its connected parts

(85 (k1) (K2)8 3 (k3)8; (k) = (85 (k)83 () (85 (K3)83(Ka)) e 4 2 perms. + (85(k1)85 (Kk2)83 (Ke3)83 (ka))c- (€2)
In this work, the following shorthand for the integrals will be also adopted

/ dgdki-dk) k- / (C3)
. V]f_ 27'[];}Ak2 - . i.
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Cl.1 CIF term
Starting from the first term CLY in the particular case in which the pairs are made of identical wave vectors (in this case, from the power

spectrum estimator definition: k; = k; and k3 = k4), we have that

. R s e
Ce' (kisks) = 3opepe 11 / dVi© bp (k1 + ke2) 8p (ks + ka) (8, (k1) 8 (k2)) (5, (k3) 8, (Ka), ()
§ 3 i=0

it is straightforward to see that this terms cancels the second term of equation (C1). Considering now the other two possibilities for CE?

4
k k 1 S S . .
& (kriks) = gryeye 11 / QVE 81 (K1 + Je2) B (ks + ) (85 (K1) 85 () (85 ) 85 (o)) + 1p.
s "1 Y3 i
2m° . o
= VIVeyE H/dV 8p (ky + k») 8p (k3 + k) 8p (k +k3)5D(k2+k4)P (kl)p (k) + 1p.
s 17"3 -0
(2m)° . . i i
= Vavevs (BB +8u%) / av; / dV5 8p (ky + k2)* Py (k1) P (k)
Qn’ / / . , ,
= ey D dve [ dVs 8p (ki + ko) PS (k1) P (k»)
V, VEVS 1234 1 2 o o
@’ 8tk kit
= s k )2
Vs V¢§ 12%4 /ki a /H Ak klAkz P, (ki
Qmn? 2 x (2m)?

S VaragPhe P k)" = TErEohe ()’ ©3)
where DY,,, = 8K 8K + 56X has been defined in order to take in account the additional permutation from the initial Dirac’s deltas conditions,
which now reduces to D1234 =2 x §%. If, when obtaining an expression for the trispectrum, one considers also one-loop corrections, in
addition to this Gaussian term on the diagonal of the power spectrum covariance matrix, one should add the unconnected terms encountered
in Appendix B, TZ(Z") and TZ,G‘”. This has been recently well described in Mohammed et al. (2017). As stated in Section 2.2, the error
made with this tree level approximation for the diagonal term (C5) is around ~1 per cent for kp,x = 0.2Mpc~'4 and up to ~9 per cent for
kmax = 0.3 Mpc_lh (Taruya et al. 2008).

C1.2 CEP term

Proceeding in the same way, it is possible to compute as well the other term of the cross-correlation matrix, the one containing the trispectrum

contribution.
o 1 ! , ,
CF (kiks) = vapeve 11 / AVE 81 (e + k2) b (ks + ko) (85 (k1) 85 (ks) 8 (ko) 85 (k)
s "3 -9
2mn)? /
= — dVip (ki + k2) dp (ks + k) Sp (ky + ko + k kTsk,k,k,k
V52V1CV3,1_£ p (ki +k2)8p (k3 + ka) ép (ki + ko + k3 + ka) T, (k1 ko, k3, ka)
(ZT[)3 c c c 2 s
= W(SM /dVldVZd‘/}(SD (ki + ko) T, (k1 ko, k3, —ks3)

1 K CAVCAN/C s
= W(SM /dVldVZdV3 Sp (ky +k2)Tg (ki, ks, k3, —k3)

dv1 dV;

= *51(2834

T, (ki, —ki, k3, —k3)

%

7 [T, (12,{ 12‘1‘, BERL ¢;3> . (C6)

Following what was done in Pielorz et al. (2010), i.e., substituting in here the previously derived expression for the trispectrum, this expression
can be ‘simplified’ at tree level to

CE«P (’_61;1}3)

%

[ denT (kR R Hon)

ey d¢13{4Pi(k1)2 {F?) ki, =k " P"(ky) +F2 [k, kTP P"(k_)
7t Vs ° ’ ’
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+4P (k) [Fﬁ” ks, =k, P"(ky) + F ks, —k_ T P'“(k)]
+8 P, (k)P (k3) {F&” (ki, =k 1F? ks, =k 1P™(ky) + F2 [ki, k- 1F [ks, k-] P‘“(k)}

+ 12P} (k)P (k3) [P;(koFS) ki, —ki, k3] + Py(ks)ES [k, ks, —ka]} } (€7

where k. =k, + k3 and k_ = k3 — k; and P™ is the linear matter power spectrum and ¢,3 is the difference between the two azimuthal
angles of the two wave vectors. Therefore, this is the only term that requires an integration since this angular dependence defines the relation
between the two wave vectors involved.

C2 Covariance term: CB®

By definition, the covariance matrix element can be computed as

Co = Cov [B; (ki R B RLRL) By (R RS RS RLES) |

= < (ﬁ;m - <]§;123>> >< <E;456 - <B;.456)> > = (32.12332,450 - B;,IZBE;AS& (C8)

The six-points correlation function can be decomposed into all the possible combinations of connected parts
(85(k1)8,(k2)8;(k3)d,(ka)d,(ks)y(ke)) = (8,(k1)8;(k2))c(8,(K3)85(ka)) e (8;(ks)d, (ko)) + 14 perms.

+ (85 (k1)3, (k)3 (k3))c (8, (k)8 (Kks)d, (ko)) + 9 perms.

+ (830K 1)83(K)8: (K38 (k) (85 (Ks)83 ko) + 14 perms.

+ (85 (k18,5 (k)35 (k3 )84 (ka) 85 (Ks)S5 (ko)) (C9)
Below we present the full derivation of the bispectrum Covariance matrix to leading order in Gaussian terms

C®® (ki ko, k3 ks, ks, ke)

Qmy* Ak AK) VE
TAI” Ads H FSIBD (ki + ko + k3) 8p (ks + ks + k6) (Sm(K1)8im (k) (8 (K2)8m(Ks)) (8 (k3)8m(K6)) + Sp.
2m)3 Akl
- (\/”)/TW;Alzx‘s 835 83 H /F(l)zpm(k)(sn (ki + k> + k3)* + Sp.
s "1 V273
em Akl

=2 "3 A2D P(k)dp (ky +ky + k
V, VEVS VS 123 1234561_[/ (ki) dp (ki + ky + k3)

_en'ak) o dkidk” klL .
T VVEVEVE 123D‘2‘“6H/l 5 /u 5 oy Falkido (khk%kg)
172

|
(2m)° Aky kK des
T Vokikik: Ak"AmD'ZM%H/ g KEAKE H/H y Akn Py (k).

(C10)

where Dj23456 has been used as a shorthand notation for all the possible permutations allowed by the fact that only pairs formed by wave
vectors from different triplets survive, which are in total six. For all the other steps, we have used relations described previously. Finally,
defining a bin average by using the thin shell approximation, it is possible to write down the final result

s QAL

= VTR age i Diasess [T [ R PR D, (G

i=1

C3 Cross-variance term: C®?

The cross-correlation part of the covariance matrix of the joint data vector [PZ Bi] can be computed as

C* = Cov [P; (k) B (K3, K, 1}5)] — (B BS1us) — P Bl s (C12)
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The computation of the covariance matrix involves a five points correlator of §; that can be expanded in its connected parts
(85(k )85 (R)8 (K3 )85 (ea)5 es)) = (85K )8 (Ko)) (85 (K3)85 (ka8 kes))
+ (85 (k1)3,(k3))c (8, (k)8 (k4)d,(Ks))e + 5p.
+ (83 (K3)85 (k) (83(K1 )83 (e2)83 (Ks))e + 2.
+ (83e3)8 (a)85 (K )83 (k)85 (Kes)) e
+ (85 (k1)3,(k2)3, (k3)3,(k4)8,(Ks)) un.
=Cpo+Col +Coh + CF + CF (C13)

In the case of the five points correlation function, it has to be 1ncluded also the unconnected part in the expansion. This is because while for an
even number 2n, the leading term of unconnected part of the 2n-points correlation function is proportional to the product of n power spectra,
for an odd number m this is no longer the case. As shown in last subsection of Appendix B, the unconnected part of the five points correlation
function has a leading term proportional to the product of three power spectra. Therefore, in this case, the unconnected part needs to be
considered since it has the same order of the other leading terms of the above expansion. From the last equation, it is possible to immediately
that CBP o cancels out with the last term of equation (C12) and that CBP,, = 0 because the Dirac’s deltas combination leads to terms having
3p (ks) = 0.

C3.1 CBY term
Starting from the first term written previously, below we report the full derivation

Coi (kisks, kg, ks)

Qn Ak, Ty [ 4V s oSS s
= 7 A / ave [ / e Do (y =+ Je2) B s + e o+ s) (8,008, 0ks))e (83 (k283 (k)8 k) + 5.
s i=2 i

m Akl o [ AV -
TAMS dv H Ve dp (k1 + ko) p (k3 + ks + ks) Sp (k1 + k3) Sp (ko + ka + ks) Py (k3) B, (ko, k4, ks) + 5p.

2m)S Akl [ ave
= ()?SAMS /dVlCH/ V; op (ki + k2) 6p (ki + k3) 0p (ks + ks + ks) P, (k3) B (ka, ks, ks) + Sp.
N i=2 i

27.[5 k”
= ()‘/751\3415 81 H/ i — Op (—k2 + k3) ép (k3 + ka + ks) P, (k3) B (k2, ka, ks) + 5p.

m)’ Ak!

=V Vs SAMIS 815 85,3 H/ v Op (k3 + ky -i'ki)Ps (kz)Bs (k3, kg, ks) + S5p.

@Akl dk) di; k- . .
- T2 ASLSK 6K, H/ 270 Asasdo (k! +h + kQ) P (k3) B} ks, ku, ks) + 5p.

A% 2mk;t Ak?
(27-[)3 s (1, s (1 1, 1
N 85,3 P (k3) B}, (ks ky. ks) + 5p.. (C14)
s V2

Note that only three of the six permutations are different terms, since the other three are just obtained by switching k; with k, which does not
change the final result. Therefore, the final expression for this term can be written as

2m)°
B =g x 2
Vo V§

(855 + 85,4 +8%5) Py (k1) By, (ks ku, ks) . (C15)
Note that the argument of the power spectrum depend on the wave vector selected by the Kronecker Delta.

C3.2 CBF term

The other contribution at tree level to the connected five points correlator resulting in the cross-covariance term between power spectrum and
bispectrum is the one proportional to the tetraspectrum defined before, we get

r 5. I I (27t)2 kH c 1 S s s S s
CO, (Raiks. Ra ks) = == =2 A5 / av H / 8 (i + k) 8 (ks + Ko + k) (830k1)85(k3)85(K2)83 (k)85 (kes)) e

S

21 A
(71) k;A

V2 245 /dV| H/ l — 8p (k1 + k2) 8p (k3 + k4 + ks) 8p (k; -l‘kz-f—kz-f—k4+ks)Tg (ki, ko, k3, ka, ks)
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(2n‘Ak” B : s
) Ay 8% H/ p (ks + ks + ks)* TS o (ko k3, kg, ks)

2m)? Akl
- Gk ) WH/ L 8p (ks + ks + ks) TS, (ka, ks, ke, Kes) (C16)

Since the leading order of the tetraspectrum is higher than the one considered in this work, the above covariance term has not been included in
the numerical computation. For what concerns, the unconnected part of the five-point correlation function described in the end of Appendix B,
it represents loop correction to the standard power spectrum times bispectrum cross-covariance CEF. Coherently with what done in the same
case for the trispectrum, it has also not been included in the numerical computations.

APPENDIX D: COMPRESSED COVARIANCE MATRIX
We run the MCMC not on the original data vector, e.g. B or [P; + B;] but on their compressed version obtained through K-L weighting.

Given a set of parameters {6, ..., 0, }, a data vector x = {xi, ..., x,} with mean (x) the set of weights with respect to each parameter 6; is
given by
b = Cov '(x), (D1)

where Cov(x) is the covariance matrix relative to the data vector x. Assuming the covariance matrix to be approximately independent of the
cosmology, then for each considered parameter, the original data vector is compressed to a single scalar

Yo, = bi-x. (D2)
Therefore stacking all the weighting vectors as rows of an m x n matrix B, the new m-dimensional data vector will be
y = Bx. (D3)

For what concerns, the covariance matrix for the new data vector, it will be related to the original one by

COVy_ij = Cov [yi, yJ = Cov Zbikxk, ijlxl
k J

Z Z bkaCOV [xk, x1]

= bl - Cov, - b;, (D4)

Therefore when running the MCMC using y as data vector, the natural logarithm of likelihood will be proportional to

1
log £ ) (y—yaa)" Covy’l (¥ — yaa) (D5)

where yg, is the compressed data vector obtained using the fiducial values of the cosmological parameters. In our case of interest, this will
. s s s . . S . s . .

be applied to B, and [Pg, Bg] - An additional option consists in leaving P, uncompressed, compressing only the bispectrum. In that case, the

cross-variance term would be given by

Cov}™" = Cov [Py(ki). yi| = Cov [Py(k), By - b, 6)

Putting everything together the full covariance matrix is

CovP? Cov’'s
Cov = Cov?7s COVyB.YB:| (D7)

where Cov’5”5 is the covariance matrix for the compressed data vector derived in eq. (D4) in the case of x being the bispectrum.

APPENDIX E: WEIGHTS ORTHOGONALIZATION

As stated in Zablocki & Dodelson (2016), each compressed data set y; contains all the information regarding the parameter 6;, but at the same
time, it will have some sensitivity to the other parameters. It is possible to remove this sensitivity by marginalizing at linear level over these
other parameters. This is done by orthogonalizing the weighting vectors for all the individual parameters. If the model is parametrized by m
parameters 60;, compressing with respect to all these will return m different linear combinations y; (or in other words m weighting vectors).
Therefore, it is possible to define another set of new scalars y; given by a linear combination of the original ones, for example:

yi=cay + eyt + Cmdm (E1)
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with the constants ¢; such that y| contains all the information regarding 6, while at the same time removing all the sensitivity with respect
to the other parameters at linear level. This means that when taking the derivative with respect to the second parameter 6, we are looking for
c coefficients such that:

dyi dyl d)’2 dym j de j dx_] . d)CJ
B =g tog T T gy =c1§/:b1d—92 —|—62§;b2@ +... +cm§;b{“@ =c¢\Fp 4+ Fn + ...+ cuFap =0, (E2)
where for the Fisher information matrix elements, it has been used equation (21) together with the expression for the weights b; = Cov™' (x) ;.
Imposing this for the derivative with respect to all the m — 1 parameters beside 6, it gives the following matrix problem to be solved in order
to get the m — 1 coefficients needed to compute y;:

[Fy Fo3 ... Fon] [ [ —Fi2 ]
F3 Fs3 ... Fan e —Fi3
= | (E3)
_FmZ Fm3 .. me_ _Cm_ __Flm_

Solving this equation returns m — 1 unique constants for the ¢; with i > 1. ¢; can be set equal to one. Once the ¢’s are known, y; can be
obtained using equation (E1), which corresponds to defining the new weighting vector for the parameter 6 :

b/l :bl +C2b2 +...+Cmbm, (E4)

where b is the orthogonalized weighting vector for 6. The same procedure can be repeated for all the other parameters and relative weighting
vectors. In general, for the mode with i = «, the coefficients are determined by the general equation:

> F,c = —Fai, (ES)
J
where F,, is the Fisher matrix with row and column « removed.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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