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ABSTRACT

We present the first halo model based description of the cosmic infrared background (CIB)
non-Gaussianity (NG) that is fully parametric. To this end, we introduce, for the first time, a
diagrammatic method to compute high order polyspectra of the 3D galaxy density field. It al-
lows an easy derivation and visualization of the different terms of the polyspectrum. We apply
this framework to the power spectrum and bispectrum, and we show how to project them on the
celestial sphere in the purpose of the application to the CIB angular anisotropies. Furthermore,
we show how to take into account the particular case of the shot noise terms in that framework.
Eventually, we compute the CIB angular bispectrum at 857 GHz and study its scale and config-
uration dependences, as well as its variations with the halo occupation distribution parameters.
Compared to a previously proposed empirical prescription, such physically motivated model
is required to describe fully the CIB anisotropies bispectrum. Finally, we compare the CIB
bispectrum with the bispectra of other signals potentially present at microwave frequencies,

which hints that detection of CIB NG should be possible above 220 GHz.

Key words: galaxies: statistics — diffuse radiation — large-scale structure of Universe.

1 INTRODUCTION

The structuration of the large-scale structures and galaxies in the
Universe is a long-standing field of research in cosmology, the-
oretically as well as observationally. Of particular interest is the
clustering of galaxies as the latter are biased tracers of the underly-
ing dark matter field. Although perturbation theory (see Bernardeau
et al. 2002 for a review) may describe the clustering of dark matter
up to mildly non-linear scales and epochs, it breaks down in the
regime of highly non-linear gravitational infall and does not pre-
scribe the behaviour of galaxies and baryonic physics with respect
to dark matter. Neyman & Scott (1952) pioneered the description
of galaxies as distributed in clusters, which were later identified as
dark matter haloes as the dark matter paradigm became popular.
This latter description has become a fruitful tool, assuming that
galaxy properties are determined by the physical characteristics of
the host halo, as dark matter simulations have become available.
Indeed these simulations have permitted to prescribe the distribu-
tion of mass inside haloes (a.k.a. the density profile), their abun-
dance and spatial distribution (e.g. Navarro, Frenk & White 1997).
Then analytic or semi-analytic models prescribing the distribution
and properties of different galaxy populations may be built (e.g.
De Lucia & Blaizot 2007). A common analytical tool is the halo
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model. In this framework, all dark matter is assumed to be bound
up in haloes which are populated with galaxies thanks to the halo
occupation distribution (HOD). The standard HOD rules the mean
number of galaxies in a halo depending on its mass (Berlind et al.
2003; Kravtsov et al. 2004). Such models have been widely used
to reproduce the 2-point correlation function of optically selected
galaxies, see e.g. Tinker, Wechsler & Zheng (2010), Coupon et al.
(2012), and references therein for the most recent analyses. Most
applications to date have concentrated on 2-point statistics, i.e. real-
space 2-point correlation function or — auto and cross — power spec-
trum of tracers.

One tracer of galaxies and dark matter that has been studied
thanks to the halo model is the cosmic infrared background (CIB).
It was first discovered by Puget et al. (1996), and it stems from the
cumulative emission of dusty star-forming galaxies (DSFG). The
UV emission from young stars heats up the surrounding dust which
consequently reemits in the infrared (IR; from 8 pm to 1 mm) with
a typical grey-body law. The CIB is consequently a tracer of star
formation, with lower frequencies (v < 220 GHz) tracing star for-
mation at high redshifts (see e.g. Pénin et al. 2012), as their emission
is redshifted into the far-IR/submillimetre domain. Resolutions of
current instruments permit to resolve directly only a small fraction
of the CIB into individual sources, in particular at far-IR frequencies
(<857 GHz) where most of the CIB is unresolved so that sources
produce brightness fluctuations generating the CIB anisotropies.
The CIB fluctuations trace the clustering of the underlying DSFG
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and their angular power spectra have been measured, in the last
few years, over a wide range of wavelengths and scales (Lagache
et al. 2007; Viero et al. 2009; Amblard et al. 2011; Planck Collab-
oration 201 1b; Pénin et al. 2012; Planck Collaboration XXX 2013;
Thacker et al. 2013). These measurements are usually modelled in
the context of the halo model associated with a model of evolution
of galaxies (Cooray et al. 2010; Pénin et al. 2012). Until recently,
only the power spectrum of the CIB anisotropies had been mea-
sured, however, statistical information is contained in the higher
order moments.

The hierarchy of n-point correlation functions, for n up to infinity,
characterizes statistically a field, univoquely under some regularity
conditions. In particular, beyond n = 2 it probes the non-Gaussianity
(NG) of the field. NG studies have emerged as a research field of in-
terest, as they bring information complementary to power spectrum
(or 2-point correlation function) analyses. They are of particular in-
terest for the cosmic microwave background (CMB), for instance,
the study of primordial NG discriminates inflation models which
are degenerate at the power spectrum level. Lately, the Planck NG
constraints have ruled out several primordial models, in particular
the possibility of ekpyrotic/cyclic Universe (Planck Collaboration
XXIV 2013).

Nevertheless, such measurements are delicate as millimetre ob-
servations dedicated to the CMB are contaminated by foregrounds
which are non-Gaussian. Extragalactic point sources are of par-
ticular importance because they are present all over the sky and
the fainter ones cannot be detected nor masked. At CMB frequen-
cies, two types of extragalactic point sources are present: radio-loud
sources powered by an active galactic nucleus (Toffolatti et al. 1999)
and DSFG constituting the CIB (Lagache, Puget & Dole 2005). NG
of these point sources has first been looked for at radio frequencies
with Wilkinson Microwave Anisotropy Probe (WMAP), focusing on
radio sources which can be considered unclustered (Toffolatti et al.
1998). Bispectrum predictions based on number counts and mea-
surement on WMAP data have been found in agreement (Komatsu
et al. 2003) and have permitted to quantify the level of unresolved
sources in WMAP maps. At higher frequencies, NG of DSFG has
been pioneered by Argiieso, Gonzalez-Nuevo & Toffolatti (2003),
Gonzdlez-Nuevo, Toffolatti & Argiieso (2005) and lately Lacasa
et al. (2012) with a phenomenological prescription based on the
clustered power spectrum. Prior to the present study, no physically
based model of the CIB NG was proposed.

This paper builds a halo model description of galaxy clustering
at high orders that we apply to predict the NG of CIB anisotropies.
This allows for a full model for the CIB anisotropies which, given a
galaxy emission model and HOD parameters, computes the power
spectrum as well as the bispectrum, and possibly higher order mo-
ments. The clustering part of the model is fully parametric which
will, at longer term, allow us to constrain these parameters using as
much statistical information from the data as possible. In a compan-
ion paper (Pénin, Lacasa & Aghanim 2014), referred to as Paper 11
hereafter, we carry out a Fisher analysis forecast of how the de-
generacies of these parameters are broken when combining power
spectra and bispectra constraints. In addition, we study in detail,
amongst others, the variation of the CIB angular bispectrum with
respect to the models of evolution of galaxies, and the frequency
evolution of the redshift-halo mass contributions to the bispectrum.

This paper is organized as follows. Section 2 details the halo
model formalism, accounting for the shot noise due to the discrete-
ness of galaxies, the occupation statistics (HOD) and shows the
resulting 3D power spectrum. In Section 3, we derive the galaxy
bispectrum and describe a diagrammatic method to carry the deriva-
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tion to higher orders. Section 4 introduces harmonic transform of
correlation functions on the sky and shows how the 3D polyspectra
of a signal project on to the sphere. Taking the example of the CIB,
we discuss how the shot noise terms must be accounted for and the
necessary regularization at low redshift. The resulting CIB angular
bispectrum is shown with its different terms in Section 5 as well
as their dependences on the HOD parameters. We also investigate
the halo mass contributions to the galaxy bispectrum. Eventually,
in Section 6, we compare the obtained CIB angular bispectrum to a
previously proposed prescription and to the bispectra of other sig-
nals present at microwave frequencies, namely radio sources and
CMB. We finally conclude in Section 7.

2 GALAXY CLUSTERING WITH THE HALO
MODEL

The most common tool to measure the clustering of galaxies is
the 2-point correlation function. At first, such measurements were
well reproduced by a simple power law (Davis & Peebles 1983;
Madgwick et al. 2003; Le Fevre et al. 2005). Nevertheless, the
progress in the field of large-scale surveys enabled more accurate
measurements that rule out such simple modelling (e.g. Zehavi
et al. 2004) as they display a cut-off at intermediate scales. A more
complex modelling was required leading to the wide use of the halo
model (e.g. Cooray & Sheth 2002). In that framework, dark matter
is assumed to be bound up in haloes which are virialized spherical
objects A,;; times denser than the background.' The introduction of
the galaxies within the haloes is done through the HOD (Kravtsov
et al. 2004; Tinker & Wetzel 2010). This modelling has proven to
be a very convenient analytical tool to reproduce and interpret the
non-linear clustering of dark matter haloes as well as that of galaxies
(e.g. Coupon et al. 2012). This section summarizes the ingredient
of the halo model necessary to predict the galaxy distribution, and
we show how to treat self-consistently the discreteness of galaxies.

2.1 Halo framework

In the halo model framework, galaxies reside in dark matter haloes
that are assumed spherical. Hence the galaxy density field at a
given point x reads (redshift dependences are implicit throughout
this paper, we state them explicitly when needed):

nga(x) =Y nga(x|i), M

with i being the halo index. In the literature, ng,(x|i) is assumed,
implicitly or explicitly, to be a smooth distribution following the
halo density profile. However, galaxies are discrete objects; hence
we write

Nga (i)

nga(xli) = Y 0(x — x;), 2
Jj=1

with j being the index of the random galaxies, Ny (i) being the —
random — number of galaxies in the halo i, x; is the — random —
position of the jth galaxy and 6(x) is the galaxy profile. We assume
here after that galaxies are drawn independently in the halo.

! Ayir is the density contrast with respect to the critical density at the halo
redshift.
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Equation (1) can then be rewritten as
Hga(X) = /dM dxyn Y 8(M — M;) 89 (x, — x;)
i

Neal(i)

X /d3xg Z 8P (xg — x,)0(x — x;), 3

j=1

with M; and x; the mass and position of the dark matter halo i.
This equation serves as the basis for the computation of the galaxy
clustering throughout this paper.

Furthermore, we make the following set of assumptions for the
galaxy distribution.

(i) Haloes are spherical. This is a common assumption in halo
models; inclusion of halo shapes was shown to have a 5-10 per cent
effect on the 3D bispectrum by Smith, Watts & Sheth (2006).

(ii) The number of galaxies Ny, (i) (= Ngu(M))) is drawn from
the HOD and depends on the mass M, of the halo (see Section 2.2).

(iii) The galaxy positions follow the dark matter halo profile.
They are drawn from a distribution whose pdf is the normalized
halo profile u(x|M) centred on the halo centre:

p(x;li) = u(x; — x;|M;). 4

(iv) The galaxy profile 8(x) is a Dirac 8 (x). This assumption
holds since the scales probed are larger than the galaxy size.

The galaxy density field may then be characterized with a hier-
archy of n-point correlation functions of ng,. At first order (n = 1),
the mean number of galaxies per comoving volume is

_ dny,
Ngal = aM <Ngal(M)) W7 ©)
where ‘j% is the number of haloes with mass M per comoving

volume, i.e. the halo mass function. It is convenient to define the
galaxy density contrast as

ngal(x) - ﬁgal

Ngal

Sgul(x ) = (6)
In the following, we will derive the correlation functions of 84
and their Fourier transform. To this end, we need to specify the
behaviour of the number of galaxies occupying a halo.

2.2 Occupation statistics

High-resolution dissipationless simulations as well as semi-analytic
and N-body+gas dynamics studies show that the number of galaxies
within a single halo depends on halo mass with a shape consisting of
astep, a shoulder and a power-law tail at high mass (e.g. Berlind et al.
2003; Kravtsov et al. 2004). This behaviour can be understood when
the number of galaxies, described as a random distribution, is split
into the contribution from central galaxies and that of satellite ones
Ngai = Neen + Ny The former is described as a step-like function
while the latter is a power law. High-resolution simulations have
brought a lot of progress in the modelling of these two contributions
(e.g. Tinker & Wetzel 2010).

The HOD provides us with the number of galaxies in a halo; Ne,
takes either the value of 0 or 1, and the presence of satellite galaxies
is conditioned to {Neen = 1}. If Neen = 1, the number of satellites
is drawn from a Poisson distribution (see Zheng et al. 2005) with
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mean 71, (in the following, overbar denotes the average conditioned
t0 {Ncen = 1}).2 Hence we have

(stlt> = P(Neen=1) X figy = (Ncen) X My @)

Using the properties of the Poisson distribution, we can then com-
pute the expectation values that will be used in the following sec-
tions:

(Ngal> = P(Neen=1) x (1 + 1)
= (Neen) + (Nsar), 3

(Ngul(Ngal - 1)) = P(Neen=1) X (g + Dngy

§ = <Ncen>(ﬁ§at + 2ﬁsal) (9)

(Ngal (Ngal - 1)(Ngal - 2)) = P(Ncenzl)

X(nsat + 1)nsat (nsal - 1)
= (Neen) (713 + 371y) - (10

We take the mean number of central galaxies as in Pénin et al.
(2012)

(Nee) = P(Neen=1) = % {1 +erf (M)} (11)

Olog M

and the mean number of satellites as

1 log M — log 2M in M\ “
(New) = = {1 +erf (uﬂ ( ) .12
2 UlogM Msat

where as for the rest of this paper, we use base-10 logarithm.

Such expressions are motivated by hydrodynamical cosmolog-
ical simulations (Berlind et al. 2003) as well as high-resolution
collisionless simulations (Kravtsov et al. 2004). In this formulation,
the HOD is thus characterized by four parameters: M,,, the mass
threshold above which a halo contains a central galaxy; ooy de-
scribing the width of the transition from O to 1 central galaxy; My
the typical mass above which a halo contains satellite galaxies; and
o the index of the power law for the number of satellites at large
halo masses. Furthermore, N, has a cut-off of the same form as
the central occupation but with a transition mass twice larger than
that of the central galaxy. This prevents haloes which have a low
probability of hosting a central galaxy to contain satellite galaxies.
Throughout this paper, we use log Myin /M = 12.6, 010g s = 0.65,
logM /Mp = 13.6 and oy = 1.1, unless otherwise stated
(Paper 1I).

2.3 Power spectrum

In the last decade, it has been shown that the 2-point correlation
function of galaxies departs from a simple power law (Zehavi et al.
2004). In the framework of the halo model, this has been reproduced
by splitting the total 2-point correlation function, or the angular
power spectrum, into two contributions, the 1- and 2-halo terms.
The discreteness of galaxies further adds a shot noise term, which

2 For example, we have n2, = ﬁfm + isar, through the properties of the
Poisson distribution.

MNRAS 439, 123-142 (2014)

1Z0Z Jequiada@ g1 uo 1senb Aq 600.6/SZ1/1/6E/a0NE/SeIuW/WOoo dno olwapede//:sdiy Woll papeojumo(]



126  F. Lacasa, A. Pénin and N. Aghanim

Galaxy power spectrum at z=0.1
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Figure 1. For the Navarro—Frenk—White halo profile and the Sheth & Tormen mass function we plot the 1- and 2-halo terms of the galaxy power spectrum at,
respectively, z = 0.1 (left-hand panel) and z = 1 (right-hand panel). Note that the k range is not identical between the plots.

can be accounted for following a counts-in-cells approach (Peebles
1980). We thus have®

Pya(k) = Pyi(k) + Pai(k) + Pii (k). (13)
The shot noise contribution is given by
1
Pt (k) = —, (14)
Ngal

and will be examined in more detail in Section 4.3. The 1- and 2-halo
terms describe, respectively, the contribution of two galaxies within
one same halo and that of two galaxies in two different haloes. The
1-halo contribution is

Pgl;}(k) — /dM % (Ngzl](M)(Ii%al(M) - 1)>
M ngal

u(k|M)?*, (15)

where u(k|M) is the Fourier transform of the normalized halo pro-
file. Throughout this paper, we use the Navarro-Frenk—White halo
profile (Navarro et al. 1997) and the Sheth & Tormen mass func-
tion (Sheth & Tormen 1999) that provide us with associated bias
functions, in particular the second order bias b, (M), introduced in
Section 3.1, which will be needed for the bispectrum computation
later on.
The 2-halo contribution writes

dny 2
PRi(k) = Piin(k) ( / ap M) i bl(M>u<k|M)> ,

Ngal

where Pj;, (k) is the dark matter power spectrum predicted by linear
theory (working at tree level).

On scales larger than the typical halo size, u(k|M) — 1 when k
— 0. Hence, the 1-halo term tends towards a constant while the
2-halo term tends towards the linear power spectrum. On small
scales, the halo profile smoothes out both terms. For instance, the
contribution of massive haloes is smoothed at a smaller cut-off
wavenumber compared to that of lower mass haloes. The 1- and 2-
halo terms of the power spectrum are exhibited in Fig. 1 at redshifts

3 See detailed derivation in Appendix A, including the shot noise terms
consistently.
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Figure 2. Total 3D galaxy power spectrum as a function of redshift.

z = 0.1 (left-hand panel) and z = 1 (right-hand panel). Note that the
k range is different from a panel to another. Indeed, we compute the
power spectrum at the wavevectors which will project on observable
angular scales on the sky (see Section 5). As expected, we find that
the 1-halo term dominates at small scales while the 2-halo term is
more important at large scales. We also note that the 1-halo term
increases clearly with time, by a factor of ~2, while the 2-halo does
not significantly vary.

In Fig. 2, we show the evolution with redshift of the total galaxy
power spectrum (1- and 2-halo terms). The spectrum decreases
with increasing redshift up to z ~ 2 beyond which it increases with
redshift. This behaviour seems counterintuitive as the linear dark
matter power spectrum, Pji,(k, z), decreases monotonically with
increasing redshift. However, galaxies are biased tracers of matter
and they are strongly biased at high redshift (bgy ~ 5.5 at z ~ 4)
(Coupon et al. 2012; Jullo et al. 2012), which counterbalances the
decrease of Py, (k, z).
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3 HIGHER ORDERS WITH THE HALO MODEL

As it is analytical, the halo model can be extended easily to higher
orders. Indeed, it has been already used to compute the real-space 3-
point correlation function (Wang et al. 2004), comparing favourably
with simulations and measurements, as well as the bispectrum in
redshift space (Smith, Sheth & Scoccimarro 2008), comparing again
favourably with numerical simulations of dark matter.

In the following, we first summarize the 3D bispectrum compu-
tation and then we present a new diagrammatic method that can be
used to compute the series of high order moments.

3.1 Bispectrum

The 3D galaxy bispectrum at a given redshift can be written as
the sum of several terms (see detailed derivation in Appendix B,
neglecting primordial NG as argued in the appendix):

Bga(ki, ka, ks, 2) = Byii(ki, ko, ks, 2) + Bay (ki ko, k3, 2)

+ B0k, k. ks, 2) + Bry (ki ko, K3, 2)

+ Byt ¥ (k. ko, ks, 2), (16)
where the 1-halo term writes
(Ngal(Ngat = D(Ngat — 2)) dnyy
ﬁga,(z) dM

Byi(ki, ka, ks, 2) = /dM

x u(k\|M, 2)u(ko|M, 2)u(ks|M, z).  (17)
The 2-halo term writes
Bk, k2, k3, 2) = Gi(ky, ko, 2) Pin(ks, 2) Fi(ks, 2)
+ Giki, k3, 2) Pin(ko, 2) Fi(ka, 2)
+ Gilka, k3, 2) Pin(ks, 2) Fi(ki, 2). (18)
The 3-halo term writes
By "k, ka, ks, 2) = Fi(ky, 2) Fi(ka, 2) Fiks, 2)
x [F*(ky, ko) Pin(ky, 2) Piin(k2, 2)+perm. |
+ Fiki, 2) Filka, 2) Falks, 2)

X Pin(ky, 2) Pin(kz, z) + perm., (19)
with
F / (Nga(M)) dny
1k, 2)= [ dM——— — (M, 2) by(M, ) u(k|M, z), (20)
ngal(Z) dam

where by (M, 7) is the first order bias,

WMD) Aoy (ML 2y ukIML ), (21)

fz('”):/ M@ M

where b, (M, z) is the second order bias,

(Ngal(Ngal - 1)) dnh

Gitki, ko, 2) = /dM dW(M,Z)bI(MaZ)

Tgal(2)?
x u(ki|M, 2)ulk2|M, 2) (22)
and
F'(ki, kj) = é + 1cos(@,vj) (ﬁ + k—’) + %cosz(e,j), (23)
72 ki ki 7

which stem from non-linear evolution at second order in perturba-
tion theory (e.g., Fry 1984; Gil-Marin et al. 2012).
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In the following, we will note 3hcos the part of the 3-halo term
containing the F;; kernel (i.e. the first term of equation 19) and we
note 3h the part involving the second order bias (i.e. the last lines
of equation 19):

Bg;halo(klzs, 7) = Bg;(klz,% )+ Bgzcos(klzz, 2). (24)
Eventually, the shot noise terms are
; 1
B ¥y ko ks, D) = —— 25)
ngal(z)
: Pclusl(k )_|_ Pclusl(k )+ Pclust(k )
B (k) key, ki gy = 2L ST el OV T Tl TV (96

el ﬁgal (z)
with chgluw(k) = Pg';}(k) + sz,;}(k). These terms will be examined in
more detail in Section 4.3.

For illustration, Fig. 3 shows the 1-, 2- and 3-halo terms of the
galaxy bispectrum at z = 0.1 (left-hand panel) and z = 1 (right-
hand panel), in the equilateral configuration (k; = k, = k3). Note
that, due to projection effects, here again the k£ range is not identical
between the plots.

We first note that the 2- and 3-halo terms dominate at large
scales whereas the 1-halo term dominates at small scales. We see
that all terms grow with time, the 1-halo having the fastest growth.
We also note that the 3-halo term becomes negative at z = 0.1.
This comes from the fact that the second order bias can be either
positive or negative depending on the halo mass and on the redshift.
For haloes with M ~ 10"*~"* M (which typically dominate the
3-halo term) b, is positive at high redshifts and it becomes negative
at low redshifts (e.g., at M = 10" Mg, it changes sign at z ~ 0.6,
while it changes sign at z ~ 1.5 at M = 10'> M, and is always
positive at M = 10" M)).

Fig. 4 shows the evolution of the total 3D bispectrum of the
galaxies across redshifts. The bispectrum clearly increases with
time, as gravitational infall produces non-linear structures so that
the density field deviates more and more from its initially Gaussian
distribution.

3.2 Diagrammatic and higher orders

The 3D galaxy density field may also be characterized with higher
orders than the power spectrum and bispectrum. This is achieved
through the use of polyspectra, where Pi"‘]) (ki ,,21..0) 1s the
polyspectrum of order n. See Appendix D for a comprehensive
definition of polyspectra and their diagonal degrees of freedom.

We introduce here, for the first time, a diagrammatic method per-
mitting the derivation of the equations of the 3D galaxy polyspec-
trum coming from the halo model. This approach is a generalization
of the formalism at second and third order, the power spectrum and
bispectrum, respectively. It allows us to have a clear representation
and understanding of the different terms involved. It further allows
us to avoid cumbersome calculations at high order, by replacing
them with diagram drawings.

The first step of the diagrammatic method that we propose here
is to draw in the form of diagrams all the possibilities of putting n
galaxies in halo(s). Potentially, two or more galaxies can lie at the
same point (‘contracted’) for the shot noise terms. Then for each
diagram, the galaxies are labelled, e.g. from 1 to n, as well as the
haloes e.g. with «; to «,. An illustration is given in Fig. 5 that
displays the three diagrams for the power spectrum; Fig. 6 shows
the six diagrams for the bispectrum; and finally Fig. 7 exhibits the
14 diagrams for the trispectrum.
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Figure 3. The 1-, 2- and 3-halo terms of the galaxy bispectrum at, respectively, z = 0.1 (left-hand panel) and z = 1 (right-hand panel). Note that the k range

is not identical between the plots.
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Figure 4. Total galaxy equilateral bispectrum as a function of redshift.

Figure 5. Diagrams for the 3D galaxy power spectrum. From left to
right: (2-halo), (1-halo,2-galaxies), (1-halo,1-galaxy). Violet circles rep-
resent haloes and red ellipses galaxies.

Each diagram produces a polyspectrum term. This term contains
a prefactor 1/7,, multiplied by an integral over the halo masses
f dMy, ., of several factors. The following ‘Feynman’-like rules

prescribe these different factors.

(i) For each halo «; there is a corresponding:

ion Y
(a) halo mass function b M

(b) average of the number of galaxy uplets in that halo,
e.g. (Ngq) for a single galaxy in that halo, (N(N — 1)) for a pair etc.
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Figure 6. Diagrams for the 3D galaxy bispectrum. From left to right and
top to bottom: (3-halo), (2-halo 3-galaxies), (2-halo 2-galaxies), (1-halo
3-galaxies), (1-halo 2-galaxies) and (1-halo 3-galaxies).
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Figure 7. Diagrams for the 3D galaxy trispectrum.

(c) as many halo profiles u(k|M,;) as different points, where
k= | Ziepoim ki |
For example, k = k; for a non-contracted galaxy i, while k = |k;, +
-+ k,-[/ | for a galaxy contracted ¢ times with labels i;. . . i,.
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(ii) The final factor is the halo polyspectrum of order p, condi-
tioned to the masses of the corresponding haloes:

(p)
P> ki ki My M, |
i€a lEa,,

where the sum )
inside the halo «;.

ica, ki Tuns over the indexes i of the galaxies
J

Finally, the possible permutations of the galaxy labels 1 to n in
the diagram are taken into account: the contribution is the sum over
permutations of {1...n} which produce different diagrams. For
example, we have seen in Section 3.1 that some contributions to the
galaxy bispectrum (namely 1-halo, 3-halo and shot1g) have a single
term while others (namely 2-halo and shot 2 g) have three terms.

As an example, the (2-halo, 2-galaxy) term of the bispectrum
(upper-right diagram in Fig. 6) yields

1
Bthg(k]B) = -3 /dMalz <Nge\l(Mal)> (Ngzll(Mo/z))

ngal
o il e | M) ks | M)
dM dM Muzu 1 2 o ) ULK3 o)
x Pioo(ky + ko, k3| My, , My,) + perm. 7

Furthermore, the P,ﬁfo term simplifies into Prqo(k3| Mo, , My,) as
ki +ky = —ks.

We described in the previous sections the mass function, halo
profile and the HOD governing the number of galaxies in a halo. The
final element needed for the computation of the galaxy polyspectra is
a description of the halo polyspectra. To this end, we adopt the local
biasing scheme which allows us to compute the halo polyspectrum
from the matter polyspectrum as described in Appendix C.

At high order, the halo polyspectrum has thus several possible
sources. The first source is the first order biasing of the correspond-
ing dark matter polyspectrum, either primordial (primordial NG)
or from perturbation theory. In the bispectrum case, it produces the
3hcos term. The second source is the higher order biasing of lower
order dark matter polyspectrum. In the bispectrum case, it produces
the 3h term.

Hence, we have proposed a diagrammatic method to compute
galaxy polyspectra which gives the power and simplicity of draw-
ings to compute otherwise cumbersome equations at high order.
The focus of the next section is to relate these 3D polyspectra to
observables on the sky.

4 CIB ANGULAR POLYSPECTRA ON THE SKY

Measurements of the CIB clustering are carried out on the celestial
sphere. Hence a statistical characterization of random fields on the
sphere is needed, as well as the projection of the statistics of 3D
random fields on to the sphere.

In this section, we first describe the formalism of correlation
functions on the sphere, then we derive the CIB angular polyspec-
trum. Eventually, we discuss the shot noise terms and the effect of
the flux cut.
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4.1 Correlation functions in harmonic space

Given a full-sky map of the temperature 7 (i) of some signal on the
celestial sphere, it can be decomposed in the harmonic basis as

T(R) =Y am Yon(h), (28)
tm

with

A = / d&*a Y, () AT (), (29)

with the usual orthonormal spherical harmonics Yy,,.

For a — statistically isotropic — Gaussian field, all the statistical
information is contained in the power spectrum C,, the 2-point
correlation function in harmonic space: (ag,, a},,,,) = C¢ 8¢¢ Sum
For non-Gaussian fields, information is also contained in higher
order moments. For instance, the bispectrum by, ¢,¢, is

mymayms
(@eym Goymy @usms) = Gy oy - X beyeyess (30)

with the Gaunt coefficient

Gios = / d*h Yio3(i2) (€3))

204+Ds (G € & b 4 4 -
4m 0 0 O my m, ms3

where Y; = Y,,,,. In the following, the subscript 123 denotes the
product of the corresponding variables, e.g. X123 = X; X» X3. The
Gaunt coefficient is zero unless the triplet (£, £, €3) follows the
triangle inequalities and m; + m, + m3 = 0.

Higher order polyspectra P"(¢;_, , £{ ,_3)) are defined in Ap-
pendix D, along with the case of diagonal independence.

The one-to-one correspondence between the full pdf and the hier-
archy of polyspectra for n up to infinity ensures that the polyspectra
provide us with a full statistical characterization of a given field on
the sphere.

4.2 Anisotropy projection on the sky

The CIB is mostly unresolved in the far-infrared domain which
leads to the loss of the redshift information. The emission is thus
integrated on a large range of redshift (1 < z < 4), and the CIB
temperature in a given direction 7, is a line-of-sight integral of the
IR emissivity j, per comoving volume:

T@,v)= /dz %; a(@)j, (r(@)n, 2), (33)
with j, in Jy Mpc™' so that T has units of Jy sr~' and may be
converted to a temperature elevation at CMB frequencies through
Planck’s law. Here r is the comoving distance to redshift z and a is
the scalefactor.

Using the Rayleigh/plane wave expansion and the Fourier expan-
sion of the emissivity field, we obtain

dr
=i [ S50 a ik Vi, 03,k 2, (34)
where j, is the spherical Bessel function of order £.

We relate in Appendix E the CIB angular polyspectrum to
the 3D emissivity polyspectra, for the terms which are diagonal
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independent.* This gives

2\ "
g{;g(elv ...,e") = <;> /klzlllndkl...ll dzl...n xzdx

d
X {a(z,—)d;’ j(ﬁ;(kiri)jtii(kix):|

i=l.n
X Pfj’l)(kl_..na Zl.../z) (35)

with parity invariance imposing ¢; + ... + ¢, to be even.
In the Limber’s approximation, equation (35) simplifies to

(”1) r2 n (1)
Pes, ... ) = @ Py K 2, (36)

with k* = (¢ + 1/2)/ r(z). Note that, as a consequence of Limber’s
approximation, equation (36) now involves the emissivity polyspec-
trum at a single redshift (i.e. z; = - =z, = 2).

Galaxy power spectrum and galaxy emissivity are often related
assuming implicitly or explicitly that all galaxies at a given redshift z
have the same luminosity (e.g. Knox et al. 2001; Pénin et al. 2012;
Xia et al. 2012). We will refer to this approach as the constant-
luminosity assumption. It yields

83,(k.2) = 3,(2) - Spa(k, 2), (37

where the average emissivity j, is computed from galaxy number
counts.

In the present study, we propose a more general assumption re-
ferred to as the flux-abundance independence assumption. That is,
we assume that the flux is stochastic with a distribution given by the
number counts, and furthermore that the stochasticity is independent
of the galaxy position/abundance. The commonly used constant-
luminosity assumption is a special case of the flux-abundance in-
dependence assumption when the luminosity function d‘f—de is a
dirac. Note that, although the flux-abundance independence is a
more general assumption than the constant-luminosity one, it does
not capture the possibility that the luminosity may depend on un-
derlying variables having an influence on galaxy abundance (e.g.
the host halo mass).

For non-shot noise terms, the flux-abundance independence as-
sumption yields the same relation as the constant-luminosity as-
sumption:

PG 02 =3, Pl . 2)- (38)

The difference between the two assumptions impacts the shot noise
terms as discussed in detail in Section 4.3.

For non-shot noise terms, the angular polyspectrum then takes
the form

n dZ r n n n *
&whuwa=/'h2d (2)3,@)" Palk; .2 (39)

In particular at second order the power spectrum is

Ce(v) = /**a @30 (2) Peak*. 2) (40)

as given e.g. by Knox et al. (2001), Pénin et al. (2012) and Xia et al.
(2012).
And at third order, the bispectrum is
dz dr

T3 @*(2)F2(2) Bau(k}ss, 2). 41

beeyes =

4 Note that not all terms may be diagonal independent, in which case equation
(E2) must be used in all generality.
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4.3 Shot noise

The shot noise terms, for the power spectrum or for the bispectrum,
correspond to terms in the correlation function involving multiple
times the same galaxy. For the power spectrum, the halo model
gives the galaxy shot noise power spectrum

Pshol(k, Z) =—

el ngal (Z) . (42)

With the constant-emissivity assumption, we get the angular power
spectrum

. dz dr
@“=/‘ T % @*(2)3,(2) Par(k, 2). (43)
The shot noise level can be predicted from number counts (see e.g.
Lacasa et al. 2012) as

(o] Scut d2n
C.shol — S2 . 44
‘ /z:r)/o dsdz @

These two formulae agree if indeed all sources have the same lu-
minosity, potentially depending on redshift. However, in reality,
sources do not have the same luminosity; and specifically equation
(44) will give more weight to bright galaxies — averaging S? — as
compared to equation (43) — averaging S.

With the flux-abundance independence assumption, the distribu-
tion of luminosities can be incorporated in the model by introducing
the nth order emissivities:

1 n 2n—2 Seut d2 N
o= IO [Ty
CTZ 0 dS dZ

ds, (45)

which effectively average S” instead of S. Removing 714, (z) factors
from the shot noise 3D power spectrum, the shot noise angular
power spectrum becomes

dz d

shot
CS =
4 2 d

L2220 x 1, (46)
which can be shown to be equivalent to equation (44).

At any order, with the diagrammatic approach described in Sec-
tion 3.2, the shot noise terms can be computed and integrated over
redshifts with equation (39) provided the following modification.
For each contraction, _][)(Z)/I’lgﬂ must be replaced by the pth
order emissivity j{"(z), where p is the order of the contraction
under consideration.

For example, for the bispectrum, the 3D shot noise contains three
terms (see Appendix B):

Byt ki, ko, ks, 2) = Bé;_lg + Bgl:]_zg + B;’l_zg, 47
with
1
lh 1g
By, ki, ko, k3, 2) = ,gal(z), (48)
plh—2e 1h—2g plh—2e
a k)4 Py (k) + Py (ke
(1:1 %k ko k. 2) = Poa (k1) + Py T (k2) + Pyy (2)
ngal(z)
(49)
e PATE (k) + POy 5 (o) + PR (k)
By (ki ko ks, z) = )
ngal(z)
(50)
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Now taking into account luminosity distribution, the 1-galaxy an-
gular shot noise takes the form

sho dZ dr X
bz]?z;lg = / Py &a3(Z)Jf?)(Z) x 1, (51)

and the 2-galaxy shot noise

. dz dr . .
i = [ ST 0o P

% [Pclusl(kT)+ PCIUSl(k;)-f— PCIUSl(k;)} , (52)

gal gal gal

with P (k) = Pk, 2) + P2i(k, 7) and as usual k* = 222,

In this formulation, the flux cut, or more generally the selection
function, is implemented in the p-order emissivities. The shot noise
terms are quite sensitive to the value of this flux limit, which in turn
depends on the instrumental setup used for the observation. Hence,
the amplitude of the shot noise terms may change depending on the

instrument considered.

4.4 Flux cut and low-redshift contribution

As can be seen in equations (46) and (51), the shot noise equations
diverge if the emissivities tend to a constant as z — 0. This is
indeed the case in the Euclidean case (% o S75/%) where equation
(44) diverges if no flux cut is applied.

In practice, the flux cut reduces the contribution from low-redshift
sources which dominate the counts. This needs to be reflected in the
halo model, where the number of objects is dictated by the HOD.
For simplicity, we implement the flux cut in terms of a cut-off in
the redshift integrals at z,,. Below this redshift, a typical galaxy
with luminosity L+ (the knee of the luminosity function) has a flux
S > Seu

L,

Scu = 5,
" A dR(zew)

(53)
with d being the luminosity distance.

The effect of the flux cut on the galaxy clustering has not been
considered previously in the CIB power spectrum literature, al-
though it is theoretically necessary. We found that it has a small
effect on the power spectrum, mostly on the 1-halo term and for
some values of the HOD parameters (o« > 1). The redshift cut has
more effect on the bispectrum and potentially at higher order, as
they may be more sensitive to low redshift because of the r(z)*" ~2
denominator in equation (39) which goes to zero as z — 0.

5 RESULTS

5.1 The CIB angular bispectrum

In the following, we apply our formalism to the computation of the
bispectrum of the CIB. To this end, the HOD best-fitting parameters
were obtained so as to reproduce CIB power spectrum constraints
(Paper II). We also use the galaxy emission model by Béthermin
etal. (2011) at 350 um = 857 GHz with a flux cut at 0.82 Jy (Planck
Collaboration 2011a), which implies a redshift cut at z.,, = 0.03.
The obtained CIB bispectrum and its different terms are displayed
in Fig. 8 in some particular configurations: equilateral, orthogonal
isoceles, flat isoceles and squeezed. We consider a multipole range
of ¢ = 30-2000. In this range of scales, shot noise terms are found
to be negligible, as happens for the power spectrum (Pénin et al.
2012). However, they are expected to dominate on smaller scales
(€ ~ 5000 for the particular galaxy emission model used in the
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present study). The 2- and 3-halo terms dominate on large scales
¢ < 300, while the 1-halo dominates on small scales, except in
the squeezed configuration where the 2-halo term dominates for
£ > 300.

An interesting point is the configuration dependence of the bis-
pectrum. Fig. 9 shows the CIB bispectrum at 350 um plotted in the
geometrical parametrization proposed in Lacasa et al. (2012). The
values of the bispectrum are colour coded from violet to red. In this
parametrization, each subplot shows a slice of the bispectrum at
a given perimeter, indicated in the bottom-left corner. All triangles
within the perimeter bin are shown in the subplot, with squeezed tri-
angles in the upper-left corner, equilateral triangle in the upper-right
corner and flat isosceles triangle in the bottom corner. The geomet-
rical parametrization permits us to visualize, at the same time, both
the scale and configuration dependence of the bispectrum. We do
not display the 1-galaxy shot noise term since it is constant.

As seen already in Fig. 8, the CIB bispectrum decreases generally
with scale, as it is the case for the power spectrum. A distinctive
feature of the CIB bispectrum is that it peaks in the squeezed config-
uration, as already noted by Lacasa et al. (2012). Figs 10-14 show
the different terms of the CIB bispectrum plotted in the geometri-
cal parametrization with the colour range adapted to each term to
highlight its variations.

It is worth noting that most terms peak strongly in the squeezed
configurations, except the 1-halo term. The latter has little con-
figuration dependence but strong scale dependence and is slightly
weaker in squeezed. The 3hcos term from perturbation theory is,
unlike other terms, more important in the flat configuration than in
the equilateral. This is due to the F* kernel (equation 23) which is
more important in flat than in equilateral configurations.

5.2 Dependences on the HOD parameters

We now investigate how the bispectrum and its different compo-
nents vary with respect to the HOD parameters. We use a fidu-
cial set of HOD parameters inspired from previous studies of CIB
anisotropies, namely Viero et al. (2009), Amblard et al. (2011),
Planck Collaboration (2011b), and we vary them individually. Only
one parameter is varied, by typically 2o (for instance, Planck Col-
laboration 2011b), while the others keep their fiducial values. We
consider og = 1.3, log Myin = 12, Mgy = 10 My, and o1ogm =
0.65. As a reminder, increasing (decreasing) oy, leads to a higher
(lower) number of satellite galaxies. The value of M, rules the
mass at which a halo contains a central galaxy and Mg, is the
average mass of a halo hosting satellite galaxies.

Fig. 15 displays the equilateral bispectrum at 350 pm and its
components. We do not display the 1-galaxy shot noise term as it is
independent of the HOD parameters. First, we see that the amplitude
of each component of the bispectrum is very sensitive to the value of
each HOD parameter. Indeed, the amplitude can increase/decrease
by up to two orders of magnitude. For instance, a higher o, leads
to more power at all scales as it means more satellite galaxies as
compared to a lower a,. The shape of the bispectrum terms only
varies slightly with the HOD parameters. Furthermore, variations
of different parameters induce similar changes on the equilateral
bispectrum suggesting degeneracies between the HOD parameters.
The degeneracy and how it could be broken are discussed in Paper I1.

It is interesting to notice that «, induces strong variations in
the relative contributions of each term of the bispectrum. Fig. 16
shows each component of the bispectrum for two values of «,. For
o= 1.4 the 1-halo term dominates all the other contributions on
nearly all angular scales. The bispectrum thus appears much more

MNRAS 439, 123-142 (2014)

1Z0Z Jequiada@ g1 uo 1senb Aq 600.6/SZ1/1/6E/a0NE/SeIuW/WOoo dno olwapede//:sdiy Woll papeojumo(]



132 F. Lacasa, A. Pénin and N. Aghanim

Equilatera
) T LENLEL L L | T T T LA R B | 3
6| tot ]
10% 1h g
¥ 2h ]
I 3h ]
5| 3hcos |
107 ot2q ]
:\ sh Wg —_— ]
= H N i
5 10tk \«:
10°F ;
107 P | .

100 1000
multipole |
Flat
. ‘ — - 3
10°F 1
10°F ;
S ]
T 10*F 5
10°F 1
102l N
100 1000
multipole |

Orthogonal
) T LENLEL L L | T T T LA R B | ™]
10°F E
~ 10°¢ 3
A F ]
S I ]
c I ]
2 10tk 3
5 |
10°F E
0%l . LN .
100 1000
multipole |
Squeezed
10°F 1
10%F :
- :\ :
£
z 10°F \\ 3
i AN
10°F E
102l N
100 1000
multipole |

Figure 8. CIB bispectrum and its different terms in some particular configurations at 350 um = 857 GHz. The squeezed configuration uses £, = 32.

sensitive to oy, than the power spectrum. This effect might help to
alleviate the tension that exists today about the measured values of
oy (see Paper II).

5.3 Halos contribution

‘We can now focus on halo contribution to the 3D galaxy bispectrum.
Most terms, except the 1-halo term, are not a simple integration
over halo mass, but include cross-terms between haloes of different
masses. The 3D galaxy bispectrum cannot be simply divided into
a sum of contributions of different mass bins. We may focus on
the dependence of the bispectrum on the halo mass upper cut-
off. In Fig. 17, we display the total 3D galaxy bispectrum in the
equilateral configuration, as a function of the halo mass upper cut-
off, respectively, at z = 0.1 and 1.
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At z = 1, we see that the equilateral bispectrum saturates for a
cut-off at a few 10'* M, except at small scales where saturation
is reached for ~10'3 M@ . So at this redshift, haloes with masses
larger than a few 10" M contribute negligibly to the bispectrum,
as there are too few of them. At z = 0.1, massive haloes contribute
more importantly to the bispectrum, which saturates at a cut-off
~10" Mg on small scales and at ~4 x 10'> M on large scales.
This reflects also the increase in number of massive haloes at low
redshift.

We checked each of the bispectrum terms and found that the
1-halo term is the most sensitive to massive haloes, while the 3-
halo terms (both 3h and 3hcos) are the least sensitive, saturating
at a few 10'4M@ even at low redshift. This behaviour is ex-
pected since the 3-halo terms involve the product of three halo
mass functions. This penalizes massive haloes in the tail of the

1Z0Z Jequiada@ g1 uo 1senb Aq 600.6/SZ1/1/6E/a0NE/SeIuW/WOoo dno olwapede//:sdiy Woll papeojumo(]



NG of the CIB anisotropies — 1. Formalism

190

568

ey

757

1135

4726

4915

5104

5293

5482

5671

5860

6049

Figure 9. CIB bispectrum in the geometrical parametrization at 350 um = 857 GHz. It exhibits a peak in the squeezed configurations (upper-left corner of

each subplot).
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Figure 10. The I-halo term of the CIB bispectrum in the geometrical
parametrization at 350 pm = 857 GHz. It has strong scale dependence
but few dependence on configuration.

Figure 12. The 3-halo term of the CIB bispectrum in the geometrical
parametrization at 350 um = 857 GHz. It exhibits a peak in the squeezed
configurations (upper-left corner of each subplot).
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Figure 11. The 2-halo term of the CIB bispectrum in the geometrical
parametrization at 350 pm = 857 GHz. It exhibits a peak in the squeezed
configurations (upper-left corner of each subplot).

mass function as there are few of them. On the contrary, the 1-
halo term involves only one mass function, and it gives more
weight to massive haloes containing more galaxies (see Ngal(M)3
weight).

The mass contribution to the angular bispectrum depends on the
galaxy emissivities which give weights to each redshift. It hence
depends on the specific galaxy evolution model chosen. This is
discussed in detail in the companion paper (Paper II).

376400

Figure 13. The 3-halo cos term of the CIB bispectrum in the geometrical
parametrization at 350 um = 857 GHz. It exhibits a peak in the squeezed
configurations (upper-left corner of each subplot), and in the flat configura-
tions (down corner of each subplot) for some perimeter bins.

6 DISCUSSION

6.1 Comparison with empirical prescription

A simple empirical prescription for the CIB bispectrum based on
its power spectrum was proposed by Lacasa et al. (2012). It reads

CIB _ |/ ~CIB ~CIB ~CIB
by =« Cz, sz Ce3 >

(54
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Figure 14. 2-galaxy shot noise term of the CIB bispectrum in the geometri-
cal parametrization at 350 pum = 857 GHz. It exhibits a peak in the squeezed
configurations (upper-left corner of each subplot).

where « is a proportionality constant that can be computed with the
number counts of IR galaxies and their flux cut.

We compare this prescription with the CIB bispectrum obtained
from the halo model theory. For the prescription, we used the CIB
power spectrum predicted by the halo model with the same param-
eters as for the bispectrum, and the best-fitting value o = 2.25 x
1073 (compared to @ = 3 x 1073 found by Lacasa et al. 2012 on
simulations by Sehgal et al. 2010). Fig. 18 shows both bispectra at
350 wm (the prescription is in red and the halo model in black).

We see that the prescription reproduces reasonably well the shape
of the bispectrum in equilateral, orthogonal and flat configurations.
However, the empirical prescription shows an excess of power at in-
termediate multipoles £ € [100, 1000] in the equilateral and isosce-
les orthogonal configurations. Finally, the prescription does not re-
cover the bispectrum in the squeezed configuration, departing from
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Figure 15. Equilateral bispectra at 350 um for several sets of the HOD parameters. Only one parameter is varied while the others keep their fiducial values.
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Figure 17. Total galaxy equilateral bispectrum at redshift 0.1 and 1, as a function of the halo mass upper cut-off from M, = 5.7 10'2 Mg to 107 Mgp.

the halo model at £ ~ 300, i.e. when the 2-halo term begins to
dominate the squeezed bispectrum (see Fig. 8).

The empirical prescription therefore gives a reasonable overall fit
of the CIB bispectrum, for the considered galaxy emission model
and HOD parameters. Furthermore, the prescription gives a sep-
arable template (i.e. bio3 = f(€)f(€>)f(£3) for some function f); it
thus provides a convenient way to assess quickly the overall level
of CIB NG present in a CMB map. This is useful in particular to
assess the level of contamination of fy;. estimation (see Lacasa &
Aghanim 2012). Nevertheless, the empirical prescription does not
reproduce completely the theoretical bispectrum derived from the
halo model. Additionally, in the companion paper (Paper II), we
show that galaxy evolution models which are indistinguishable at
the power spectrum level can produce distinguishable theoretical
bispectra with the halo model. On the contrary, for different galaxy
models the empirical prescription would give indistinguishable bis-
pectra, as it is based on the power spectra. A full computation of
the bispectrum using the halo model is thus necessary if one were
to interpret a CIB NG measurement.

6.2 Comparison with radio sources and CMB bispectra

At microwave frequencies, several extragalactic signals other than
the CIB are present. In particular, the CMB and radio sources which
emit mostly at low frequencies, v < 217 GHz (Ade et al. (Planck
Collaboration) 2013). We thus compare the bispectra of those extra-
galactic signals with the CIB theoretical bispectrum derived from
the halo model.

Radio sources can be considered distributed randomly on the sky
(Toffolatti et al. 1998), at least for the brightest sources. Hence,
the extragalactic radio background has a white noise distribution
entirely characterized by the number counts ‘é—’;’. The expected power
spectrum and bispectrum is

Secut dN
CRAP = / 52— ds (55)
] 0 ds
RAD Scut dN
ity = A S KdS (56)
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Figure 18. CIB bispectrum computed with the halo model (black line) and
with the prescription (red line) at 350 pm.

in Jy? sr! and Jy3 sr2, respectively, with % in gal Jy~! sr! and

Scu the flux cut. The radio bispectrum is hence flat, with neither
scale nor geometrical dependence.

In the following, we use number counts from Tucci et al. (2011)
and flux cuts from Planck Collaboration (2011a).

In the standard paradigm, inflation generates close to Gaus-
sian perturbations which evolve to Gaussian-distributed tempera-
ture fluctuations of the CMB. In the last decade, interest has in-
creased for the search of CMB NG (e.g. Komatsu et al. 2011), as it
would be a signature of non-standard inflation (violating any of the
following assumption: slow-roll single-field inflation with standard
kinetic term and Bunch—Davies initial condition, see Bartolo et al.
2004, for a review), or any physical process generating the primor-
dial perturbations, or of non-linear evolution (e.g. Pitrou, Uzan &
Bernardeau 2010). With the recent Planck measurements, the CMB
appears to be very close to a Gaussian field (Planck Collaboration
XXIV 2013).

Among the many primordial NG shapes, the most studied is the
‘local’ type NG parametrized by a factor fy;, where the Bardeen
potential takes the form (Komatsu & Spergel 2001)

D(x) = O6(x) + fur - (P6(x)* — (P6(x)?)) (57)

with ®¢ being the Gaussian part of the potential. This primordial
NG generates a CMB bispectrum of the form (Komatsu, Spergel &
Wandelt 2005)

bf}fi} = faL / r2dr oy, (r) Be, (r) By (r) + perm., (58)

with an integral along the line of sight, and filters

2
)= / K2dk gr.o(K) jo(kr) (59)
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Figure 19. CIB (red line), radio (blue line) and CMB (green line) bispectra
at 220 GHz in dimensionless units AT/T. The latter is for fxp, = 1, and we
plot its absolute value as it is mostly negative, diamond indicate positive
points.

2
pury = / K2dk PO g1.0(K) jo (kr) 60)

where g ¢ is the radiation transfer function, which can be computed
with a Boltzmann code,’ and P(k) o< ks~ is the primordial power
spectrum, with a spectral index 7.

The CMB physics, e.g. acoustic peaks and Silk damping, is en-
coded into its bispectrum thanks to the radiation transfer function.

We show, in Fig. 19, the bispectra of radio sources and the CMB
for far. = 1 together with the CIB bispectrum derived from the halo
model, in units of relative temperature elevation AT/T, at 1380 pm
= 220 GHz. At this frequency, radio and IR point sources have
comparable contributions, whereas radio sources dominate at lower
frequencies and IR sources dominate at higher frequencies.

We see that the CMB dominates on large angular scales, but
plummets at high multipoles and becomes negligible for £ > 500,
except in the squeezed configuration where the CMB dominates at
all scales. Indeed for local type NG, the CMB bispectrum peaks
strongly in the squeezed limit (Bucher, van Tent & Carvalho 2010).
The CIB bispectrum also peaks on large angular scales, albeit less
strongly than the CMB. It dominates the radio bispectrum up to £ ~
700—800 and becomes negligible afterwards except in the squeezed
limit where it dominates the radio over the whole multipole range.
Based on this simple comparison, it seems that detecting the CIB
bispectrum can be possible above 220 GHz. At 220 GHz, if most
of the CMB can be removed by a component separation method
(which estimates a CMB map through multifrequency analysis, see
Delabrouille & Cardoso 2007, for a review), the detection of the
CIB bispectrum is possible at £ < 700. Furthermore, the application
of alower flux cut would lower the level of the radio bispectrum and

5> We used CAMB (Lewis, Challinor & Lasenby 2000).
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uncover the CIB one. For instance, the CIB bispectrum has been
detected in the South Pole Telescope (SPT) data in a multifrequency
analysis using 95, 150 and 220 GHz channels (Crawford et al. 2013),
and in the Planck data with a signal-to-noise ratio S/N = 5.8 at
217 GHz (Planck Collaboration XXX 2013).

7 CONCLUSION

We have presented a framework which allows us to predict galaxy
clustering at all orders with the halo model including shot noise con-
sistently. We have developed a new diagrammatic method which
allows a clear representation and understanding of the different
terms involved in the computation of the 3D galaxy polyspectrum.
It further allows us to avoid cumbersome computation at high or-
ders by replacing them with diagram drawings. This diagrammatic
framework is adaptable to different galaxy-tracing signals and we
apply it to the CIB. The latter being integrated over a large range of
redshift, we show how the polyspectrum of the CIB anisotropies is
projected on the celestial sphere. We further show how to account
for the particular case of the shot noise terms.

This framework allows us to compute the CIB angular bispectra
at any frequency. We have investigated how the different terms
of the resulting CIB bispectrum depend on the scale and on the
triangle configuration. We recover that the total bispectrum peaks
in the squeezed limit as it is also the case for primordial NG of the
local type. We discuss how the terms of the CIB bispectrum vary
with the HOD parameters. We show that they vary similarly with
respect to the different HOD parameters indicating degeneracies.
Furthermore, we show that the bispectrum is much more sensitive
to the variation of these parameters than the power spectrum.

We explore the halo mass contribution to each term of the 3D
galaxy bispectrum, recovering that the 1-halo term gives more
weight to massive haloes compared to the 2- and 3-halo terms. The
halo mass contribution of the angular CIB bispectrum depends on
the specific galaxy evolution model which is examined in Paper II.

Our predictions are finally compared to a previously proposed
empirical prescription and to the bispectrum of radio galaxies and
that of the CMB assuming a local-type primordial NG. First, we
find an overall agreement with the prescription, although the halo
model is needed for an accurate description of the bispectrum, in
particular, in the squeezed configuration. Secondly, we show that
the detection of the CIB bispectrum is possible at frequencies above
220 GHz, where the CIB bispectrum is contaminated; this detection
has indeed been performed by SPT and Planck recent results.

This physically based model opens up the possibility to use, in
the future, information present in NG measurement to constrain
CIB models so as to extract a maximum of information of present
and future surveys.
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APPENDIX A: DERIVATION OF THE GALAXY
POWER SPECTRUM EQUATIONS

Using equation (3), the computation of the 2-point correlation func-

tion of gy
(nga(x1) ng(x2)) — Ty
g g o
Oopi(x1 — x2) = =
gd]

= ((Sgal(xl) agal(x2)>
(AD)

yields a double sum over halo and galaxy indexes >, , >, &
which can be split into three terms: >, _, >~ ., (2-halo term),
D =iy 2o jy2j, (1-halo 2-galaxy term) and >°, _, >, _, (I-halo

1-galaxy term). So that

Cop(X1 = X2) = G001 — x2) + Ly E(x1 — X2)

+ G B — x2) (A2)
with computations giving
(Nea(M1)) T
£ (x1 — x2) = / dp,
Ngal
(Nea(M2)) it
x / szgﬂ—‘Mz
ngal

x /d3x’12 u(xy — x| M) u(xy, — x| M)

x R (x — x| My, M), (A3)

dnh ( gal(Ngal - 1))
dmM 72

gal

Lo E () —x0) = / dm Zh

X/d3xh u(xy; — xp|M)u(xs — xy|M), (A4)

83(x1 — x2)
Loy —xp) = (A5)
Ngal
where T’—M“ is the number of haloes with mass M per comoving

volume a.k.a. the halo mass function, u(x|M) is the halo profile
(with integral normalized to unity) and ;2““’(le1, M,) is the halo
correlation function conditioned to masses M 1 and M,. In this paper,
we use the Sheth & Tormen mass function (Sheth & Tormen 1999)
and the associated bias functions, as it is the most recent one for
which the second order bias is available.

At tree level, the halo correlation function takes the form (see
Cooray & Sheth 2002, and Appendix C)

O (xIMy, Ma) = b (M) by(M>) 45 (%), (A6)

where b (M) is the first order halo bias and '™ is the dark matter
correlation function at linear/first order in perturbation theory.

The correlation functions defined by equations (A3) and (A4)
involve convolutions in real space, which become multiplications
in Fourier space Hence the galaxy power spectrum — defined by
Op(x) = [ £ (271)3 P(k) ¢’** — becomes

Pya(k) = PLik) + Pai(k) + Pai(k), (A7)

gal
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where the shot noise contribution (corresponding to the 1h1lg term)
is examined in more detail in Section 4.3.
The 1-halo contribution is
dnh (Ngat(M)(Ngu(M) — 1))
gal (k ) d M

ﬁZ

luk|M)*,  (A8)
gal
And the 2-halo contribution

(Nea(M)) |,

PaIk) = / dm, L u(k|My)

n gal

(Na(My)) 92
X/dMZL
Ngal

dny 2
= P ( / apg M) bl(M)u<k|M)> (A9)

Ngal

u(k|My) Phao(k|M1, M>)

where as precedently, all redshift dependence are implicit to sim-
plify notations.

APPENDIX B: DERIVATION OF THE GALAXY
BISPECTRUM EQUATIONS

Similarly to the 2-point correlation function, using equa-
tion (3), the computation of the 3-point correlation func-
tion of 8z can be split into six terms: Zil iy iy > It
(3-halo  term), >, . > .., + perm. (2-halo  3-
galaxy term), >, _, ;> ;_;_; + perm. (2-halo 2-galaxy
term), >, ;D ;2,2 + perm. (1-halo 3-galaxy term),
D iy miymis Z.fl:_fz 2j, T perm. (I-halo 2-galaxy term) and finally
D iimiymiy 2o + perm. (1-halo 1-galaxy term). So that

3h 2h-3g
Gapt(X1, X2, X3) = L3 (X1, X2, X3) + &3 (X1, X2, X3)

J1=j2=J3

2h—2g 1h—3g
+ G S0, X2, %3) + G S (X, X2, X3)

+ Lypy (0, X2, x3) + Gy S(x, X2, x3), (BI)
with computations giving

(Nea(M))) S M,}
Mgal i=123

(X1, X2, X3) =/dM123

X /d3x’,23 (u(xi = x]IMy)),_ s

X Qalo(xlzﬂMlB) (B2)
( },l](Ml)( gdl(M]) ) dnh’
C32;l ey, X0, x3) = /dMl — M
ngal

(Nga(M3)) 4
y / A B an Ly

ﬁgal
3
x/d X u(x; — x IM)u(x, — x| M)

hal
x u(xs — x5 M3) & °(x) — x5 M1 M3)

+ perm., (B3)

2h—2g

h-2
Op (1 = x3)89(x) — x2)
Gt (X1, X2, X3) =

ﬁgal

+ perm. (B4)
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1h—3g (Ngul (Ngul - 1) (Ngul - 2)) dnh
X2, x3) = [ dM —
G (X1, X2, X3) / ﬁZal M

x /d3x’u(x1 — X |M)u(x, — x'| M)

x u(x3 — x'| M), (BS)

1h—2¢g 3)

g ¢ (x1 —x3) 8 (x1 — x2)
431; ey, X0, x3) = 2 — + perm., (B6)
Ngal
_ 8O(x; = x, = x3)
Ih—1g 1 2= X3
G (X1, X, X3) = ————————, (B7)
ngal

where £}4°(x123|M123) is the halo 3-point correlation function con-

ditioned to masses M; M, and M3, and for which we take (see
Appendix C)

£330 (x 1231 M123) = by (M) by (M2) by (M3) £ (% 13)

+b1(My) bi(M2) by(M53) Lo (X1 — X3)

X {yn(x) — X3) + perm., (B8)

where b, is the second order halo bias.
The 3D galaxy bispectrum can be computed from equations (B2)
to (BS) through Fourier transform
"Bk
(2my?

Gap(x1, X2, X3) = / B(ky, ko, k) 210)*8(ky + k> + k3)

x ei(kl»x1+k2-xz+k3«x_;)

giving
Bga(ki, ky, k3) = Bk, ka, ks) + B

gal

(k1, kz, k3)

+ BN (ki ka, k3) + BECE (K , ko, k3)

gal gal
+ By (k. k. k), (B9)

where we have the 1-halo term

" Noal(Noat — D(Ngar — 2)) d.
Bé;(kl,kz,/@):/dM( g (Vga })( gal ))ﬁ

néﬂ

X u(key | M) u(ky| M) u(ks| M). (B10)
The 2-halo term

(Ngal(Ngar — 1)) 2
B (ki ka, ka) :/dMl bl — oM

n gal

(Nea(M3)) St
y /dM3 g . aM |y
Ngal
X u(key| My )u(key| My Yu(ks| M3)
X Phao(ks| My, M3) + perm. (B11)
(N al(Ngal - ])> L
= Plin(ks)/dMl : — L
ngal

x by(My) u(ky |[My)u(ka | M)

(Nga(M3))
x / dMgé,—“M““ by(M3) u(ks| Ms)

Ngal

+ perm. (B12)
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And the 3-halo term

Nea(M;) G
BY(ki, ko, ks) = / dM 3 (ndMM (ki | M) 13
gal i=123
X Bhao(ky, ka, k3| My, M, M3) (B13)
Ngal(Mi) % M;
= Blin(k123)/dM123 _
Ngal

x bl(M[)u(ki|Mi))

i=123
Nea(M;) 2],
+ /de (g"M|u<ki|M,-)|
Ngal .
i=123
x by (M1) by(M>) by(M3) Pin(k1) Piin(k2)
+ perm., (B14)

with

ks ky
ki ks

2
Bpwm(ki, ko, k3) = 2 fao (( ) Piin(ky) Piin(k2) + perm.)

primordial NG

+ 2 F*(k1, k2) Pin(ky) Piin(k2) + perm.  (B15)

gravity non—linearity at 2PT
with
k3, = 4nG pa’ (1), (B16)

which stems from the Poisson equation linking density contrast to
Bardeen potential involved in the definition of fyi. (equation 57)
and

F(ki, kj) = ; + %cos(@,«_,-) (1% + %) + % cos’(6;;),  (B17)
which stems from non-linear evolution at second order in perturba-
tion theory (Fry 1984; Gil-Marin et al. 2012).

At the scales of interest in this paper ky < k2,3 so that we can
neglect the primordial NG term (e.g. compared to the 2PT term in
equation B15).

The equations above can be somewhat simplified if we introduce
some notations (where we reintroduced the redshift dependence to
show where it intervenes):

_ <Ngdl(M)> %
Fl(k,z)—/dMiﬁgal(Z) dM(M,z)bu(M,z)u(klM,z),
(B18)
_ <Ngal(M)> %
Rk = [ an S S, 0 M kM ),
(B19)
_ (Nga](Ngal - 1)) %
Giki, ky, 2) = /dMiﬁga](z)z dM(M’Z)
X bi(M, ) u(ki|M, z) u(ka| M, z) (B20)
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and the F* kernel can also be computed through the formula
2k =5 (kg 4 kg) + 3k;, (k2 +kj) + 10k k7

F* (ke k) =
(e ) 28k2k}

)

(B21)

where y is the third index.
With these notations the 2-halo term takes the form

Bgz«‘}f](klskz, ks, z) = Gi(ki, k2, ) Pin(ks, 2) Fi(ks, 2)

+ Giki, k3, 2) Pin(ka, 2) Fi(ka, 2)

+ Gika, k3, 2) Piin(k1, 2) Fi(ki, 2) (B22)
and the 3-halo term
B;:](kls ka, ks, 2) = Filki, 2) Filka, 2) Fi(ks, 2)

x [F*(ky. k) Pin(ky, ) Pin(ks, 2) + perm. ]

+ Filky, 2) Fi(ka, 2) Falks, 2)

X Pin(ki, z) Pin(k2, z) + perm. (B23)
Last, the shot noise terms are
1
gl:l "¥(ky, ky, k3, 2) = (B24)
511(7)
plh-2e Pyt (k) + Plh % (ky) + Plh *(ks)

Gy, Ko Ky 2) =

1
éd ngal(z)

(B25)

2h —2¢g 2h—2g 2h—2g
1 (k) Py (k) + Py (ks
2h 2g(k1,k2,k3,z) é] ( l) ( 2) ( 3).

ngal(z)

gll

(B26)

APPENDIX C: HALO CORRELATION
FUNCTIONS

We assume that the halo density field follows the local bias scheme
(Fry & Gaztanaga 1993)

+o00 b
> fl (" (@)

n=1

Sn(x|M) =

where §py is the dark matter density field predicted through pertur-
bation theory and b, (m) is the nth order bias

1 d"f(v)
fvy a5

Because of the smallness of dpy, it is sufficient to develop the

computation of halo correlation functions to tree level.

Hence the 2-point correlation function conditioned to mass M,
and M, is

by(M) = (€2

Czpt(xl x2|My, My) = (8n(x1| M) 6n(x2| M>))
= bi(M1) b1(M>) {(Spm(x1) Spm(x2))
+0(5)
~ by(My) bi(My) i (x1 — x2). (C3)
Going to Fourier space gives the power spectrum

Pun(k) = by (M) by (M2) Piin(k). (S2))

MNRAS 439, 123-142 (2014)

At tree level the 3-point correlation function conditioned to mass
M| M, and M 3 is

Eipt (X123 M123) = <( 1(M1)dpm(x) + 2(2 )SDM(xl)z)
( 1(M:)Spu (x2) + 2(2, )SDM(xz)z)

( 1(M5)Spm (x3) + 2(2, )8DM(xz)2)>

= bi(My) b1 (My) by (M3) £ (x1, X2, X3)
bz( )

+ b1(M>) by (M3)

X (31in(x1)2 3iin(x2) 81in(x3)) + 2 perm.  (C5)

= bi(M1) bi(M>) bi(M3) C3i(x1, X2, X3)

+ ba(My) by (M3) by (M3)

(812)M> lin( N

;-2p1 X _x3)

+ 521;1("1 —X3) é“z“p"t(xl —x3)| +2 perm., (C6)

where we expanded the 4-point correlation function (at line C5)
through Wick’s theorem as the field is close to Gaussian, and where
{%‘"(xl, X3, X3) contains two contributions: primordial NG which
is observationally constrained to be small, and NG generated by the
non-linearity of gravity at second order in perturbation theory.
Going to Fourier space gives the bispectrum (for ki, k>, k3 # 0):

Brnn(k123|M123) = bi(M) bi(M>) bi(M3) Bpm(ki, k2, k3)
+ by(My) by (M3) by (M3) Pin(k2) Piin(k3)
+ 2 perm. (C7

APPENDIX D: POLYSPECTRA IN FOURIER
SPACE AND ON THE SPHERE

Let ay be the Fourier transform of a random field. For example, this
may be the 3D galaxy density field, in which case a; = ga(k, 2).
The polyspectrum of order »n is then defined via the connected
correlation function in Fourier space

Ak, -k, )e- D1)

Under the assumption of statistical homogeneity and isotropy, this
correlation function vanishes unless k; . . . k, form a polygon. This
polygon may be parametrized by the lengths of its sides %;. .. k,
and by diagonals k¢ ...k? needed to fix the shape via a chosen
triangulation. The correlation function of order » thus has 2n — 3
degrees of freedom in 2D (i.e. m = n — 3), as can be seen in Fig. D1
at fourth (trispectrum) and nth order.

Correspondingly, the correlation function of order » has 3n — 6
degrees of freedom in 3D (m = 2n — 6), as can be seen in Fig. D2
at fourth order (trispectrum).
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Figure D1. Parametrization of the 2D polyspectrum, with diagonals in
dashed lines, at fourth (trispectrum) and nth order.

Figure D2. Parametrization of the 3D trispectrum with two diagonal de-
grees of freedom in dashed lines.

The polyspectrum of order n, POk, .. . ky, k‘f ... kff,), is then
defined by
dP k’f o dar k;fq
2m)P 2m)P

(ax, -+ ag,)e = P (ki .. ko K] kD)

x [ @ 8 (ki(g) + ka(g) + ka(g)),  (D2)

4

where D is the dimension of the random field (D = 3 for the galaxy
distribution), and g indexes the chosen triangulation of the polygon
[e.g. for the 2D trispectrum g = (1, 2) and the triangulation is
(i, ko, kD) (=K, ks, ko).

Note that at orders >4, polyspectra have more degrees of freedom
in 3D than in 2D. However, this does not happen at the bispectrum
level which does not have diagonal degrees of freedom, as a triangle
is flat and can be parametrized solely with its sides.

For some random fields (e.g. Gaussian or white noise), the
polyspectra may not depend on diagonal degrees of freedom,
such polyspectra are called diagonal independent and can be
parametrized solely with the length of the sides k;...k,. In this
case, equation (D2) takes the simpler form

(ar, ... ag,))e = QP 8(ky + ... + k) x Pk ). (D3)

The case of random fields on the sphere is similar to the 2D Fourier
case, and can be defined simply with the replacements

d2k?
W = D i (D4)
@m0’ 8(k; + ko + k3) > Gos, (D3)

the nth order polyspectrum has 2n — 3 degrees of freedom and is
defined through

(ailml -~-a2nmﬂ)c = Z

73(") (elmn s e?...(n—f*))

0 e
m‘lj ... 63_3
X Gi.n (ch‘...(nf.%)’ m?...(w})) > (Do)
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with
G ([11“‘(%3)! m(ljm(n73)> =G4 X Grar 30 X -+

X G y_ayts n—2,m—-3y8 X Gu_zyix n—1yn- (D7)

The polyspectrum is diagonal independent if P does not vary
with €¢...¢9_,. In this case, equation (D6) takes a simpler form

(aélml cee a[,,m,,)c = 7D<n>(€l...n) X gl ..... n (DS)
with
Gioon= /dzﬁ Y1 ..(h) = Z Gln (5(11“@73)’ m?,,,(n—3)) :
Ed
1..(n—3)
m?...(n—3)
(D9)

APPENDIX E: PROJECTION OF 3D
POLYSPECTRA ON THE SPHERE

Noting for simplicity g(z) = g—g a(z), we have

L [ Pk . o
apm = it / o 92.8(2) jetkr) Y, (k) ju(k, 2). (El)

Hence the n-order correlation function takes the form

&k
sl ety .n
(@oymy -+ Qogmy) =1 2y

dzi_, [g(Zi) J (kiri)

x Y7, (k)]

i=l.n

X <[jv(ki’zi)}i:1...n> (E2)
~——

@m) Pg”uq.m 21) 8O ey k)

@)
ey

ot / ki ,dky ., dzy
x 8z jo,(kird)], PVt v 21.)

x / Py (Y, KD 8P ey + - + k),

=AMy my_n ki n)

(E3)
if 73;-") is diagonal independent, and with
C . dx
A(”)e ns nsk n :/de n oA 2
Cron, myns Kyn) L. 2y

% [Yzmi(l’él_)]iei(k1+-..+k”).x (E4)

4m)" 2p 3
= 2 /d ki ,d’x

x Z it [YZm,‘(iéi)

, /
C1 o™i n

X Vi k) o ki) Y, )] (ES)

i
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_ @dm" ., : .
~ e H/xzdx L i)
x /dzA [Y[*m,(n)}i=l,,,n’ (E6)

=01

where we introduced the Fourier form of the Dirac in line E4, the
Rayleigh expansion of e'*** in line E5, used the orthonormality of
the spherical harmonics and the definition of the generalized Gaunt
coefficient in line E6 and the fact that it is a real number.

Hence the n-order (diagonal-independent) polyspectrum is

2 n
(;) (=it / ki ,dki_,dzi_, x*dx

x [8(@i) je, (kiri) jo, ki), P (K 21,
(E7)

2 n
(%) (_1)61+m+en/k]2mndkl,,,n dz)_, x’dx

dr| | . -
|:a(Zi) di' Je (kiri) je, (kix) j(v, Zi):|
Z|,

PR, ..., L)

i

PUK1 021 0) (E8)

5(11

where for the last line, we used 73(") 7 gf (valid for non-shot

noise terms, with the flux- abundance 1ndependence assumption).

We can assume that, as a function of k;, P&) varies slowly com-
pared to the Bessel functions oscillations (the so-called Limber
approximation). Then we have

MNRAS 439, 123-142 (2014)

/ K2 ki L) jo )], PO 21 0)

~

POKE 21 / K ki Lot jo (i) . (E9)

:[2% S(r,»—x)} i=1.n

where k* = (£ + 1/2)/r is the peak of the Bessel function.
And equation (E8) simplifies to

PRy, ) = / a7 w0, 9 PO .2, (E10)

with &% = (¢ + 1/2)/r, r = 1(z), and because of parity invariance
£; 4 - + £, is even (otherwise P is zero).
In particular at order 3, we get the bispectrum

2 3
beytye, = <;> (—Dfrtett / ky3dkio3 dzys x%dx

dr| - . .
|:a(z,-) daz .](vaZi)]li(k[r[)J@i(kix):|
i i=123
X Bga(k123, 2123). (E11)
And Limber approximation simplifies it to
dz dr
bt = @) T (0, 2) Bk, 2). (E12)

Again, except for shot noise terms which are treated in Section 4.3.

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