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Abstract

Thesis Title: Higher Order Couplings in the Clustering of Biased Tracers of Large-Scale
Structure
Author’s Name: Syed Muntazir Mehdi Abidi

The Large-Scale Structure (LSS) of the Universe, i.e. the distribution of matter and
luminous tracers (such as galaxies), contains a wealth of information about the origin,
composition, and evolution of the Universe. In order to extract this information, the non-
linearities present in late-time observables provided by LSS surveys must be understood well.
In general, there are three main sources of non-linearities: (1) non-linear matter clustering
due to gravity; (2) non-linear biasing, i.e. the relation between the distribution of tracers and
dark matter; and (3) primordial non-Gaussianity, which induces non-linearities in the initial
conditions. The Effective Field Theory of Large-Scale Structure (EFTofLLSS) provides a
powerful framework to model the non-linear clustering due to gravity. In this thesis, we
focus on understanding the non-linearities due to galaxy biasing using the EFTofL.SS and

numerical N-body simulations. This thesis is comprised of the following three projects:

1. In the first part, we present a novel method to constrain quadratic and cubic galaxy
bias parameters in dark matter simulations. The natural statistics to constrain quadratic
and cubic bias parameters are tree-level bispectrum and trispectrum, respectively.
Since these statistics are computationally quite expensive, we use efficient squared and
cubic field estimators that contain integrated bispectrum and trispectrum information.
We use the constraints to model the one-loop halo-matter power spectrum and show
that the results agree with simulations up to kpmax = 0.12 Mpc~! once an additional

derivative bias is implemented (Published in: Abidi & Baldauf, JCAP07(2018)029

[2D.

2. In the second part, we develop a formalism to reconstruct the linear density field based

on quadratic couplings in galaxy clustering. We employ a quadratic estimator inspired



by Cosmic Microwave Background (CMB) lensing reconstruction. We incorporate
non-linearities due to gravity, galaxy biasing and primordial non-Gaussianity, and
verify our predictions with N-body simulations. We perform a Fisher matrix analysis
on how the reconstructed field in combination with the biased tracer field can improve
constraints on local type primordial non-Gaussianity. We find significant improvement
on constraints due to cosmic variance cancellation resulting from the additional corre-
lated modes of the reconstructed field, similar to multitracer analyses (in preparation

for submission to Physical Review D; e-print: [59]).

. In the third part, we develop a method to constrain non-linear galaxy bias parameters
using the two- and three-point functions of projected galaxy clustering in correlation
with CMB lensing convergence. The project thus aims to bring the methodology
developed in project 1 above closer to data. We develop the quadratic field method
for projected fields to avoid complications from non-linear redshift space distortions.
We perform a Fisher forecast to show that this method can indeed be used to put
constraints on bias parameters and the amplitude of matter fluctuations. Finally, using
N-body simulations we ascertain that the projected statistics do indeed reduce the

impact of finger-of-god corrections (in preparation for submission to JCAP).
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Introduction

Over the last few decades, there have been tremendous theoretical and observational advance-
ments in cosmology that have greatly improved our current understanding of the Universe.
However, there are still many fundamental questions that need to be answered. For instance,
why is the universe accelerating? What is the nature of Dark Energy and Dark Matter that
dominate the Universe? What is the physical origin of inflation which provided the seeds for
the formation of large scale structure (LSS)? Is Einstein theory of general relativity a correct
description of gravity or does it need to be modified on large scales? So far the Cosmic
Microwave Background (CMB) observables have been the dominant source of information
about some of these questions. However, given that the CMB is a two-dimensional survey
and the amount of information that could be extracted from the CMB analysis is limited
mainly due to foreground contamination as well as Silk-damping.

On the other hand, current and on-going future LSS surveys have great potential to
answer these questions and put stricter bounds on the cosmological parameters and the
models of inflation. One way to see this is the following: Contrary to the CMB, where the
number of modes scales as Nomp ~ [2,,,, the number of modes accessible in LSS survey
depends on the cube of the maximum wavenumber Ny gs ~ (kmax/ kmin)3 . The signal-to-noise
ratio in LSS depends on the volume of the survey and v/Nj_ss. Increasing the survey volume
is an observational challenge but theoretically, increasing the number of modes depends on
careful modelling of LSS observables. By pushing the theoretical and observational limits in
LSS, we can significantly increase the amount of useful information about the Universe. One
of the main challenges in modelling LSS observables are late-time non-linearities. There are
three main sources of non-linearities that can affect late-time observables. The first one are
the non-linearities due to gravity in matter clustering. Effective Field Theory of Large-Scale
Structure (EFTofLLSS) [46] provides a powerful framework to understand non-linearity due

to gravity in matter clustering.
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1.1 Thesis Outline

In this thesis, we make advances in the understanding of higher-order couplings in biased

tracers of large-scale structures. The general outline of this thesis is outlined as follows.

Chapter 2

In Chapter 2, we introduce the standard model of cosmology. We present Einstein’s general
theory of relativity and derive Friedman’s equations. We discuss the basic concept in cos-
mology and introduce the ACDM model of cosmology, which states that the Universe is flat
and dominated by dark energy A and cold dark matter. Finally, we discuss cosmic inflation,
an early phase of accelerated expansion, which provides seeds to structure formation at

late-times.

Chapter 3

In Chapter 3, we review large-scale structure cosmology. To calculate the statistics of the
non-linear matter density field, we introduce the framework of the standard perturbation
theory (SPT). We show that SPT is not stable against corrections from higher order mode
couplings and a correct way to make accurate predictions is by using EFTofL.SS. The
framework of EFTofLSS not only provides accurate predictions, but it can also give us
insights into the physics of small scales. Finally, we discuss biased tracers and develop the

statistics of biased tracers.

Chapter 4

Chapter 4 is based on our paper "Cubic halo bias in Eulerian and Lagrangian space" [2].
In this chapter, we present our work on halo (or galaxy) bias parameters up to cubic
order. We present a novel method to constrain quadratic and cubic bias parameters in dark
matter simulations. Predictions of the next-to-leading order, i.e. one-loop, halo power
spectra, depending on local and non-local bias parameters up to cubic order. The linear bias
parameter can be estimated from the large scale limit of the halo-matter power spectrum,
and the second-order bias parameters from the large scale, tree-level bispectrum. Cubic
operators would naturally be quantified using the tree-level trispectrum. As the latter is
computationally expensive, we extend the quadratic field method proposed in Schmittfull et
al. 2014 to cubic fields, to estimate cubic bias parameters. We cross-correlate a basis set of
cubic bias operators with the halo field and express the result in terms of the cross-spectra
of these operators, to cancel cosmic variance. We obtain significant detections of local and

non-local cubic bias parameters, which are partially in tension with predictions based on
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local Lagrangian bias schemes. We directly measure the Lagrangian bias parameters of
the protohaloes associated with our halo sample and detect a non-local quadratic term in
Lagrangian space. We do not find a clear detection of non-local cubic Lagrangian terms for
low mass bins, but there is some mild evidence for their presence for the highest mass bin.
While the method presented here focuses on cubic bias parameters, the approach could also
be applied to quantifications of cubic primordial non-Gaussianity.

Chapter 5

Chapter 5 is based on our paper "Density reconstruction from biased tracers and its appli-
cations to primordial non-Gaussianity" [59]. In this chapter, we develop a formalism to
reconstruct large-scale Fourier modes of the density field from the biased tracer field. We
use the quadratic estimator method, similar to the one used by the CMB lensing recon-
struction, and incorporate non-linearities from gravity, non-linear biasing and primordial
non-Gaussianity. First, we derive a generic formula for quadratic estimators Aq correspond-
ing to non-linear quadratic mode couplings in the biased tracer field, where o represents
one of the seven mode couplings present in the galaxy field at quadratic order. Following
this approach, we show that an unbiased estimator for the density field can be derived
from the shift term ¥ - VJ using a linear combination of all mode-coupling (traditionally
known as bias-hardening). The challenge is to ensure that the variance does not blow up.
In comparison, an estimator corresponding to the growth term 2 has the lowest variance
and therefore we use it to reconstruct the large-scale modes of the density field. Second,
using cosmological N-body simulations, we verify that our estimators give the expected
results. We check our predictions not only for the growth estimator but also for the shift
and the tidal estimators. We use 3 different smoothing scales R = 20h~! Mpc, R = 10h~!
Mpc, and R = 4h~! Mpc corresponding to kyax = 0.054 Mpc ™!, kpax = 0.12 Mpc™!, and
kmax ~ 0.25h Mpc~!. We find that the reconstruction works very well for the growth esti-
mators up to kmax ~ 0.25h Mpc_1 at redshift z = 0, where we can find the cross-correlation
coefficient of the estimator with the initial field is rgs, > 0.9. For the other two estimators,
we also find reasonably good agreement for lower k. Upon close inspection, we can still
see some deviations at higher kny,x between theoretical predictions and simulations. These
deviations are mainly because of higher-order terms which we neglect in this work. Finally,
we carry out forecasts for some future galaxy surveys to constrain local-type of primordial
non-Gaussianity. It has been shown that the galaxy field has unique imprints from inflation
on large scales which has 1/ k? behaviour [57, 64, 175, 135]. We show that the reconstructed
large-scale modes form our quadratic estimator method have the same 1/k? contributions on
large scales from the local non-Gaussianity. This motivates us to use the reconstructed field

alongside the galaxy field to do multi-tracer analysis of local fni.. We show that constraints
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on local fxi, get improved by tens of percents compared to only using a single galaxy field.

Therefore, this method enables us to do multi-tracer analysis using a single tracer.

Chapter 6

In Chapter 6, we develop a novel method to measure non-linear galaxy bias parameters
using the 2- and 3-point functions of the projected galaxy clustering in correlation with
the CMB lensing. We bring the method presented in chapter 4 closer to data analysis. We
develop the quadratic field method for the projected fields to circumvent the problem of
non-linear redshift space distortions. We carry our Fisher forecasts for linear and quadratic
bias parameters (b1, by and b) as well as relative amplitude of matter fluctuations Ay
for 8 different redshift slices ranging from z = 0.1 to z = 4. Finally, we perform N-body
simulations and show that, first, our methods indeed agree with simulations, and second, the
projections indeed reduce the impact of non-linear finger-of-god effects from redshift space

distortions.

Conclusion

Finally we summarise our results in this thesis and discuss possible future outlooks.



Standard Model of Cosmology

In this chapter we review the standard cosmological model to understand the concepts used
in this thesis. In this chapter, we use the signature (—,+ + +) for the metric. To represent
4-spacetime we use (UL, V,...) and for 3-space the indices will be Latin (i, j,...). We choose
natural units such that the speed of light and the Planck’s constant are set to unity (c =h=1).
This chapter is mostly based on [32, 109, 84].

2.1 Metric

On large scales (> 100 Mpc) we assume that the Universe is homogeneous, isotropic and
the General theory of relativity is the correct description of the gravity on such scales.
The homogeneity and isotropy imply translational and rotational invariance respectively.
These two assumptions have very strong support from the measurements of the temperature
fluctuations in the Cosmic Microwave Background (CMB) which is uniform up to one
part in 100,000. The temperature fluctuations in CMB are statistically homogeneous and
isotropic. The assumption that the GR is the correct theory of gravity is very well tested on
solar system scales and even larger scales [154]. These three assumptions allow us to define

the following spacetime metric:

ds? = guyditdx” = —d? +a(t)*dl?. 2.1)

where dI*> = ¥, jdxidxj is a 3-metric with a constant curvature. This 3-metric can be rewritten

as (see [84] for explicit calculations)

di? = R P (467 +sin” 6d9?) | (2.2)
1 —Kr? '

where K is the comoving curvature and R is the radius of curvature. K can take three values
K € {—1,0,1} on three different types of geometries. For K = —1, the underlying geometry
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Fig. 2.1 Temperature fluctuations from the Cosmic Microwave Background (CMB) mapped
by the Planck Satellite experiment [162]. The mean temperature is 2.7K and the blue and
red spots correspond to over-dense and under-dense regions respectively.

is hyperbolic H?; for K = 0 it is non-Euclindean geometry E*; and K = 1 for spherical
geometry S3. We now substitute Eq. (2.2) in Eq. (2.1) and can absorb the radius of curvature
R in the scale factor a(t) by a(f)R — a(t) to obtain the Friedmann-Lemaitre-Robertson-
Walker (FLRW) metric [170, 89, 124]:

dr?

2 2 2
ds® = —dr +a (t)[m

+7(d6% + sin” 0d9?) |. 2.3)

2.2 Dynamics

To study the evolution of the metric and to derive cosmological field equations, we need
the Einstein equations. In 1915, Albert Einstein introduced the general theory of gravity
and wrote down the gravitational field equations [76]. In 1917 he modified his equations by
adding the cosmological constant A in his field equations [75]. The famous equations of
Einstein’s theory of gravity take the following form:

where Gy is the Einstein tensor which depends on the geometry of spacetime, G is the
Newtonian gravitational constant, 7,y is the energy-momentum tensor and g,y is the 4-
metric. Einstein’s theory predicts different states of the Universe depending on the geometry
of spacetime as well as the initial conditions. To counter the effect if gravity in the predictions,
Einstein introduced a counter-gravity term which he called the gravitational constant, A, in

his equations. To understand Einstein’s equations we need to define the Einstein’s tensor
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Gy in terms of the spacetime metric of a Riemannian manifold. The unique torsion-free and
metric-compatible connections on a Riemannian manifold are described by the Levi-Civita

connection. The connection coefficients are described by the Christoffel symbols:

1
1—‘/ﬁ.)tv = Egpc (augcv + avgucr - aoguv)- (2.5)

From Eq. (2.5) we can define the Riemann curvature tensor
Rive = 0yl + oy Ihe + T 6T — 56T, (2.6)

its contractions such as the Ricci tensor, Ry,

R‘uv = RE‘GV = _aul—‘gv + aal—“gv + FZLVFET - ngl—‘zf7 (2.7)
and finally the Ricci scalar, R,
R=R). (2.8)
In terms of these derived quantities, the Einstein tensor can be described as
1
GHV = R”v - ERguv. (2.9)

With the choice of the metric defined in Eq.(2.3), the non-vanishing terms of the Ricci tensor

and the Ricci scalar using Eq.(2.6) and Eq.(2.8) respectively are given as follows:

Roo = =32, (2.10)
a
.. . 2 K_
a a
.. . 2 K-
R=6 2+(E> + 5. (2.12)
a a a

Using Eq.(2.10), Eq.(2.11) and Eq.(2.12) it is straightforward to calculate respective non-

vanishing terms of the Einstein tensor:

2
a K
a a

(2.13)

and

Y gij- (214)
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Now we focus on the right hand side of Eq.(2.4). The energy-momentum tensor 7y is

defined qualitatively as

Tuy = ( Energy Density Energy Flux > (2.15)

Momentum Density Stress Tensor

On large scales, homogeneity and isotropy allow us to model all matter as perfect fluids,
parametrised by density p(¢) and pressure P(f). The energy-momentum tensor, 7y, of the

perfect fluid is described by

where U, is the 4-velocity of the perfect fluid. The energy-momentum tensor is conserved,
that is
B Lo i pA A pH
VuT, = ouTy +FMT —-IyT; =0. (2.17)

This implies the continuity equation (or the first Friedman equation) for the fluid:

p+35(p+P) =0. (2.18)
This equation can be written as
d(pa’) d(a)’
=P 2.1
dr dr (-19)

which is nothing but the first law of thermodynamics. Assuming a constant equation of state,
P = wp, allows us to write Eq. (2.18) as

p a )—3(1-1-(1))‘ (2.20)

a
E—3(1+0)% = p=po(
o (1+ o) p P = Po p”
The equations of state for matter (m), radiation (r) and dark energy (A) are described
in Tab. 2.1. The other two famous Friedmann equations can be derived from Einstein’s

equations which are described as

2
(E) —pr =19, K 2.21)
a 3 a
d_ 347G 51 3p), (2.22)
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Component ‘ Contributions ‘ Equation of state ‘ Energy density
Matter () - Cold Dark Matter (c) ®w=0 poca’

- Baryons ()
Radiation (r) - Photons 0= % p o< a*

- Neutrinos (V)
- Gravitons (g)
Dark Energy (A) - Vacuum Energy 0=-1 peca
- Modified Gravity?

Table 2.1 The cosmic inventory. The table is reproduced from [84]

0

where H = d/a is the Hubble parameter. If we assume the conformal time defined as
dt = dt/a(r) then the conformal Hubble parameter .77 is defined as

/

= % — aH. (2.23)

2.3 Kinematics

All observations in cosmology are based on various forms of light. Due to expansion of
the Universe and the fact that sources have intrinsic movement in the sky, the photons
we observe are redshifted. Due to gravity, photons or any massive particle move along a
geodesic. To understand this further we first need to derive the geodesic equations. The
relativistic action, S, of a particle with mass m moving along a path x*(A), where A is some

parameter, can be defined as

S:/ds:/\/md/lz/f(l,x,x)dl (2.24)

where X means the differentiation with respect to A and .Z is the Lagrangian. The Euler-

Lagrange equations can be obtained by maximizing the action, such that we get

¢ d (¥

which can be written as (see [109, 84]) as

1 §
i+ Eg“v <9pgvc +dogpv — 9vgpc>xpxc = Ex“- (2.26)

The second term in the left hand side of this equation is nothing but the Christoffel symbols
defined in Eq. (2.5). The right hand side arises because the parameter A is general. However

if we consider it as an affine parameter such that s = aA + b, where a and b are some
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parameters, the right hand side vanishes. If we define the 4-momentum of the particle as
PH* = x* then we can write the geodesic equation as

dpPH

" IVsP'P° =0 (2.27)
This geodesic equation is derived for a massive particle, but this also applies to massless
particles like photons which follows null-geodesics. To further simplify this equation, let us

re-write the derivative term as

dPH dxY 9PH  OPH
dA - dA 9xY oxv

(2.28)

Homogeneity and isotropy demand that d;P¥ = 0 and so the geodesic equation in Eq. (2.27)

becomes
PO JPH

ot

Let us discuss some special cases. First, if we assume P’ = 0 then the above geodesic

— <2rg‘jP° + rﬁjp") Pl (2.29)

equation implies that dP'/dt = 0. This means that a particle at rest will remain at rest. Now
lets consider a general 4-momentum p* = (p,p) for a photon where p is the magnitude of
the 3-momentum. The geodesic equation for 4 = 0 in Eq. (2.29) can be written as
B:—c—i - po<l. (2.30)
p a a
This result shows that for a massless particle, such as a photon, the physical momentum
decays with the expansion of the Universe. This result can be generalised to massive
particles too. For a massive particle with mass m the physical momentum can be written as
p =mv/V1—v2 where v is the peculiar velocity, and so the peculiar velocity decays with
the expansion of the Universe. This whole phenomenon is called as redshift effect, as the

low frequency of light appears to be red.

2.4 Redshift

We now define the redshift parameter z here. We know for a photon the wavelength A is
related to the physical momentum p as A = h/p, where h is the Planck’s constant. From
Eq. (2.30) we know the p o< 1 /a and so A =< a. If a photon with the wavelength A; get emitted
at time 7] from a far away distance, and observed by us at time #y with the wavelength Ay,
then we can define the redshift parameter z as the change in the wavelength as

o—M  alt)

= = —1. 2.31
=T a(t) 2.3D)
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It is conventional to define at the scale factor at the current time 7 as a(zp) = 1 and so we

rewrite the above equation as

1
+1= o) (2.32)

We know that the scale factor increase with time and so redshift parameter z is a monoton-
ically decreasing function of time. Because of this property it is conventional to use it to
describe past events and also the position of galaxies in the sky. The photon from galaxies
are redshifted and so by noticing the redshift we can infer the distance of the galaxy. In
galaxy surveys, galaxies are often described by angular distance as well as by the redshift.

2.5 Hubble’s law

The scale factor can be expanded using the Taylor expansion for nearby sources as:
a(t) = a(ty) [1+ (t —to)Ho+ ... | (2.33)

where Hy which is the Hubble’s parameter defined at the present time and is described as

1 da
Hy = —. 2.34
0 a(ty) dt 2.34)
Substituting Eq. (2.33) in Eq. (2.32) we get
z=Hy(to—t))+---=Hod+.... (2.35)

For nearby objects, 9 —t; is the proper distance d. This is the famous Hubble’s law
which states that the redshift of galaxies are proportional to the proper distances. Georges
Lemaitre [124] and Edwin Hubble [108] did pioneering work on the measurements of the
Hubble’s constant. Their work established that the universe really is expanding which was a

remarkable discovery at that time. The Hubble constant at present time is defined as
Hy =100k km s~ 'Mpc !, (2.36)

where # is the dimensionless parameter. The current value of 4 as measured by the Planck
Collaboration [160] is
h=67.66+0.42. (2.37)

Historically, the measurement of the Hubble constant was based on the Universe’s local
expansion history. However, the Planck’s measurement of Hy relies on the CMB physics as

well as whole expansion history of the Universe. The current measurements of the Hubble
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Fig. 2.2 Hubble’s law plot for type IA supernova. In this plot u is proportional to log(d).
The figure is taken from [84].

parameter using the local expansion history of the Universe at late-times come from the
Supernova HO for the Equation of States (SHOES) collaboration [168]. This cosmological
survey makes use of the properties of the Type la supernovae explosions. The current
measurement of the Hubble parameter by SHOES is 7 = 74.03 £ 1.42 which is clearly in
tension with the Planck’s measurement to more than 4¢ [169]. This Hubble’s parameter
tension between the two experiments is one of the most interesting paradoxes in modern
cosmology. This might relate to the inherent differences of the Planck and SHoES; the former
is based on the early universe physics and the later is based on the late-time measurements.
Moreover, both used the same equation of state for Dark energy and so if there are no
systematic errors in any of the experiments then one proposal could be that Dark energy
is not constant. This would require to modify the standard model of cosmology (see for

example [71, 70]). Future experiments will shed more light on how to resolve this paradox.

2.6 ACDM

The latest model of cosmology is the ACDM model which states that the universe is flat and
dominated by dark energy A and cold dark matter. We summarise this model in this section.

The critical density parameter p. o at the present time is defined as

2

3H,
Pe.0 = ﬁ = 1.878 x 107 2°K? kg m . (2.38)
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We define the dimensionless density parameter for each cosmological component which we

denote as /:
o =P (2.39)
pc, 0
The Friedman’s equation can be expressed as
2
= Qa +Qma > + a2, +Qp (2.40)
0
where Q; = —k/(agHp)? is the curvature density parameter. The precise measurement of

the black-body temperature of CMB we got from the COBE experiment is T = 2.72548 +
0.00057 K [87] which gives the value of the radiation density Q, = 9.140 x 1073, Other
density parameters €,,, 0, and Q4 as measured by the Planck collaboration are given as
follows [164]:

Qm =0.311140.0056, Qi =0.0007 £0.0037, Qp =0.6889 +0.0056. (2.41)

The matter density parameter Q,, is the sum of the cold dark matter density Q. = 0.2607 and
the baryon density €, = 0.04897. The curvature density is consistent with 0, which means
that the Universe is flat. During the matter and the radiation dominated era, any deviation
from flatness grows with time. However, the fact that we do not observe any deviation in
curvature from flatness shows that the fundamental physics parameters in the early universe
physics were finely tuned. This problem is called the flatness problem [72]. In order to solve
this problem, and some other shortcomings of the basic Big Bang model of cosmology, we

describe the theory of cosmic inflation in the next section.

2.7 Cosmic Inflation

In this section, we discuss the theory of cosmic inflation (for a useful review, please see [33,
84]). In Sec. 2.6, we described the flatness problem in the Big Bang model of cosmology.
Another problem is called the Horizon problem which is explained as follows. On very
large scales, the Universe is homogeneous and isotropic. We observe that the causally
disconnected regions now in the Universe seem to have the same temperature and densities.
How can these regions, beyond the horizon, are correlated with each other and contains
the same information. The theory of cosmic inflation provides a reasonable explanation
for these problems. It proposes that given any general initial conditions, an early phase of

accelerated expansion pushed the Universe towards the state of homogeneity and isotropy,
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Fig. 2.3 The illustration shows the horizon problem. If the observer &, observes two points,
p and g, in the opposite direction in the sky, then these seem not to be in causal contact in
the past. This means that the light cones do not overlap before the singularity, yet these
points seem to share the same information. This illustration is taken from [33].

and thus provides an excellent explanation to the flatness and the horizon problems [100,
33].

Cosmic inflation is the leading theory that succinctly describes the formation and evolu-
tion of density fluctuations. It predicts an early phase of accelerated expansion during which
the quantum fluctuations 8¢ in the scalar field ¢, responsible for driving inflation, were
stretched out and became the seeds to the growth of large scale structures. Understanding
the exact mechanism of inflation could tell us a lot about fundamental physics. The energy
scale of inflation is roughly 10'* GeV, which is much higher than the energy scales that we
can ever think of achieving in particle colliders. This energy scale is also very close to that
of Grand Unified Theories. In this sense, we can think of inflation as a gigantic collider that
can be used to extract information about fundamental physics. From particle colliders, we
obtain the information of particles interactions at different energy scales, which helps us
to identify the Lagrangian of the fundamental physics beyond the standard model. We can
extract the same information by studying the mechanism of inflation: the field(s) and types
of interactions that were present during the time of inflation, and whether we should expect
new particles. Identifying the right model of inflation and understanding its mechanism,
therefore, will significantly enhance our understanding of the fundamental physics at high

energies.

2.7.1 Horizon Problem

Let us introduce the concept of the horizon. The particle horizon is the maximum distance

that light can travel between an initial time 7; and the final time 7y. This means that the
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maximum distance that the current observer could have been influenced by the regions in
the past light cone. We define the particle horizon y,,, as

tdt Ina 1 .
Xph=T— T = /t E = /lnai (GH) 'dlna (2.42)
where (aH)~! = 2#~! is the Hubble horizon. The Hubble horizon is the maximum comov-
ing distance that particles will be able to move in one Hubble time. The Hubble time is
definedasty = H ' = dr /dIna. For completeness, we can also define the event horizon. It
is the maximum distance in the future light cone that we can influence. We define it as

v dt
Xev=Tf—T= /I M. (2.43)

In the FRW background, the expression for the particle horizon and the Hubble horizon
is the same; however, they differ from each other intuitively. If we say two particles are
at a distance [ apart, then if [ > J,;, they could never be in causal contact with each other.
Whereas if [ > .7~ they can never be able to communicate. In the standard Big Bang
cosmology, the Hubble horizon always increases. Inflation solves the Horizon problem by
introducing an early phase where the Hubble horizon shrinks. We discuss this in detail in
the next subsections.

2.7.2 Conditions for Inflation

One solution to the horizon problem is to introduce a period of time in the early Universe
when the Hubble sphere shrinks, that is

d
A <o. 2.44

~() .44)
Using this period the comoving horizon is shrinking and the regions which are casually
connected exit the horizon. Later when they re-enter the horizon they seem to be causally
connected. The initial time 7; can be expressed as

20, (143w)2

al , (2.45)

T; =
143w !

and from Eq. (2.44) implies (1 + 3w) < 0, which means 7; — o as a;— — 0. Fig. 2.4 shows
the extended spacetime region due to this condition. There are other popular ideas for

describing inflation which are all equivalent. We describe them as [33]:
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Fig. 2.4 This illustration, taken from [33], shows the solution of the horizon problem provided
by the theory of cosmic inflation. This shows that the singularity of the conventional Big
Bang model is replaced by the the time when inflation ended. Before that time the Universe
went through a phase of accelerated expansion. This shows that all points we observe today,
which appear not to have been in causal contact in the Big Bang model, now seem to be in
causal contact during the inflationary period.
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* Period of acceleration: The shrinking Hubble radius implies the accelerated expan-

sion. This is descried as

S ) =) = (2.46)

Using Eq. (2.44) we get d > 0.
* Slowly varying Hubble parameter: We can also write the condition as

d . aH +aH 1 _H
E(CIH) :_W:_5<1_8)’ where :_ﬁ (247)

The shrinking Hubble radius implies that € < 1.

* Negative Pressure: For a perfect fluid with pressure P and density p, the Friedman

equations imply

. 1 H? 3P
H+H?>=—— 3P )= ——[1+—]. 2.48
P
Using this we write
H 3 P 1
S —— I 1 — — 2.49
e 72 2( —l—p) < w < 3 ( )

where w = P/p. This shows that negative pressure causes inflation.
* Constant density: If we combine the continuity equation with Eq. (2.48) we get

dlnp
dlna

=2e< 1. (2.50)

This shows that for small €, which is required for inflation, we need the constant energy
density, unlike the ordinary matter which energy density dilutes with the expansion of

the Universe.

2.7.3 The Physics of Inflation

We discussed that for inflation to occur we need

H dinH
=—— =— 1. 2.51
£ ="H AN @51
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Once the inflation has occurred. We need a condition for it to last for at least 60-efolds. We
define dN = dIna = Hdt which measures the number of e-folds N of inflationary expansion.
To solve the horizon problem we need inflation to last for a long time and therefore we need
N to be within the range of 40 to 60 e-folds. This condition is parametersied by

€ dlng

_ 1. 2.52
He  dlna = (2.52)

n:

This shows that if the fractional change of € per Hubble time is small then inflation lasts.
These two parameters, € and 7, are know as slow-roll parameters. The conditions for

inflation can be summarised by € < 1 and n < 1.

2.7.4 Slow-Roll Inflation

In this subsection we discuss the microscopic origin of the physics of inflation. The simple
single field slow-roll inflation model depends on a scalar field ¢ (z,x), called the inflaton
field, coupled with the gravity. This field contains a potential energy V (¢ ); the shape of the
potential is described as shown in Fig. 2.5. The most general action, without specifying the
form of the potential, is

4 Mzzvl 1
S:/d /=8| LR = 50,0949~ V(9)|. (2.53)
The background is described by the flat FRW metric
ds? = guydxtdx” = —dr? +a?(r) §;jdx'dn/, (2.54)

where a(t) represents the scale factor describing the expansion of the universe and x' are
the comoving spatial coordinates. We can split ¢ (¢, x) into the background field ¢ (¢), which
only depends on time, and perturbations ¢ (z,x), which depend both on time and space. Let

us introduce the background stress-energy tensor:

2 8S

1 (o)
Tav = v = W09 —8uy (5079950 +V(9)). (255)

where

1- -
T = —p = Energy density: p = ¢ +V(¢),
- L (2.56)
T; = P6j = Pressure: P = 5(1) —V(9).

Given this stress-energy tensor, the Friedman equations become:
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Fig. 2.5 Potential in the slow-roll inflation. The inflaton (in red) rolls down the potential,
causing inflation. The shaded regions describe the regions where inflation happens. When
the potential energy converts into kinetic energy at the end of the potential, inflation ends.
The figure is adapted from [33].

2 p - 1 l; -
=, = e, <2¢ +V(¢)> (2.57)
He— (p+pP)= _ (2.58)
M M) '

where M), = (87rG)_1/ 2 is the reduced Planck mass. By taking the time derivative of the
first Friedman equation and using the second give us the Klein Gordon equation of the
inflaton in the unperturbed FRW background:

d+3HO+V (§)=0 (2.59)

where H = d/a is the Hubble’s parameter and vV =av /d¢. We see the expansion of the
universe introduces the friction term which slows down the rolling inflaton. Substituting
Eq. (2.58) in Eq. (2.51) we get
H ¢
E=—— = (p—

<1. (2.60)
H  2M;H?

For inflation to occur the kinetic term of the scalar field should be small. We define now the

dimensionless acceleration per Hubble time as

6E—i (2.61)
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For inflation to persist 6 should be small too. Taking the time derivative of € we write 1] as

€ 20 HH sy (2.62)

"“He ¢ HET

This shows that € < 1 and 6 < 1 implies < 1. Using these slow-roll approximation we
can simplify the Friedman and Klein-Gordon equations. The condition that € < 1 implies

the Friedman equation to simplify as

1%
H?>~ . (2.63)
3Mp

and the condition d < 1 simplifies the Klein-Gordon equation to become
3H¢ ~ -V’ (2.64)

using these simplified equations we can describe the relation between the gradient of the

potential and the kinetic energy of the inflaton. The € can be written a s
2
£2 M2 V/
= (V) (2.65)
2Mp, H? 2 \V
and also with some computation we can get

iy H V//
6+£:—Hi¢—}7zM§17. (2.66)

These results show that one another way to describe the slow-roll parameters are in terms of

2
M (v H V"
evE—p<—) L Ivl= g 20 (2.67)

potential:

ply,

Another way to describe the conditions for inflation are: &y < 1 and |ny| < 1. One can see
that for a nearly flat potential the slow-roll conditions satisfy and inflation happens as shown
in Fig. 2.5.

2.7.5 Metric Perturbations

To test the predictions of inflationary models against observations we have to compute the
statistical properties of the field’s fluctuations. The most convenient variable to use is the
comoving curvature perturbation denoted by . Simple inflationary models predict that the

curvature perturbations for adiabatic primordial fluctuations are conserved on super-horizon
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scales, i.e. kK < . This means that these modes got frozen when they exit the horizon
during inflation but re-enter the horizon at late-times. Because of this property they contain
useful information about the inflationary mechanism (see Fig. 2.6). To study the statistics of
£, let’s first start with the perturbed FLRW metric:

ds® = & (7) [— (142A)d72 + 2Biddx + (8 + Iy j)dxidxf] . (2.68)

These perturbations can be decomposed into scalar, vector and tensor parts. The vector
part B; can be further decomposed into a scalar part §;B and a divergence-free vector which
satisfies 8‘B_0. Since the vector perturbations do not have any source it decays with
expansion and so can be ignored. The tensor part /;; can further be decomposed into a scalar
part, 2C6;; +26;0; E, a divergence-free vector part, 25(,-E j)» and a traceless tensor 2E;;. We

introduce some notations and to explain them we define:
1
0,0/ E = (a,-aj -390 jV2> E, (2.69)

A 1 A A
5(,-Ej) = E <85Ej + 8jE,-> . (2.70)

All these comprises of 10 degrees of freedom, and not all are physical. In the GR, a general
choice of coordinate system can introduce non-physical degrees of freedom which can
be eliminated either by using a different coordinate system or by fixing a gauge. We can
also work with quantities which are gauge-invariant and do not depends on any choice of
coordinate system. Let us choose a general coordinate transformation, i.e. x*— — ¥ =
x* +nH. We apply the SVT decomposition using & = (£9,9,¢ + 51) Using this we can
eliminate 2 scalar degrees of freedom and 2 vector degrees of freedom. In a spatially-flat
gauge, where C = E = 0, we can see that scalar perturbations 0 ¢ is related to the curvature

perturbations § by

H
{=-228¢. 2.71)
0

2.7.6 Statistics of Scalar Perturbations

To check the predictions of the inflationary models against observations, we have to compute
statistical properties of {. The one-point function, which is simply the ensemble mean of
the field, is considered to be zero, i.e. ({) = 0. The power spectrum, which is simply the

two-point correlation function in Fourier space, is defined as

(C(K)¢(K)) = (27)* 8p (k+K') P (k). (2.72)
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Fig. 2.6 Ilustration of the evolution of curvature perturbations . On super-horizon scales,
modes k < ¢, exit the horizon due to shrinking Hubble sphere, and got frozen. These
frozen modes re-enter the horizon at late-times after reheating and have significant impact
on the temperature fluctuations of the CMB. The figure is adapted from [34].

Due to the delta function, the power spectrum only depends on the magnitude of the Fourier
mode. As inflation predicts a scale invariant spectrum, it is convenient to introduce the
dimension-less power spectrum defined as

k3
A (k) = 3P (k). (2.73)

It is convenient to change the variable from 8¢ to { at the time of horizon crossing when
k =aH. We can use Eq.(2.71) to write Eq.(2.73) as

2
aH 1
A2 — [ H1) A2 ) _ A2 2.74

C(k) ( ¢_) > 59 k=aH 28Mp] o9 k=aH 2.74)

where € is the slow-roll parameter. For single-field slow-roll inflation the power spectrum of
8¢ in the super-horizon limit is A% o= (H /27)? [109]. This means that A% depends on H
and € which are slowly varying variables during inflation. As we are evaluating A% at the

time of horizon crossing it remains scale invariant such that we can define it as

ns—1
2 . k
A% (k) = A, (k—> (2.75)

where A; is the amplitude of fluctuations measured at the reference wavenumber k. and n;

is the spectral tilt of the power spectrum. For single-field slow-roll inflation we define the
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2 k1

Fig. 2.7 The illustration shows three triangle configurations of bispectrum. The figure is
adapted from [120].

spectral tilt as

dlnA% , ,
ng—1= ik =~ £E—nm. (2.76)

This result shows that inflation predicts a small deviation from the exact scale invariance of

the power spectrum. If the primordial scalar perturbations are Gaussian then the statistical
properties are defined only by the power spectrum. However, if the primordial fluctuations
are not Gaussian then more interesting information is given by the higher point functions.
The lowest order statistics which contains the non-Gaussianity information is the bispectrum,

which is simply the three-point correlation functions in Fourier space:

(C(k1)¢ (k)¢ (k3)) = (27) 8p (ki + ko + K3)Bg (ki ko, k3) (2.77)

where the Dirac delta function imposes the restriction that the three Fourier modes should
form a triangle, i.e. kj + k> + k3 = 0. Three particular configurations of triangles are given
in Fig. 2.7. We define the shape of the bispectrum as

B(klak27k3)
7]
At

Moreover, we define the amplitude of the bispectrum, fnr, in the equilateral configuration
as [119]

S(ky,ky, k3) = (kikaks)?. (2.78)

k6
SNL = A_zB(k’ k,k), (2.79)

¢
where all three k; are equal. An important type of non-Gaussianity, which we are also going
to discuss later in this thesis is the local-type. If we assume the perturbation to Gaussianity

is local in real space we can Taylor expand the non-Gaussian local field as

G (%) = G () + 3 A (G306) — (2)) @2:80)

It has been shown that local-type non-Gaussianity has unique 1/ k? type imprint on

late-time observables [153] which we will discuss in Chapter 5.



Large-Scale Structure of the Universe

In the previous chapter, we discussed that inflation created the initial conditions for the
Universe. These initial conditions are defined by primordial curvature perturbations which
then evolved into other cosmological observables at late times. The evolution of primordial
perturbations is non-trivial as it depends on several factors and also on the fact that modes
enter the horizon at different times. The Transfer function, defined by 7T (k, z), captures this
information at least at the linear order. This function relates the linear matter density 0y,
with the primordial density field & at high redshift z: n(k,z) = T'(k,z)J,(k). The linear

power spectrum can be written as

PBin(k,2) = T?(k,2) Py (k) (3.1)

where the primordial power spectrum P, o< k" for slow-roll single-field inflation. The transfer
function can be calculated numerically using packages such as CAMB [127], CMBFast
[186], and CLASS [125]. A general idea to calculate the transfer function numerically is by
tracing the interactions of matter and radiation during the radiation domination era and then
by evolution of linear density field in the matter domination era [109].

The two important late-time observables in cosmology are CMB temperature anisotropies
defined by ® = VT /T and the matter overdensity field which defined in real space as

5(x) = 2P (3.2)

where p is the background matter density field. The matter density field is considered
as a continuous field which interacts with other matter through gravity. The gravitational
evolution of matter induces nonlinearities in the matter field at late-times. So even if
there are no non-linearities in the initial conditions, the gravitational evolution introduces
non-linearities in the dark matter distribution at late-times. The clustering dark matter
forms gravitationally-bound, virialised dark matter halos, and inside those halos galaxies
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are formed. The dark matter halo field &, is a discrete field defined in term of the halo
centres. The galaxies are born inside dark matter halos and therefore provide a way to trace
the distribution of dark matter. The clustering of halos or galaxies (defined by &, or J,
respectively) is not the same as the clustering of dark matter, instead, it is biased compare to
that of matter. We define the overdensity of galaxy field in terms of the number density n(x):

5y(x) = A1) (3.3)

n

where 7 is the number density of the discrete tracer. We study the biasing relation of the
discrete tracers of the matter density field in this thesis. As we mentioned that gravitational
evolution induces non-linearities in the matter density field, so even if the initial conditions
are Gaussian, the matter density field will have a non-vanishing bispectrum. In Fourier space
the matter bispectrum is defined as

<3(k1)5(k2)6(k3)> = (277,')351)(1{1 +k2+k3)35(k1,k2,k3). (3.4)

In this chapter, to calculate the statistics of the clustering of the late-time matter density
field and discrete tracer fields, we develop the framework of cosmological perturbation theory.
We introduce the standard perturbation theory (SPT) which provides a framework to study
non-linear dynamics of matter fields. We introduce Eulerian and Lagrangian Perturbation
Theory. Lagrangian Perturbation Theory (LPT) is useful to generate the initial conditions in
N-body simulations. We shall discuss the shortcoming of SPT and introduce the framework
of Effective Field Theory of Large-Scale Structure (EFTofLLSS). We also discuss biased
tracers and the statistics of biased tracers.

3.1 Standard Perturbation Theory (SPT)

In this section, we derive the equations of motion and discuss the standard perturbation
theory (SPT) following [12, 37, 109]. First, let us consider the Newtonian limit, that is small
distance x < H~! and small velocities v < 1. In the Newtonian limit, we can write the

equation of motion for a particle as
i=—-V,® (3.5)

where r is the physical position defined as r = ax and & is the gravitational potential. The

derivative of the physical position with respect to the physical time can be expressed in terms
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of the comoving position x as = 7#’x+x'. The eq. (3.5) can now be written as
. 1 / / 1 1
r:—<%x+%x —|—X>=—VCI). (3.6)
a a
We identify u = x’ as the peculiar velocity and define the peculiar potential as
1 2
@z—zﬁx +9, (3.7)

where the derivative of the Hubble parameter is defined as 7#” = —4nGap /3. We can write
the equation of motion as
u +u=-Vo. (3.8)

This is a good approximation as the Universe now is A-dominated and most of the structure
formation takes place in the matter-dominated era. We write the Poisson equation in terms

of the comoving quantities as
3
V29 = 4nGa*ps = z3%29,,1(1)5,”, (3.9)

where we assume that perturbations are sourced by matter only. From this equation we can
see that the peculiar potential is sourced by the density fluctuations 8.

Now we discuss the Vlasov equation. The distribution function f(x,p, 7) of particles
in the phase space is a function of conjugate momentum p and position x. The conjugate
momentum is defined as p = amu. The total number of particles in the volume d*x having
the momentum distribution d*p is given by dN = f (x,p, T)d3xd3p. The Liouville theorem
asserts that the distribution function along the phase space trajectory of collision less particles
is constant. This leads us to the Vlasov equation defined as

df 9f ~dx df _dp of

dt g; d; ox drt apaf (3.10)
:E_y%-Vf—adeb-a—p:O.

This Vlasov equation is very complicated to deal with because it is a non-linear partial
differential equation. Non-linearity comes from the gravitational potential. We take the
moments of the distribution function and the Vlasov equation to obtain the set of equations

in position space. The zeroth-, first- and second moments of f(x,p, ) describe the energy
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density p, the peculiar velocity flow u; and stress tensor o;; in the following way:

p(x,7) =2 /d3pf X,p, 1), (3.11)
wlx 0= o o [ap D pxp ), (3.12)
Gi(x,T a3/ a3 p’pf F(%,p,T) — i (3.13)

The zeroth order moment of eq. (3.10) gives us the continuity equation

8 (x,7)+ V- [(1+5)u(x,r)} —0 (3.14)
and the second order moment gives rise to the Euler equation (or the conservation of
momentum)

/ 1
u (x,7)+u(x,7)+u(x,7) Vu(x,7) + VO(x, 7) + l—)Vj(pGij) =0. (3.15)

In principle we can achieve a hierarchy of equations by taking higher moments, which will
couples the equation of motion for the n-th order moment of the Vlasov equation to the
n+ 1-th moment. However for pressureless cold dark matter we can make a good assumption
that all moments higher than velcocity vanish. This is a good assumption in the linear regime
and for the late-time (non-linear regime) it should be validated suing numerical simulations.
We set 0;; = 0 and write u in terms of a divergence term 6 =V -u and curl w =V x u. The
equation corresponding to the curl can be ignored in the absence of any anisotropic stress
and primordial velocity.

3.1.1 Linearized Equations

It is interesting to see the solution to the linearized equations. Let us neglect the quadratic

terms in the continuity and Euler equations:

8+6=0 (3.16)
u +#u=-Vo. (3.17)

In terms of divergence and the velocity vorticity we can write the Euler equation as

0'+ .26 =—A¢ (3.18)
W+ #w=0. (3.19)
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It is straightforward to solve the vorticity equation. The solution is w o< ¢~!, this means that
vorticity decay at linear level with the scale factor. To solve Eq. (3.18) we take the time
derivative of Eq.(3.16) and replace 6’ with Eq. (3.18). Also using the Poisson equation in
the resulting equation we get the second order differential equation:

8" (k, 1)+ 28 (k,T) — %Qm(f)%26(k, 7) =0. (3.20)

This equation has two solutions: one is a decaying mode solution D_(7)d_ (k) and another
is a growing mode solution D (7)04 (k). The full solution is the combination of both:
O0(k,7) =D_(1)0-(k) + D4 (7)0+ (k). The decaying mode factor is defined as D_(1) =
 /a and the growing modes factor, which is also called the growth factor, is described by

dd’

a(t)
D.() = DaoH(x) | ot (3.21)

where D ¢ is a normalisation factor. We can use the normalisation factor to fix D (a=1) =
1. For an EdS Universe, we can get the exact form solutions as: D =a and D_ = a2,
This shows that in matter-only Universe the growth scales as the scale factor. Unlike EdS,
in the ACDM Universe, the structure grows initially but at late times the growth stops as
the Universe become dominated by the dark energy. From now on we represent the growth

factor as D. Sometimes we see logarithmic growth factor, which is defined as

B dinD
~ dlna’

f (3.22)

3.1.2 Fluid Equations in Fourier Space

We have discussed solutions of the fluid equations in the linear regime. Our goal is to solve
full fluid equations. It is convenient to work in Fourier space instead of real space because
we can consider the evolution of each Fourier mode. In Fourier space the continuity and

Euler equations can be written as

08 &’k d’k; (ki +kz) -k
$<k’ T) + 9<k, T) = —/WWgD(kl —|—k2 —k)k—%e(kl, T)S(kz,f),
(3.23)
20 3 5 B &’k d’ky (ki + k)% (kg - ko)
T, 7) A0k, 7) 50 25 (,7) = [ s s e

% 0(ky,7)6 (Ko, 7).
(3.24)
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The quadratic terms have introduced mode coupling terms in the Fourier-space field equa-
tions. These mode coupling terms encode all information about non-linear dynamics. It is
conventional to call them o (k,k;) and B (k;,k»):

ki - (ki +ky)
K

kike 1k ke (ke ki (k- kp)?

k%k% 2 kiky k] kz k%k% '

(3.25)

(X(kl,kz)

(3.26)

B(ki,ka) = - (ki +ka)

| =

3.1.3 Perturbative Solutions

Eq. (3.23) and Eq. (3.24) are coupled differential equation and so the general solution does
not exist. However we can solve them using Perturbation Theory. In an EdS Universe
the growing mode factor is D = a and so solve those equations perturbatively we use the

following ansatz:
7)=Y a"(1)6"(k) and  O(k1) Z JK).  (3.27)
n=1 n=1

We can write the nth order solutions for &, and 6, as convolutions of n linear density fields:

a0 =TT L% 5014 b 27380 (k-
5900 =13 [ 0" (@) 0 ok —ar Fian 0 (328

3
6" (k) = H { / 2! )<ql>}<2n>36D<k—q1...n)Gn(q1,...7qn> (3.29)

where q;., = q1 + -+ q, while F, and G, are gravitational coupling kernels, defined

explicitly using the following iterative expressions:

F qla 7qn = Z ql, ’qm)

2n+3 n—l) (2”+l)a(ql...hqi+1...n)Fn—m(qm+la--~aqn)+

213 (ql...iaqH—l...n)Gn—m(qm—i—l; e 7qn) s

(3.30)

qla 7qm>
(2n+3)(n—1)

G qla 7qn Z [306011...1‘,(li+1...n)Fn—m((lm+1,---»(ln)+

(3.31)
znﬁ (ql...iaqi+1...n)Gn—m(qm+17- .. 7qn> .
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To obtain physical intuitions, we write down the explicit expressions for these kernels. For

n = 2 the density kernel reads as

5 1q. 2 (q1.q2)?
q Q2<@+@>+ (91-92)

5 2
2(a1,02) = Fo(@n@) + 2 Blana) =5 +5° () 7z O
and similarly the velocity kernel reads as
3 4 3 laiq/q | g2\, 4(q1-q2)°
GZ Q) = - O y 42 += 1,42 =-+3 (_+_) = . (333)
(ar,@) = golan @) + 7B (@ @) =5+ ==+ )+ 5 o
The F, kernel can be written slightly differently as
17 lq@fqg , @), 2@ e? 1
Fy(q1,q2) =~ + = e N (3.34)
(@02) 21 2 qug2 (612 a) 7| 4ig 3

In this expression the first term is the density term, the second is the shift term and last term
is the anisotropic stress term. In real space the second order density field consist of the

growth term, the shift term and the tidal term defined as

82 (x) = %52(") —y(x)-V8(x)+ %sz(x), (3.35)

where the quadratic tidal term is s?(x) = s;;(x)s;;(x). The tidal tensor is defined as

Vv 1
5ij(X) = ( sz B 551'(/'[{)) 6(x), (3.36)

where §K) is the Kronecker delta and V; is the gradient operator. In Eq. (3.35), the shift
term is y(x) - VS (x) is the shift term.

One of the interesting features is that we can represent the series solutions in eq. (3.27)
diagrammatically. The initial density field §") contains the information about the initial
conditions. 8 and 6" are represented, in the diagramatic approach, as the vertex with n
external legs 8(1) and (1) and are defined in terms of coupling kernels F, and G, respectively

in the following way
kn

(k) = = 278D (ki + -+ K, —K)Fy(Ky,....k,)  (3.37)
kq
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kn

6" (k) = C = (218D (ki + -+ ky—K)Gu(ky,....ky).  (3.38)
T

The coupling kernels have interesting UV and IR properties. For example when the total
momentum k = Kk; +Kk; ... goes to zero, but individual momenta k; do not go to zero then
Fn(s) — k?. Similarly, when one of the momenta becomes very large, the kernels obey the
scaling law such as

. K2
qh_rgan(klw-'?kn—Zaqa_q) o< ? (3.39)

0.

and similarly for G

We have discussed the solutions in the EdS universe. Since the difference between the
results derived above for an EdS Universe and a ACDM Universe are small, one can easily
generalise these results to any cosmological model by replacing a(7) by the general growth
factor D(t) which depends on €, and Q4 (see [37, 183, 203] for more details). Therefore,
for ACDM cosmology, the series solutions in eq. (3.27) can be generalised to

Sk,t)=Y D'(1)8"W(k) and  B(k,7)=—2£(7)f(1) Y D"(t)0") (k). (3.40)
n=1 n=1
where f(7) is the logarithmic growth factor.

3.1.4 Feynman Rules

It is quite convenient to define Feynman rules to compute N-point correlation functions of
density fields. The Feynman rules for computing the n-spectra are defined explicitly in [18].
For calculating the i order diagram for the n-spectrum we follow the following rules. First,
draw all possible connected diagrams with n external legs and assign each vertex the factors
defined in eq. (3.30) and eq. (3.31) depending if we are computing correlation functions of
0 or 0 respectively. We follow:

1. For each vertex with ingoing momenta k; and outgoing momenta k we assign a
delta function (27)38p (k =Y ki) and a coupling kernel F;,(ky,...,k;,) (or G, or any
another coupling - for instance, later in this thesis we will talk about quadratic and

cubic galaxy bias couplings.)

2. For each vertex with outgoing momenta k and kK’ we assign a linear power spectrum
(27)%8p (k + k') Pin (k)
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Plin

Fig. 3.1 The Feynman diagrams in this figure represent the linear power spectrum B, (left)
and one-loop terms, that is P>, (middle) and P;3 (right).

3. Integrate over each loop momenta [ d’k;/(27)3

4. To take into account the different permutations multiply the factors by the symmetry

factor n!, where n is the number of external legs.
5. Sum over all labels of the external lines.

Finally we add up all the contributions from all diagrams.

3.1.5 Power Spectrum

So far we know that the non-linear density or velocity field can be expressed as product of n
linear density fields. If we want to compute the n-spectra we have to cross correlate these
non-linear fields. The cross correlation of two non-linear density fields give rise to power
spectrum in Fourier space. The leading-order term in power spectrum is the second-order
term in the linear density field. The next-to-leading order terms are fourth order in the linear
density field by Wick theorem. Since the linear density field is a Gaussian random field
the odd correlators always vanish and so there is no term in the power spectrum which
is third order in density fields. The next-to-leading order terms are also called one-loop
terms and contain one inner momentum to integrate over. There are two distinct power
spectrum diagrams at the one-loop level. One is obtained by cross-correlating the second-
order density field by another second order density field. The other diagram is obtained
by cross-correlating the linear density field with the third order density field. We write the

power spectrum at one-loop as
(3()8(K)) = (8D )8V () ) +2(8DR) I () ) + (82 ()8 () ) +... (34D

This gives rise to
P(k) = Bin(k) +2P13(k) + P (k) +... (3.42)
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Fig. 3.2 Various contributions to the matter power spectrum up to one-loop in perturbation
theory. The blue curve represents the linear power spectrum. Blue and red curves represent
Py, and | P3| respectively. The one-loop contribution to the matter power spectrum is plotted
in Orange, and the total (linear + one-loop) is plotted in Black.

where
(s) IPNE
Po(k) =2 / 29 p(k—q))Rin(e) [F (0. k—q)] (3.43)
d3 s
Pilk) =3 [ 565 Pin ) Bin() i (k —a.). (3.44)

The diagrammatic representations of linear and one-loop power spectrum terms are given in

Fig. 3.1. In Fig. 3.2 we plot the linear power spectrum and the loop terms.

IR and UV behaviour of one-loop terms

Previously we discussed the high-k and low-k limits of the mode coupling kernels. It will be
interesting to see how the loop terms behave in the limit of very large and very low external
momenta. In the low-k limit (which corresponds to large scales), P;3 behaves as

3 16 2k 61
lim Py3(k 3/ q 1‘“2 ( ———+...>: —k?Bin (k)2 (k) (3.45)

k<q 210 3542 210
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Fig. 3.3 The high-k and low-k limits of P;3 and P»;.

where 63 = (1/3) [ d°q/(2%)*Pin(q)/q*. The high- limit (or short scales) of Py3 is given
by

. 1 [ &g Rilqg) 1164  1884" 1, >
lim Py3(k) = —= 1— = —+... | = —=k"Pin(k)og (k).
fim Prs(k) = =3 2r)} ¢ 1056 245K T 2K Hin(k)og (k)
(3.46)
Similarly we can look at the low-k and high-k limits of the P>, integral. In the low-k limit,

the P>, term behaves as

. 9 4 [ d°q PL(q)
lim Py (k) oc —k* [ =9 Tin\4) 3.47
pim Poa(k) o< 5g / 2n)? ¢ (347)

Finally, in the high-k limit the P>, term behaves as

k>q 735 105 dk 10" dk2 | J (27) (27)3

56 47 4P 1 ,d*P
:< ) k— + —k*——

P (k) — —
735le() 105 dk+10 dk?

> o2 (k) + k*Pin (k) o3 (k)

(3.48)
We see from eq. (3.46) and eq. (3.48) that in the high-k limit the positive contribution from
Py, is cancelled by the negative 2P;3 contribution. We plot P>, /k* /P, and Pj3/k? /By, in
Fig. 3.3 to understand high-k and low-k limits. In the high-k limit both terms asymptotes to

2
oF.

q

. 569 47 dP 1 ,d*P d? 1 dqg P
lim Py (k) o< <—Pun(k)— k—+—k2—> / —q3Plin(q)+§k2Phn(q) / q hngq

)
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One of the problems is that based on the initial conditions, that is for a scaling universe
when P, o< k", the loop terms are either UV or IR divergent based on the value of n as
given in Table 3.1. These loop divergences are one of the shortcomings of SPT and we will
discuss in the next section how Effective Field Theory of LSS deals with such problems.We
can see that when the internal momenta goes to zero, that is ¢ — 0, both terms P;3 and P>,
have IR divergences. The term P> has another IR divergence when ¢ — k. We can get rid of
these divergences either by having an IR cut-off or by computing the loop terms together
using a single integral as discussed in [44]. The one-loop IR-safe integral is defined as

d3q

Pl-loopIR-safe(k):/W{Pl3<Q)+PZZ(‘])®<|k_q‘_q)+P22(_q)®<|k+q|_q)}

3
- / (;‘qu{mm(min(q)FQ (k,q,—q)
+ Pin(9) Pin([k — q]) [F,” (0, k— q)] *© |k + g — q)

+ Pin(9) Pin([k+ ) [F)” (—q,k + )] ©([k+q| — q) .

(3.49)
UV-divergent | IR-divergent
P n>1 / 2 n<-—1
P13 n>-—1 n<-—1
Pl—loop n>-—1 n<-3

Table 3.1 Convergence properties of one-loop power spectrum terms based on different
values of the initial conditions.

Two-loop Power Spectrum

The next-to-next-to-leading order contributions are called two-loop terms. There are four
distinct terms at this level. These terms contain two loop integrals. The full power spectrum

up to sixth order in density fields is given by

(51)3(K)) = (8D a8V K) ) +2(8D KRS (W) ) + (52 (k)6 (K))

+2(8MW a8 K ) + (89108 () ) +2(52 (k)5 (K ) (3-50)

which leads to
P<k) = Plin (k> +Pl-100p (k) +P2-100p (k) (351)
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Fig. 3.4 The Feynman diagrams for various two-loop terms of the matter power spectrum.

where the two-loop power spectrum consists of four distinct terms:
P> 100p (k) = Pi5(k) + Poa(k) + Pis(k) + P35 (k). (3.52)

These four two-loop terms are explicitly defined as

Poy(k) = 12 /q ) F(—qo, ~k+ @) F (a1, —q1, @2,k — 02)Bin(q1) Bin (02) Pin (K — @),
1 2

(3.53)
Pis(k) = 15/ / Plin(CII)Plin(CIZ)F5(S)(k>q17_q17q27q2)7 (3.54)
q1 Jq2
s 2
P§§)(k)=6/q ; Ain(q1)Pin(92)Ain((k — q1 — q2) [Fj;()(QIa(IZak_(Il_(IZ) . (3.55)
1 2
PR
P (k) = Pin(k) | 3 / F(q1,—q1,K)Pin(q1)| = 2. (3.56)
q1 Plin(k)

Diagrammatically these terms are described in Fig. 3.4. For more details about properties of
two-loop terms we refer to [44, 17]

3.1.6 Bispectrum

The initial density field is a Gaussian random field and so the odd correlators vanish.
However, the late-time gravitational instability induce non-Gaussianity in non-linear density
field. This non-Gaussianity contribution can be studied by 3-point correlation function or

bisepctrum in Fourier space. The correlation of three non-linear density fields are defined as
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Fig. 3.5 The tree-level and the one-loop bispectrum terms are plotted for equilateral configu-
rations ( k; = ky = k3).

(8(k1)S(ky)S(k3)) = <6(1)(k1)6(1)(k2)6(2)(k3)> +2cyc+...

(3.57)
= (27)38p (ki + k2 + k3)B(Kk, ko, k3)
where the leading order bispectrum is defined as
B(ki,ky,k3) = 2F(Kky,K2)Bin (k1) Pin(k2) + 2 cyc. (3.58)

The leading order bispectrum is fourth order in the initial density field and so we can
represent it as By1;. The delta function in Eq. (3.57) imposes k| + k; + k3 = 0 in order to

have a non-vanishing correlator.

One-loop Bispectrum

The next-to-leading order, or one-loop, bispectrum is sixth order in density field. There are
four distinct bispectrum terms possible at the one-loop level (for more details see [26]). The
SPT bispectrum at the one-loop level is defined as

Bi10op(k1,k2,k3) = Boa + Bl + B, + Bari (3.59)
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where these four terms can be defined explicitly as

By = S/FZ(—(],(]kl)FZ(Q"’kl,_Q+k2)F2(k27_q>q>Plin(q)Plin(’q+kl‘)Plin(‘q_kZDa
q

(3.60)
Bly) = 6Pin(ks) /q Fy(—a,q— K, —k3)F> (4, K> — @)Pin (9) Pin (| — ko), (3.61)
BYy, = 6F(ky, Kk3)Piin(k2) Pin (k3) /q F3(k3,q,—q)Pin(g) +5 perm, (3.62)
Batt = 12 (k) Pin (ks /q Fi(,—,—ks, —K3)Pin (q) +2 cyc. perm. (3.63)

For equilateral configurations, we plot the tree-level and one-loop bispectrum terms in
Fig. 3.5.

3.1.7 Shortcomings of Standard Perturbation Theory

Although SPT provides a basis for the solutions of fluid equations to explain matter inhomo-

geneities, it has several shortcomings:

» The density contrast is not small on all scales and so we do not have a clear expansion

parameter.

* We assume perfect pressureless fluid, however any deviation from a perfect pressure-

less fluid is not explained by the SPT framework.

* For generic initial conditions the loop corrections can be UV divergent and require
a UV cut-off that means the SPT predictions are all UV cut-off dependent, which is
clearly unphysical.

In sec. 3.2 we introduce the Effective Field Theory of Large Scale Structure (EFTofLSS).
The EFTofLSS provides answers to these shortcomings and provides physical, cut-off

independent predictions.

3.2 Effective Field Theory of Large-Scale Structure

Note: The EFTofLSS review is closely adapted from [12]; for more detailed discussion we
refer the readera to that review.

Let us review what we have understood so far. The late-time structure formation in
the Universe is highly non-linear. One of the main non-linearities is non-linear matter

clustering due to gravity. We can model it by a perfect pressure-less fluid, the equations
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of motion of which could be obtained by solving the Boltzmann, Euler and continuity
equations. The equations of motion are highly complex but can be solved numerically. To
make analytical predictions, however, we can solve them perturbatively using the standard
perturbation theory (SPT). On large scales, which correspond to low wavenumbers k, where
non-linearities are not present the SPT describes the statistics of LSS very well. However,
the predictions of SPT start to deviate beyond the linear order where non-linearities become
important. Moreover the loop corrections are UV divergent and require a UV cut-off A.
Let’s understand it a bit more specifically and consider the variance of modes below a cut-off
k < A:

1 A A3Pin(A)
A

This variance is a growing function of A. Later we in this section we use the non-linear

(3.64)

wavenumber knp, which is defined as the scale around which the perturbation theory breaks
down.

Fortunately, the framework of the Effective Field Theory of Large Scale Structures
(EFTofLSS) provides a powerful framework to expand the scope of SPT [15, 28, 35, 44, 46,
157]. The underlying idea of the EFTofLSS is that it integrates out the short scale modes and
takes into account their effects on the large scale dynamics. The physical effects of short
scale modes are to introduce non-linearities in the perfect cosmological fluid description by
adding terms corresponding to speed-of-sound, dissipative corrections, and the stochastic
noise. These terms respect the symmetries of the equations of motion and have the same
form to cancel the UV divergences that emerge from the PT loop integrals.

The EFTofLSS not only provides a powerful theoretical framework which can be used to
make good predictions, it also provides a systematic way to model theoretical uncertainties.
Usually, theoretical uncertainties are neglected when analyzing data, even though they could
have a significant impact on constraining the cosmological parameters. Imagine, if the signal
of some new physics is within the theoretical uncertainties of the model then no matter
how state of the art the experiments are, we will never be able to detect that signal. The
significance of theoretical uncertainties in forecasting is discussed in detail in [25].

It has been shown that the EFTofL.SS prediction for the two-loop dark matter power
spectrum agrees with 1% precision with the N-body simulations up to kpax ~ 0.34 Mpc ™!
[15, 44] and the one-loop bispectrum up to kmax ~ 0.22h Mpc*1 at redshift z =0 [28]. In
contrast to SPT prediction where the power spectrum starts to deviate from the simulation
dataatk ~ 0.1h Mpc_l , the EFTofLLSS has shown that it can increase the number of modes
27 times compared to the SPT:

0.1hMpc—1\3 0.3hMpc—1\3  NEET
M~ () MR~ () s e e (3.65)
min min LSS
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Standard perturbation theory

*
Effective field theory A kN L k

Fig. 3.6 This illustration describes the hierarchy of scales in perturbation theory and effective
field theory. The EFT description is valid for A < knp. The figure is adapted from [35].

where NESPg and NEEST are the number of modes in LSS predicted by SPT and EFTofL.SS
respectively. The signal-to noise ratio in LSS depends on the volume of the survey and
/Niss. Since the signal-to-noise ratio depends on kpay, achieving even a slight improvement
in the knax can make a huge difference. In Fig. 3.6 we define the hierarchy of scales involved
in SPT and EFTofLSS. In the rest of this section we discuss the basics of EFTofL.SS following
[12, 44].

3.2.1 Coarse-grained Equations of Motion

The equations of motion of an effective fluid can be obtained by smoothing the Vlasov
equations and by taking its corresponding moments. This process can remove modes above
a cut-off, that is scales k > A which correspond to small wavelengths A < 1/A. The cut-off
is taken as A < knp. The smoothing function is not important but we use the Gaussian

smoothing defined in real and Fourier space as

Wa(x) = (\/%>3exp (—%Azxz) and Wy (k) =exp (—%i—i) (3.66)

respectively. In particular, if &(x,7) is a cosmological field that depends on both long and

short modes, we can regularise it by applying the smoothing function so that at the end it

only depends on the long-wavelength modes. The smoothing can be done in real space as
O = [O)A(x) = / ExWa(x—x',A)O(x). (3.67)

We can define the short wavelentgh part as &y = & — 0. The effective fluid equations can

be derived by taking the moments of the smoothed Vlasov equation:

/ Sppipl ... pin [g—];]A(X,p) —0 (3.68)
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where the smoothed Boltzmann equation is written as

Delxp =52

p 3 / d fu
DT]A(X,p)—E—l—m—az-Vﬁ—mZ/d XWA(X—X)V(Pn-a—p. (3.69)

n#n

Following our definition here we define f; as the smoothed distribution function. Similarly,

we define the coarse-grained density and momentum as

mz/&mﬁmm (3.70)
3
T =PV = m_3/d319£fl(x7p,f)- (3.71)
a ma

Finally, the continuity and Euler equations that we obtain are

6I/+aj[(l+51)vl,j] =0, (3.72)

1
Vit A+ 0+ vij0jvii = —l—)aj [7ij] 5- (3.73)

where 7;; is the effective stress tensor induced by the short wavelength fluctuations. This
non-vanishing stress tensor arises due to the fact that coarse-grained products of fluctuations
produce products of long wavelength modes plus correction which depends on the products
of short wavelength modes. The stress tensor arises from the miscroscopic stress tensor o;;
and the products of short modes:

939302939
871G '

Tij = POij + PpV;Vj (3.74)

3.2.2 Integrating out UV Physics

The stress tensor that arises from the coarse-graining depends on the short wavelength
fluctuations. The short modes are strongly coupled and cannot be explained with the
effective theory. Correlation functions of long wavelength fluctuations are expectation
values. Since we do not observe the short modes we can take their expectation values. These
expectation values will depend on the long wavelength modes. In quantum field theory this
operation is referred to as integrating out the UV degrees of freedom. This effective theory
will depend only on long wavelength modes. Since the long wavelength fluctuations are
small we can Taylor expand the expectation values as background response:

{[t]a)

(715 = ([#Ido+ =55~ s 0+ (3.75)

8=0
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Using the symmetries of the equations of motion, the effective stress tensor takes the

following form:

2 2
N y 3 ¢, 2 . N
(1) = 87 + 286 — p 69k — 2 p 2 [l + 9] — 28190k] +ac

(3.76)
where p is the background pressure, ¢? is the speed of sound of the fluctuations, ciV is the
coefficient of the bulk-viscosity, civ is the coefficient of the shear-viscosity, and finally At/
is the stochastic term which can be determined by taking the difference between the actual
value of 7/ and its expectation value. By taking two spatial derivatives of the stress tensor

we get the source term of the Euler equation for the velocity divergence defined as

[ c\%b 3c %s
Tg = aié?jf,-j = [3 638251 — %82 4 %82 +AJ
- ) (3.77)
= p|c20%8 - Lo
p|c ] 2% +AJ

where AJ = 9;0;7;j and ¢2 = ¢2, + (2/ 3)c%7s. The EFT parameters are either measured in
N-body simulations or fit directly to the data.

3.2.3 EFT and Perturbation Theory

The perturbation theory (PT) within the framework of EFT is quite similar to the SPT in
a sense that the set of equations that we have to solve perturbatively are the same except
now we have to add new terms in the Euler equation. To solve the new equations using the
new source terms we need to solve using the Green function method for the coupled system
given by

3 3
HH =3} 43 (@) ~2)adu+59m(a) } 6 = S — # 3y (aSa) (3.78)
AR+ (4~ %Qm(a))aaa + (23 (a)) }5 = du(aS5) - %%Qm(a)sa (3.79)

where

3
Sallo 1) = [ 5 Lala k- 0)8(a, )50k~ q.7) (3.80)

3
S5(k,7) = —/ﬁﬁ(q,k—q)e(q,r)e(k—q,r)—i—fg(k,r). (3.81)



3.2 Effective Field Theory of Large-Scale Structure 45

The solution for & can be obtained using the Green’s function as
2K26W) (k) = / daGy(a,a' K [3(d') + 3 (a')] 6 (k. ) (3.82)
Finally we can write the density field in the EFTofL.SS as
8(k,7) =8 (k,7)+ 8P (k, 1)+ 6P (k,7) — K22 ()6 (k,T) + &k, 7).  (3.83)

On the right hand side of this equation, the first three terms corresponds to the first-order,
second-order and third-order matter density fields respectively; the fourth term is the linear-
order counterterm and 9y is the stochastic term. We can now compute the power spectrum
up to one-loop in the EFTofLSS as

P(k) = Piin(k) +2Py3 A (k) + Poo A (k) — 2 \K* Bin (k) + Py a (k) (3.84)

where Pi3 A and P A depend on the UV cut-off A. The last two terms in eq. (3.84) are the
counterterms as the UV divergent terms in Pj3 and P>, are exactly cancelled out by speed of
the sound and stochastic counterterms. In short these terms regularize the theory. To see this
explicitly, let us us split the integral in P;3 at the cut-off A

A 43 © d3
Pi3 co(K) = 3Pin (k) /0 éTqPka,q,—qmm(q) +3Pnn<">/A (gTqP

61 1 [
= Pia(k) = R0 36— |~ dafin(k).

F3(k,q,—q)Pin(q)

(3.85)
The counterterm in eq. (3.84) has the exact form to cancel out the UV divergence of the loop
integrals. If we substitute eq. (3.85) in eq. (3.84) we can define a new speed of the sound

parameter as
61 1 [
2 2 .
CS,OO - CS,A - 210 671«.2 A dqﬁln (q)' (3'86)
This defines the cut-off independent result as:

Pi3 A(k) — ¢} AR Piin (k) = P13 00(k) — €} k> Pin (k). (3.87)

Similarly the UV cut-off dependence in P»; is exactly cancelled by the stochastic counterterm

(for details see [12, 44]) and therefore we can write

Py A (k) 4 Prya(k) = Py co(k) + Pryoo(k). (3.88)
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Using eq. (3.87) and eq. (3.88) in eq.(3.84) we can finally get the UV independent power
spectrum up to one-loop in the EFTofLSS:

P(k) = Pin(k) 4 2P13(k) + Py (k) — 2¢5 (k> Plin (k) + Py (k) (3.89)

where we define Pj3 . and P») ., as Pi3 and Py respectively. This completely solves one of
the problems faced by SPT. Given any initial conditions the divergences of the loop integrals
will be fully captured by the last two terms in eq. (3.89) and the final result will always

remain finite.

3.3 Lagrangian Perturbation Theory (LPT)

In this section we introduced another variant of the perturbation theory called the Lagrangian
Perturbation Theory (LPT). LPT is particularly useful to generate initial conditions in N-body
simulations. In this thesis, in our simulation work we use the initial conditions generated by
the second-order Lagrangian Perturbation Theory (2LPT). Therefore, it is useful to discuss
LPT briefly here. The derivations in this section are closely adapted from [12, 37, 109, 111].

In LPT, the main focus is on the displacement field y(q, 7). The particles start from the
initial unperturbed Lagrangian position ¢ and follow their trajectories to the final Eulerian

position x. We can define the mapping between the Eulerian and Lagrangian coordinates as

x(7) =q+vl(q,7). (3.90)

The conservation of mass allows us to write

o8]

14 8(x,7) = (_‘1( =

(3.91)

QO
e

where J(q, 7) = det(6;; + ¥; j(q, 7)) is the Jacobian of the transformation from Eulerian to
Lagrangian coordinates. Note that y; ; represents the derivative with respect to Lagrangian
coordinate g;. From eq. (3.6) we know that the equations of motion for particles in an
expanding universe is given by

d%x dx
= — = _Vo. .
i H(T) i (>} (3.92)

Taking the divergence of eq. (3.92) and the Poisson equation we get

2
dx +%%] _ %%ZQm(J_ 1). (3.93)

JV.
dr?
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Substituting eq. (3.90) in eq. (3.93) we arrive at

V=1

J

dt dt

-1

3
(8 + i) - E%mm (3.94)

(6 i+ j)_l is the transformation matrix from Vy — V4. For EdS Universe, the above

equation can be solved perturbatively using the ansatz
y=Y Diy"(q) = Y «"(0)v"(a), (3.95)
n=1
where the scale factor a «< 72 and so we can write eq. (3.92) as

n 3
I+ i)~ (2 5) ) = St - ). (3.96)

L,
Similar to the displacement field, we expand the Jacobian as
J=14J0 4+ 5@ 10 4 (3.97)

where the perturbations are defined in terms of the displacement field as:

JOERZUESY %{p, (3.98)
1
1= 2@ =Yyl 3 i -l 69
i i#]

IO =201 O =y i+ Y [P - v ] + ey, 3.100)
i iZj ’ T 7

where ., %, and .# are scalar invariants of the deformation tensors.

3.3.1 Zeldovich Approximation (ZA)

The linear order approximation in LPT is commonly called the Zeldovich approximation

(ZA) [208]. At the linear order in perturbation, the transformation matrix becomes
(8ij+wij) " = 8j—ay;. (3.101)

Using eq. (3.101) and eq. (3.98) and the continuity equation we can obtain the first order

solution as

k
8 (q,7) = Vg yV(a,7) = v (k1) =56 (K)a(7). (3.102)
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3.3.2 Second Order Lagrangian Perturbation Theory

To obtain a second order solution we need to expand the Jacobian up to second order
2
1 2) a . (1 . (1
J=1 +al//l-(7l~) +a2%€i) + ) (‘/’i(.,i)‘/’j(',j) — q/l.{j) ‘//J(',l)> (3.103)

and the transformation matrix to only first order. We can now simplify eq. (3.96) as

dz? dt

P@yy) ey}
dz? + dt

2(, 22,1 2,,(1)
(0 [d @vi)) |, 9@v)

(3.104)
3 1
=52 i) 5 (i v )|

We separate the first and second order y terms to obtain

Cay?)  d@@y?) 3

2,24@ _ 3 2 2 (1) )
Sy ——ija(wﬁygj v, 310s)
This lead us to
1), (1
v =—3 Z (v vl =), (3.106)
l>j
This can also be written as .# (%) = —3/7.%2). The Fourier transform of l[/i%) (q) as

kik
vy (k) = ikl (k) = — 2 0 (K), (3.107)

and the density field d (k) is defined as

/d3xe’kx5 /d3xe’k X 1 +6(x /d3qe’k 4= /d3qe kvl 1)
(3.108)
Using eq. (3.107) and eq. (3.108), we can Fourier transform eq. (3.106) to find the following:

K09 = [ @[30 @) - (v @)k

d3k d3k
- / 52 10 008 o) — v ) ()| Sk — ki —ke)

3 3 )
- 14/ dkl de 50 (k1) (ka) — BLX 5001660 (1) 3k — s — k)

kiky

3 3 ) 2
= 14/ dkl de 5W (k)5 (ky) [1—“‘1 ka) ]5D(k—k1—k2).

kika
(3.109)
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3.3.3 Generalised nth Order Solution

In Fourier space we can write the nth order solution for the displacement field as convolution

of n linear density field and kernels L,, which account for the coupling:

My — LT Chi sy 36 (1
vk = ] /W‘S (k) SLa(ky, . k) (27380 (k — Ky .. k). (3.110)
: 1

=

The first order kernel is L; (k) = 1 and the second coupling kernel is

3k (k- ky))?
Ly==——|1—~— 2" |, 3.111
? 7k2[ K33 G-

Expanding eq. (3.108) in the density field one can see that LPT and SPT are equivalent

order by order.

3.4 Biased Tracers

The distribution of matter in the Universe could tell us a lot about fundamental physics, but
more importantly, it has a significant potential to constrain the early universe models [19].
The initial conditions of the Universe have a unique imprint on the matter distribution. The
real challenge is that we can not observe the dark matter distribution, except in the weak
lensing surveys. However, we know that galaxies are indirect and imperfect tracers of the
matter distribution. Understanding the relationship between the distribution of the tracers
and the dark matter distribution is an important theoretical challenge before we can use the
future LSS survey data to put constraints on the early universe physics.

To understand non-linearities coming from the non-Gaussian initial conditions, we
should understand the sources of non-linearities in the late-time observables. The galaxy
bias (or halo bias) is one of the most important secondary sources of the non-linearities.
We should understand it properly and quantify the terms in the galaxy bias relation with
high precision if we want to put tighter constraints on models of inflation. Since we know
that galaxies are formed inside gravitationally bound, virialized lumps of dark matter called
halos, the first step is to understand the clustering of dark matter halos. This is called the
halo bias. Here we study the halo bias relation.

In this section, we study how matter collapses to form gravitational bound stable objects
and how we can calculate the distribution of galaxies or how many galaxies we can see at

some particular mass scale. We will describe the spherical collapse dynamics and how we
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can use it to predict mass function. Later we will describe the effective theory of bias and

halo statistics.

3.4.1 Spherical Collapse

The initial matter density field has peaks and troughs and due to gravitational evolution it
evolves to forms complex structures at late-times. These structures form a cosmic web and
consist of halos of dark matter, filaments and voids. To study the evolution of matter over-
densities and get some intuition on how structures are formed, we make some assumptions.
First, we assume a matter dominated Universe. Second, we assume that the overdensity d is
spherical so we can use Newton’s Shell theorem such that all spherical overdensities evolve
independently. This simplified model is called spherical collapse model.

We consider a matter-dominated universe with the mean background density p,. Consider
a ball of radius R, and let us shrink it to the sphere of radius Ry with the density p.
The background Universe evolves with the scale factor a, = Ry /Ry = (3/ 2H;,70t)2/ 3 (the
subscript b is for background). The evolution of the overdense region is given by the
Friedmann equation

o2 — dnGp K

3a3 a?

H? [Q,,Loaf3 + (1= Qmo)a 2|, (3.112)

where we define the scale factor ¢ = R/R( and using the conversation of mass we have
Rgp = R27Opb' The parametric solutions of the evolution of the perturbations are given by

— A(1—cos8), (3.113)

~

— B(6 —sin6), (3.114)

where the parameter 6 runs from O to 27, and time runs from O to t.o; = 27wB. The

coefficients A and B are given by

4nGp Q.0
A — f . .
3K Z(Qmjo — 1) ’ (3.115)
4G Q
_2OP _ 0 (3.116)

©3K3/2 0 2H(Quo—1)3/%
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Fig. 3.7 Time evolution of background density, as well as linear and non-linear evolution of
spherical overdensities [24].

We can expand Eq. (3.113) and Eq.(3.114) to get

alt) :A<%2> (1 —f—;), 3.117)
z:3<%3> (1-5-2). (3.118)

The linear order solutions are given by t = B63 /6 and a = (2/ 3Hb,0t)2/ 39;1/ (3) o< ap. The
leading order solution of the scale factor is the same as for the background evolution. The

corrections to the leading order solution to the scale factor can be obtained from Eq. (3.117):

o= 20 A (5]

The linear density contrast is given by

&

Ry | 3<6’)2/3 (3.120)

in— 37 1= A\ 5
R 20\B

An important event happens at ty, = #B or 0 = 7 called the turnaround when the over-
density stops expanding and starts to collapse. At this moment the linear density contrast
is 3

um _ %(6702/3 ~ 1.06. (3.121)
The collapse happens at 0 = 27B or t.,); = 27tB when the linear density contrast becomes

3
mm 2_0(127:)2/3 ~ 1.686. (3.122)
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This is the critical threshold density for dark matter halos that are collapsing now. This
means that for halos which have collapsed completely today, we expect their linear density to
have exceeded the critical threshold of 6. = 1.686. This is a good approximation for realistic
models of cosmology including Q4 and €, [146]. There are, however, some shortcoming
to this model. First, is that realistically the collapse is not completely spherical due to
the presence of initial tidal forces [2]. Second, the overdensity never collapse to a point.
At some point during the collapse the random motion of dark matter particles balances
the gravitational pull and the overdense region becomes stable. This process is called
virialisation. After the virialisation happens the total kinetic energy 7;; and the potential
energy Vi satisfies Vyi; + 27,i;=0. We know that when turnaround happens, the kinetic
energy becomes zero and the total energy E becomes equal to the potential energy. We call
the maximum potential energy as Viax. After the virialisation we can write this relation as
E = Vyir + Tyir = 1/2Vyir. Using the conversation of energy we can deduce that the radius
at the time of virialisation is actually half the size of the radius at the time of turnaround,
that is Ryj; = Rmax/2. This means that the overdensity grows by a factor of 8. Also from the
turnaround to collapse the background density shrinks by four times. The non-linear density
at the time of turn around can be deduced from Eq.(3.117) which is 1+ "™ = 5.55. Using
all information about virialisation, the non-linear density at the time of the virialisation can
be estimated as

1+8""~5.55x 8 x4 =178. (3.123)

This is a simple yet a powerful result. This shows that if the linear density field exceeds the
threshold of 1.686 then we expect a halo to form with the non-linear density of almost 200
times the background density. The evolution of the background density as well as linear and

non-linear densities are shown in Fig. 3.7

3.4.2 Press-Schechter Mass Function

The spherical collapse dynamics tells us that if we have a region with overdensity exceeding
the critical overdensity . then we expect that region to collapse to form a dark matter halo.
If the radius of the spherical region is R then the mass of the halo formed will be

4r

M= ?R3p (3.124)

The variance of fluctuations at the scale R (or mass M), smoothed with a filter is defined as

3
o’ (M) = / %P(q)W%H[kRW)] (3.125)
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where R(M) o< M 1/3 and the Top-Hat smoothing function in Fourier space is defined as

3
Wrn(kR) = (s <sin(kR) — (kR) cos(kR)). (3.126)
We now define the probability of finding regions with an overdensity § in a Gaussian random
field. This probability function is defined as

P(S|M —; 16—2 3.127
O = oran P\ " 202am) ) G121

The probability of finding the regions whose overdensity exceed a given threshold . can be
found by integrating eq. (3.127) as

P(> 5\M):/:dé'ﬁz(&M):/mdxexp(—x—z) (3.128)

2

where we have introduced a new variable v = §./c which is called the peak height or
significance. For a model of the Universe the variance of fluctuations 62 decreases with the
Mass scale. This implies that since the small-scale inhomogeneities have larger variance,
they cross the critical threshold first and form structures. The small-scale objects collapse
first and merge to form larger objects. In the Universe filled by hot dark matter, the structure
formation is top to bottom , which means that large objects collapse first and then disintegrate
into smaller objects [24].

We want to find the total number of halos of mass M. The smaller objects which exceed
the critical threshold form halos first and then merge to form larger halos. Because of this we
assume that halos of mass M are part of massive halos of mass M + dM which also exceed
the critical threshold. taking into account this we define the probability of the fraction of
halos of M as

C
dM ~ dv dodM agol P

1 2
(> 5c|[M,M+dM])%_d=@_ dZ dv do S (_ 5

do
2o'2> a (3.129)

Eq. (3.129) takes into account only half of the mass in the Universe because the under-
dense regions do not collapse. Integrating Eq. (3.129) over o yields 1/2. Press-Schechter
introduced a factor 2 in Eq. (3.129) to take into account that information. Furthermore, to
calculate the mass function we need to multiply Eq. (3.129) by the maximum number of

regions of mass M in a given volume V with the total mass Mioga1: Niotal = Miotal /M. The
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Fig. 3.8 Peak-background split. The long-wavelength modes modulates short-modes. The
regions which exceed the threshold value, J, collapse to form dark matter halos as shown in
this figure.

maximum number density thus given by nmax = p /M. After a little bit of rearranging we get

= 2
2 p \ )dlnc (3.130)

This is the famous Press-Schechter mass function [166].

3.4.3 Peak-background Split

Using the mass function we can define the biasing between the clustering of dark matter
halos and dark matter. To derive the clustering relation we use the framework of the peak-
background split formulated in [31, 53, 113, 145, 190]. Here the smoothing of linear density
field at scale R is different than in EFTofLSS. In EFofL.SS the smoothing scale is not physical
while here R is the physical scale corresponding to the scale of dark matter halos. The long
wavelength fluctuations of the density field, which correspond to the wavenumbers k < R~!,
determines the large scale clustering of halos. Furthermore, the long wavelength mode
modulates the short modes so they can easily cross the critical threshold . and collapse to
form massive objects such as halos. Fig. 3.8 illustrate this process clearly. This means that
the long wavelength modes shift the critical threshold and so the peak height becomes

5(:_5[
(o}

al&

V=— V= (3.131)
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The mass function has now become a function of new shifted peak height v. We Taylor

expand around the background value to get

In(V)

o 19%n(V)
n(v)=n(v)+ 5F o+

2 087

8+ ... (3.132)

In general we are interested in halo (or galaxy) overdensity not directly in the number density.

The overdensity of halos are therefore defined in Lagrangian coordinates, q, as

n w® b s by
5h(<l)=5—1=b1 51((1)4'751 (‘l)+?5l (@) +..., (3.133)

where bl(L) = (1/7)(d'n/d }) are called Lagrangian bias parameters. For the Press-Schechter
mass function defined in Eq. (3.130) the first two Lagrangian bias parameters are explicitly

defined as

2 2(y2
w_v -1 (L _ V(v -3)
e T

We will discuss the Lagrangian bias model in detail in Chapter 4.

(3.134)

3.4.4 Effective Theory of Bias

Here we discuss the effective theory of galaxy (or halo) bias (for good review see [10, 66,
140]). We know that that the clustering of dark matter halos are biased. The simplest bias
model is the linear model where halo density field is linearly depend on the matter density:
on(x) = b1 6(x), where by is called the linear bias parameter. This model works well on very
large scales ( k < 0.1A~! Mpc), however it fails on small scales where non-linearities start
to kick in. Beyond the linear model, the halo density field can be Taylor expanded in terms
of the dark matter density & which to give the local Eulerian bias model [90]:

Sn(x,T) = i b sn(x, 7). (3.135)

|
n=0 n.

where b, are non-linear local Eulerian bias parameters. This local bias model has been used
in data-analysis of galaxy surveys [81, 93, 94, 137, 181, 207]. We know that the local bias
model is incomplete and requires essential non-local terms too [20, 50, 141]. Gravitational
evolution induces non-local terms at late-times [2, 20, 50]. Another reason is the symmetries
of equations of motion which allow to include a set of local and non-local terms at each
order and define an effective theory of bias. Taking into account symmetries we write the
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most general bias model as [10, 140]

& (x,7) =Y b[O](x,7) (3.136)
%

where blg are renormalised bias parameters and [¢] are renormalised bias operators.

We now discuss what operators are allowed by symmetries as follows. Under a homoge-
neous boost, the gravitational potential ®, and the velocity potential ® shift by a vector. If
the initial conditions are also invariant under these transformations, the counterterms can be
chosen to be scalar under these transformations. The operators should depend on V,;V ;®. If
we also consider rotational invariance then we should contract the indices as well. Taking
into account all symmetries of dark matter equations of motion we arrive at the following
set of allowed operators at different order in perturbation theory: At the leading order only
allowed bias operator is § = VZCIDS). At the second order in PT we have three allowed

operators given by
O € {6,52,%(q>g)} (3.137)

where second order Galilean operator is defined by % (®,) = (V;V ;@,)? — (V>®,)2. Finally,
at the cubic order in PT there are seven allowed operators:

s € {6,62,53,%(c1>g),§42(c1>g)5,%(q>g),r3(c1>g,cbv)} (3.138)

where ¢ is the third order Galilean operator defined as

{%((I)g) = _1

5 (V2D,y)? +2V,V j@, VI VED,V, Vg — 3(V,V B, )2 VD,

(3.139)

and I3 is the velocity tidal tensor which explicitly depends on the velocity potential:
3(®y, ®g) =4, (@) — 4 (@ 3.140
3(V7g) z(g) 2(V) 3. )

with
71 (@) = 2<v,-v @VIvie? — V2¢<1>V2¢(2>) . (3.141)

We can estimate how each of these operators scale. The scaling of operators in EFTofLLSS
are studied in [157, 44]. If we consider a scaling law initial conditions, the power spectrum
scales as (g/kni)>*" where n ~ —2.1 near the non-linear scale at redshift z = 0. If we
assume that the effective theory is valid on scales larger than A, ' and if this scale is roughly

assumed to be A, ~ kni then power counting of each bias operator in the effective theory is
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given by the following general formula:

200+ 58

[V24(V20,)F] q i
{l0p)} E{ AZd N . (3.142)
Using this formula we write the scaling of bias operators at the leading order in derivative

as

g'*:  Op)=1{5}, (3.143)
q': Opa=1{8"%}, (3.144)
7 O ={89,%98.T3}. (3.145)

The derivative operators are actually more suppressed than the scaling defined in eq. (3.142).

3.4.5 Halo Statistics

Here we discuss the halo statistics, that is the halo power spectrum, the halo bispectrum and
the halo triepctrum. These statistics depend on the bias operators. The higher order bias
operators become important at higher point functions or higher order loop corrections. We

define define these statistics below.

Halo Power Spectrum

The halo-matter and halo-halo power spectra are defined through the 2-point function in

Fourier space:

(8m(K)Su(K)) = (27)85) (K +K') Py (k) (3.146)
(8,(K) Sy (K')) = (27)3 8 (K + K') Py (k). (3.147)

The expression for one-loop halo-matter and halo-halo power spectra are given by [10, 138]

b, 4
th(k) =b <Plin(k> +P13(k) +P22(k)) + <?2 — gb%> f(q)
) (3.148)
+ (b% + ng) F(q)— bvzgkzphn(k)



3.4 Biased Tracers 58

_ | by 4 2, \z
An(K) = b1 | b1 (Rin(k) + Pis(K) +Pra(k) ) +2(5 = 5bgs )7 (0) +2(bay + b1 ) 7 <q)]
+ ) bo,bg(0203)" + higher derivative terms
0,0
(3.149)
where .7 (k), Z (k), and (0, 0,)" are defined as
7(K) =2 [ Fa(k~q.0)Pia()Pin [k~ a) (3.150)
q
F (k) = 4P(®) | 0*(a.k~ Pk, ~a)Pin(q) (151)
q
(0207) =2 / 02(q,k —q) F5(q,k — q) Bin () Piin(/k — q) (3.152)
q

where 62(q1,q2) = ((ql q2)? /q%q%) — 1 and 0, are quadratic bias operators.

Halo Bispectrum

The bispectrum is the three point function in the Fourier space. For example, the halo-matter-
matter correlator is defined as

(8m(K1) B (K2) S (k3)) = (27)° 55 (K1 + Kz +K3) Bamm (3.153)

The expression for the tree level bispectrum By, 1S given by

Bhmm (K1, Kk2,K3) = by <2Plin(kl>Plin(k2)F2(kl7k2) +CYC>

(3.154)
(ki -kp)? 1

by+bp (— — —>] Plin(kl )Plin(k2) +cyc

+2
Kk 3

We use the halo bispectrum statistics to put constraints on the quadratic bias parameters.

Halo Trispectrum

Similarly, the trispectrum is defined from the four-point function described by

(8 (K1) Gm(k2) 8 (k3) & (k) = (27)°85 (ki + Ko+ k3 + k) Townm.~ (3.155)

The leading order halo trispectrum depends on the cubic bias operators and hence is the

natural statistics to constrain cubic bias parameters. The tree-level trispectrum expression is
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given by

Thmmm = D1 Tammm +Zbﬁ’2<5(1)5(1)5(2) ﬁZV —|—Zbﬁ3 <5(1)5(1)5(1)ﬁ3>/ (3.156)
12 2

where 0, € {6%,5*} and 03 € {8°,%4 —28,05,T3}. Moreover, by, and bg; are related to
our parameters b, and b3 as: bgo = by /2 and bgs = b3 /6.

Measuring the bispectrum and the trispectrum in N-body simulations is computationally
quite expensive, but we will show in the next chapter that we can in fact write these statistics
in terms of the cross spectra of quadratic and cubic fields with the halo density fields
respectively. This method is optimal and more efficient that the traditional bispectrum and
trispectrum estimation [2, 176].

3.5 N-body Codes

Cosmological N-body simulations are a great tool to understand the large-scale structure
and non-linear dynamics. Theoretical models are tested against simulations before they can
be applied directly to analyse data from cosmological surveys. In this section, we discuss
the N-body simulation codes employed in this thesis. A useful review on cosmological
numerical simulations are given in [38, 41].

Collisionless dark matter obeys the Vlasov equation for the distribution in phase space
in the limit when the number of particles is large (i.e. N > 1). Numerical simulations
solve this equation by partitioning phase space into smaller fundamental volumes. These
fundamental volumes, refered to as "particles", have position and velocities in phase space.
These particles are evolved under the influence of gravity. Each particle carries a smooth
density profile, which can be thought of as a cloud, the size of which depends on the mass of

1/3

the particle, i.e. & o< m;’~, where ¢&; refers to the softening parameter. This parameter softens
the interaction between nearby particles and fixes the spatial resolution of the numerical
simulation. The number of particles fixes the mass resolution which depends on the volume
times density divided by the number of particles. The necessary steps to perform N-body
simulations are: (1) Implement the initial conditions on a cubic grid [74, 40]; (2) calculate
forces between particles [198, 42, 105]; (3) update positions and velocities of particles using
a time integrator [196, 105]; (4) test that the energy and momentum remain conserved [38].

The initial positions and velocities of particles can be generated from the density field
using the Lagrangian perturbation theory. Using the Zeldovich approximation, he small
displacement q and the velocity are given by

dx d¥(q,?)

x(q,7) =q+D(1)¥o(q), T (3.157)
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For linear perturbations we can separate the displacement field into the time independent
component and the spatial component. The displacement field relates to the density pertur-

bations by

%p:_v.lp, VX W =0, (3.158)

The displacement field can be obtained from Eq. (3.158) using Fourier transforms. In
summary, the steps to generate the initial conditions are: (1) generate Gaussian random field
on a cubic grid; (2) compute the displacement field from Eq. (3.158) using the Fast Fourier
Transforms' (FFTs); and (3) update positions and velocities using Eq. (3.157). In this thesis
work we use 2LPT code [182] to generate initial conditions. This code using the second-
order Lagrangian perturbation theory instead of the linear-order Zeldovich approximation
described in Eq. (3.157). We use Gadget-2 code [196] to evolve the initial conditions on
the cubic grid. Gadget-2 is a parallel TreeSPH code, which follows the dynamic of dark
matter particles using the N-body method. We are only interested in the large-scale effects
and not the gas dynamics part. To calculate forces between particles in numerical N-body
simulations requires ¢’(N?) operations. Gadget-2 reduces this complexity to &'(NlogN) by
using efficient methods. The code uses a pure Tree code to calculate the gravitational forces
on small scales by computing hierarchical multipole expansion of the gravitational field. On
large scales it uses FFTs to speed up the process.

Positions and velocities of particles can be updated using the Leapfrog integrator [105].
This integrator shifts positions and velocities by half a time-steps. The time integrators are
symplectic to make sure that the phase space volume is preserved.

Finally, we make sure that we use an appropriate periodic boundary conditions. We

define the periodic boundary conditions on a cubic grid of length L as
O(x+iL,y+ jL,z+kL) = 6(x,y,z2) i,j,kel. (3.159)

At the end when the simulation is completed we get the non-linear dark matter density field.
Once we have the dark matter field, we investigate the clustering of dark matter. The basic
building blocks of large-scale structure are gravitationally-bound objects called dark matter
halos. In the dark matter field, according to the spherical collapse model, the dark matter
halos are formed with overdensity 6 ~ 180. To identify these structures in simulations we
run the Friends-of-Friends (FoF) algorithm [118]. This algorithm has a linking parameter
[. Particles which have separation distance less than / are identified as friends. A dark
matter halo is identified with particles that are connected by at-least one friendship, that is
friends-of-friends. The linking length / depends on a certain threshold p above which a halo

is formed. If M), is the average particle mass then we can define a sphere of radius / which

'we use FFTW library
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exceed the threshold density. The radius is defined by

1/3
[ = M, (3.160)
-\ 4/37p '

The FoF algorithm also depends on the minimum number Ny, of particles per halo to reject

spurious halos which are not gravitationally bound objects. In our simulations we use the
linking length / = 0.2 and Ny, = 20.



Cubic Halo Bias in Eulerian and Lagrangian Space

Note: This chapter is my original work (done under the supervision of Tobias Baldauf) and
is based on my first-authored published paper "Cubic Halo Bias in Eulerian and Lagrangian
Space" [2].

4.1 Introduction

The Large Scale Structure (LSS) of the Universe contains a wealth of information about
the origin, composition, and evolution of the Universe. In order to extract this information
from on-going and future LSS surveys, we have to understand various sources of non-
linearities present in the late-time LSS observables. In general, there are three main sources

of non-linearities:
* non-linear matter clustering due to gravity
* non-linear biasing: the relation between the distribution of tracers and dark matter

 primordial non-Gaussianity (PNG), which induces non-linearities on the initial condi-
tions

Recently, the powerful framework of the Effective Field Theory of Large Scale Structure
(EFTofLLSS) [36, 45, 165, 188, 27, 7, 16, 39, 158], which is an extension and correction
of Standard Perturbation Theory [37], has provided a valuable insight into the non-linear
nature of matter clustering due to gravity. It has been shown that the EFTofLLSS prediction
for the two-loop dark matter power spectrum agrees to 1% precision both with the N-body
simulations up to kmax ~ 0.3h Mpc~! [47, 16] and with the one-loop bispectrum up to
kmax ~ 0.22h Mpc*1 at redshift z = 0 [7, 27]. However, to provide a consistent model for

the statistics of biased tracers using the framework of the EFTofLSS, we need to understand
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the non-linearities due to biasing between the distribution of the tracers (halos or galaxies)
and the matter distribution.

The predictions of the next-to-leading order, that is one-loop halo power spectra and
halo-matter cross spectra, depend on the bias parameters up to cubic order [11, 142, 187].
The one-loop halo bispectra, on the other hand, depend on the bias parameters up to quartic
order [11]. Therefore, quantifying the higher order bias parameters precisely is a crucial step
towards the modeling of the statistics of biased tracers. As we will describe in more detail
in Sec. 4.5.6, the halo-matter cross power spectrum depends on a particular combination
of two cubic bias parameters. Study [172] attempted to measure this combination of bias
parameters by fitting the scale dependence of the halo-matter power spectrum. However, the
authors neglected the presence of derivative (or k%) bias parameters, which are degenerate
with the effect of the cubic bias operators. Their constraints are likely to be biased.

In this chapter, we focus on the biasing problem and the measurements of halo bias
parameters up to cubic order. There are two ways to study the halo bias: one is called the
Eulerian bias model and the other is known as the Lagrangian bias model. In the Eulerian
bias model, the halo overdensity field &,(x, 7) is described in terms of co-moving coordinates

X as

&(x,7) =Y boO(x,7), (4.1)
7

where b are the bias parameters and ¢(x) are bias operators that are functionals of matter
density §(x). Eulerian biasing beyond linear order was first studied by [91] who introduced
the local Eulerian bias model, where &'(x) are local functions of §(x) expanded into a Taylor
series. However, based on symmetry arguments, it was shown in [142, 11, 51] that the local
Eulerian model is incomplete, making it important to include non-local terms at quadratic
and cubic order. Numerical evidence for the presence of a quadratic non-local term in the
Eulerian bias model in N-body simulations was given by [51, 21]. In principle, the halo field
contains a typical scale, for instance the Eulerian or Lagrangian extent of a halo. For this
and for numerical reasons, we will evaluate the operators in the right hand side of Eq. (4.1)
smoothed on Ry. Physical bias models, based on the notion of halos being formed from
a patch of size Ry < M in Lagrangian space which exceeds the critical collapse density,
have a physical scale built in. This scale can be fitted from the actual halos, as in [14], as a
function of mass, but we will rather pick a fixed value independent of mass and account for
the residual uncertainty.

On the other hand, in a Lagrangian bias model we identify protohalos, the regions in the
initial density field that collapse and form halos at late-time, and describe the relation of the
protohalo density field 8, (q) and the initial density field dg(q) in Lagrangian coordinates q.
Writing the biasing relation in Lagrangian space is very useful, because it separates the non-

linearities due to biasing from the non-linearities generated from gravitational instabilities.
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The most studied Lagrangian bias model so far is the local Lagrangian Bias (LLB) model.
However, some evidence for the presence of a non-local tidal term in the Lagrangian model
has been found recently in [147]. The time evolution of Lagrangian protohalos can be
studied in the framework of co-evolution of a halo fluid coupled to the dynamically dominant
dark matter component through its gravitational potential, as we will describe in the next
section.

One of the aims of this chapter is to constrain the bias parameters up to cubic order
in Eulerian and Lagrangian spaces. The linear bias parameter can be estimated from the
large scale halo-matter cross power spectrum and the second order bias parameters from the
large scale, tree-level, bispectrum. Furthermore, the natural statistic to constrain cubic bias
parameters is the large-scale, tree-level trispectrum. We summarize the N-point functions
and relevant bias parameters in Tab. 4.1. Estimating the bispectrum and trispectrum is
computationally expensive, so we use the quadratic field method proposed in [177] to
estimate the quadratic bias and extend the method to cubic fields to estimate cubic bias
parameters.

The key idea is to cross-correlate a basis of cubic bias operators (i.e. a weighted sum of
three smoothed Gaussian fields) with the protohalo field and the late-time halo field, and
to express the results in terms of the cross-spectra of cubic operators with themselves. The
smoothing on the scale Ry serves as a high-k cutoff in our analysis. In perturbation theory
(PT), the cross correlation of cubic fields with themselves can be expressed in terms of two-
loop power spectrum diagrams. These diagrams contain one UV-sensitive reducible two-loop
diagram and one two-loop irreducible diagram. Because of our ignorance of the exact scale
of halos, the UV-sensitive diagrams might affect the measurements, of the bias parameters
depending on which fiducial halo smoothing scale (cutoff) we choose. In our approach, we
remove the strongly UV-sensitive diagrams by removing the part of the field that correlates
with the linear density field. We will refer to this procedure as orthogonalization. The
quadratic correlators do not contain this sort of UV-sensitive diagrams, so there is no need to
orthogonalize them.

The two-loop irreducible diagrams contain two cut-off scales. One scale is the artificially
induced Ry, which we choose to be 204! Mpc, and the other is the fiducial halo smoothing
scale R,. The smoothing scale Ry corresponds to the 1/kmax in a bispectrum or trispectrum
analysis. Even though the irreducible diagrams at quadratic field and cubic field level are not
highly UV-sensitive, they are still affected by the choice of Ry, and this dependency can affect
the bias measurements. To make our measurements of the bias parameters independent
of the halo smoothing scale, we Taylor-expand the cross-spectra around Ry, = 44~ Mpc
and introduce a one parameter counterterm dR for both quadratic and cubic statistics. This
pragmatic approach is introduced in order to avoid dealing with a large number ¢ (20) of

EFT counterterms.
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We find clear detection of the presence of cubic local and non-local terms in Eulerian
space. On the other hand, we find clear evidence of a non-local Lagrangian tidal field.
In addition, we do not find a clear detection of Lagrangian cubic non-local terms for low
mass bins; however, for the highest mass bin we do find some presence of cubic non-local
Lagrangian terms. Furthermore, we find that the mass dependence of the Eulerian cubic
non-local bias terms prefer a co-evolution prediction of the Lagrangian bias model with a
non-zero tidal field and no cubic fields. We also find that the presence of the Lagrangian
tidal field does not induce new cubic bias operators at late-times; rather it merely changes
the amplitude of cubic bias operators, which has been previously discussed in [51, 144, 66].

This chapter is organized as follows. In Section 4.2, we discuss the bias models in
Eulerian and Lagrangian space, as well as the co-evolution of the dark matter halos and dark
matter. We present both the general definitions of the cubic operators and the co-evolution
predictions for cubic bias parameters in the presence of the Lagrangian tidal field. In Section
4.3, we discuss the quadratic and cubic field methods, and discuss how to remove UV-
sensitive diagrams. In Section 4.4, we describe our methodology to measure bias parameter
from N-body simulations. In Section 4.5, we present our results. We conclude in Section
4.6.

Tree-level One-loop
Power Spectrum A, b; by, b, by, bry
b1, by, by,
Bispectrum Bymm b1,by, by br,, by, by, s, b3,
Trispectrum Thmmm br bllj’(/bz}j:‘;’ by many bias terms...
3> Y93 {/2 s

Table 4.1 Bias parameter estimation from N-point functions. The tree-level power spectrum,
bispectrum and trispectrum are natural statistics to obtain cleanest (and non-degenerate)
constraints on the linear, quadratic and cubic bias parameters respectively. On the other
hand the constraints on the derivative bias can be obtained from the loop statistics once the
other bias parameters have been fixed from the tree-level statistics. The terms in Orange are
quartic bias parameters which are beyond the scope of this chapter. A similar table is also
givenin [11].
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4.2 Halo Bias

There are two ways to write down the halo bias relation: (1) in evolved Eulerian space and

(2) in initial Lagrangian space. We will discuss both viewpoints in this Section.

4.2.1 Eulerian Bias Model

Following [142, 11, 187], without loss of generality the bias relation in Eulerian space given
in Eq. (4.1) can be written up to cubic order as

8,(3) = b1 (810(x) + 801 + 80 (x)) + 2 (8(x) — (32(x))) + b2 (8 ()5 (x)  (5152)))

1 2 1) (2
b (20 = (2 (%)) + 262 (s (057 (%) = (s{] 1) ) + b (87 (%) — 38 () (62(x)))
+ by G(X) + b5 (98 (%) — (68(x) ) +br (T3(30) — (T3(x))
—|—bV25V25(x) +...
4.2)
Here, sE})(x)sl(?) (x) describes the tidal bias contribution propagated to cubic order and
81 (x)8?) (x) quadratic bias contribution propagated to third order. The quadratic tidal field

s2(x) = 5ij(x)s;j(x) is given as the trace of the square of the tidal tensor
Vivi 14K

where §;; " is the Kronecker delta function. For simplicity, from now onwards we adopt

the notation s©®)(x) for SS) (X)sl(Jz) (x). The remaining operators will be introduced in detail

(K)
J

later. We remove the variance of the quadratic fields in order to ensure a mean zero halo
overdensity (&,) = 0 and subtract contributions proportional to 628 from the cubic terms,
to avoid a renormalization [139] of the low-k limit of the halo-matter power spectrum. The
bias parameters appearing in Eq. (4.2) are thus renormalized and physical bias parameters.
Evaluating the one point moments 6> = (83) = J, Pin(q) in Eq. (4.2) yields

8y(x) = b (8V(x) + 82(x) + 89 (x) ) + % (82— 0?) +b2 (852 x) - @ozs(x))

21
- 228(x)0%) + b (800~ 35(x)”)

32
+ by, G5(X) + by (gza(x) n 46(X)62> +or, <r3 (x) + g3(x)02)
4 byagV2S(X) + ...

HECE 262) +2b (s ()

4.4)
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The second order terms & (2), 62 and s? are the second order density field, the density-squared,
and the square of the tidal tensor terms respectively, and form a basis of the quadratic bias
operators 5. There are seven distinct bias operators at cubic order, corresponding to seven
bias parameters in general. Among seven bias operators at cubic order, four correspond to
four new bias parameters: the coefficients of & 3, %3, % 0 and I';. These are the most general
operators made up of the second derivatives of the gravitational and velocity potentials, Py y,
which are invariant under the symmetries of the equations of motion. At second order, there
is no distinction between the gravitational and velocity potentials, because the contributions
arise from squares of the linear potentials and at this order §(") = —0(1). However, the
velocity potential becomes an independent degree of freedom at cubic order [11]. In fact, I'3
depends on the gravitational as well as velocity potentials explicitly. The Galileon operators
and I';5 are defined as follows [51, 11]:

G (@g) = VP, =&
G (Dg) = (V;V @g)* — (VZy)?

(4.5)
Gy (D) = —% (V2y)? +-2V,V 0, VI VED,V, VD, — 3(V,V @, )2 V2D,
and
T3(Dy, D) = 4 (d,) — 4 (@ 4.6
3(Pv, By) =47 (Pg) =4, (Dy) (4.6)
where %(3) is given by
97 (@) =2(Viv,0 ) Vvie?) - Valvie). (4.7)

(2)

The second order potential &4, depends on the second order density 0 @) or velocity
divergence 0(2). We define our basis of quadratic bias operators ¢, and cubic bias operators
05 in Eulerian space as:

0> € {5<2> (X),SZ(X),SZ(X)} 4.8)

03¢ {5<3>(x), 8182 (x),s3)(x),83(x), % (x) +é§3(x),%5(x)+ %53(X),F3(x) +é—§33(x)}.
4.9)

In order to reduce degeneracies in the fitting and to make the results more aligned with the

usual notion of local cubic bias b3, we removed 83 contributions from the non-local bias

operators I'3,%3d and ¢3. In Appendix A, we show how this basis can be mapped to the
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basis employed in [6, 92]. Our full basis of Eulerian bias parameters is given by’

B e {bl,bz,bsz,b3,bg3,b%5,br3}. @.11)

4.2.2 Lagrangian Bias Model

In Lagrangian space, all gravitational coupling kernels F, (for n > 1) are zero, so matter
field equals the linear Gaussian field. We write the Lagrangian bias model with local and

non-local terms up to cubic order as

L L
(@) = B (a) + 22 (8(a) ~ 0?) + 22 (8(a) ~30%8(a)) +8 (@) — 20

45, 93(a) + W5 (905(a) +46786(a) ) + bk, (T3 (a) + 320%66(a)) + byas V() + -
(4.12)
where ( is the Lagrangian coordinate of protohalos, b% are the Lagrangian bias parameters,
and & (q) is the protohalo density field. This expansion in Hermite polynomials ensures that
there is no renormalization of the bias parameters in the correlators [202, 85]. Thus, the
bias parameters in the model are the physical bias parameters occuring in the low-k limit of
n-point functions. Our basis of quadratic bias operator ﬁzL and cubic bias operators @L in

Lagrangian space are defined as:

1 2 16

ok e {&3(a).* (@)} and Ok € {8(a). % (a)+ 503(a), %8 (@) + 58 (@) Ts(a) + 5 83(a) }-
(4.13)
Similar to Eulerian bias parameters, we define a basis of the cubic Lagrangian bias parameters

as
A" e {b%,bg,bSLz,bg;,bg%,b}%a,b%s}. (4.14)

'Note that corresponding to the cubic bias operators defined in eq.(4.9), the local cubic bias parameter has
changed to b3, which is the coefficient of 8 as predicted by the spherical collapse model. However, in a naive
expansion in terms of the cubic bias operators, the coefficient becomes

1 2 16
bsy = b3+ §bg¢3 + gb%a + @brs . (4.10)

as shown in Eqs (4.2) and (4.4).
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4.2.3 Time Evolution of the Lagrangian Bias

For simplicity, we consider the local Lagrangian bias model and study its time evolution. At

some initial time 7; we define the protohalo density field with only local terms as

by (7;)
21!

by (1)

&n(a, 7) = by (1)) 86 (q, 7)) + 3l

(83(a,m)—0%) + 2 (83(a. %) —386(q 7)0?) +..
4.15)
The time dependence of bias parameters b-(7) and the linear density field 5g(q,7) are

defined as

b5<r>=<l;((§))) (5) and dola.®) = pidalaw),  @I6)

where 7 is the conformal time and D(7) is the linear growth factor. From now onwards, we
will choose 7; = 0.> We now transform the fields from Lagrangian to Eulerian coordinates.

The Eulerian comoving coordinates x and Lagrangian coordinates q are related through the

displacement field vector ¥(q, 7) as
x(q,7) = q+¥(q, 7). (4.17)

We can use this relation and expand the Lagrangian density field up to third order by

expressing the Lagrangian coordinates in the Eulerian coordinates as

1
6G(q7 T) = 6G(X7 T) - lP(qa T) : V6G(q7 T) + Elpl(qv T)lPJ(qa T)ViVjBG(qa T) +... (418)

~
shift terms

The second and third term in Eq. (4.18) describe the shift terms. We define the second and
third order shift terms in the Eulerian coordinates as H?) (x, 7) and H®®) (x, 1) respectively

as below:

H(Z) (X7 T) = IP(I) (X7 T) ’ VSG(X, T);

HO) (x,7) = ¥O (x,7) - Vi (x,7) — 20V (x, O (x,0)ViV;86(x, 1) (4.19)

[\S)

_ \Pl(])(x7 7) (V,-‘Pg.l)(x, T))Vj5G(X, 7),

where W(1) and W) are the first and second order displacement fields in Lagrangian
Perturbation Theory (LPT) (see [136] for more details). In order to transform the halo

density field in eq. (4.15) from Lagrangian to Eulerian coordinates, we have to use the

2To avoid confusion, we use & (q) = d,(q, 7; = 0) to represent the halo density field in the Lagrangian
coordinates at the initial time 7; = 0 and & (x, 7) as the evolved halo density field in the Eulerian coordinates
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continuity equations for halos and dark matter given by
[1+ 8 (x,7)]d*x = [1 + &(q)]d°q and [1+8(x,7)]d’x = d’q, (4.20)
which lead to

Su(x,7) = &(q) +8(x,7) + 8,(q)8(x, 7). (4.21)

In Eq. (4.21), 8(x, 7) represents the fully evolved non-linear matter field at late time 7.
Using Eqgs. (4.15), (4.17), (4.19), and (4.21) the second order halo field in Eulerian space is
written as

1 4 2
87 (x,7) = (14b() ) 82 (x,7) + (565(7) +5705(1) ) 8% (x,7) — Z0s2(x,7)
(4.22)
In deriving the above expression, we use the relation
5 _ 175 ) 22
(x,7) = ﬁS (x,7)—HY(x,7)+ =5 (x,7). (4.23)

The third order solution contains many terms, and it is not convenient to write the full
expression here. Instead we compare the final expression with our Eulerian cubic basis
defined in Eq. (4.9). The full expression of the cubic halo density field can then be obtained
by multiplying the basis with the coefficient vector

4 2 22 23 1 1 2 1
1, —2.0,—2= 0,22 Lk ~.0,—-,0,—=,0 % % - bk
{ 7217 7707 6370742} ]+{072707 2707 770} 2+{0707076707070} )
4.24)

which gives

5}53)()(’ T) = (1 —{—blf(f)) 5(3)(X,T) n (blf(f) _ blf(f)) 53(X, T)— %b%(’c)%(x,’c)

6 2 63
2.0 23 8 1 L 2)
— §b2(r)3%(x,r) + Ebl (1)3(x,7) + <ﬁbl (1) +b2(r)>56 (x,7T)
4
——bhsP(x, 1)
7

(4.25)
This time evolution of quadratic and cubic bias parameters in the Lagrangian framework
has already been previously discussed in [144, 66]. If we carry out the same calculations
assuming a non-zero tidal field in the initial Lagrangian bias model we get the following
second and third order solutions:

< 1 4 2

87 (x,7) = (1+04(1)) 8@ (x,7) + (565(7) + 570K (1) ) 82(x, 1) = (5F (1) — b3 () ) 2 (x,7)

7
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and
&7 (x,7) = (1+6%(7)) 8O (x,7) + (b%éf) —@—% L(7) ) 8%(x,7)
22 2 8
—(gbﬂw—ib;(r))%(x,r)—(;b‘g(r) TR L I
+(Eb%< )= b >)r3< )+ (5700 +05(1) 85V (x,7)

The Lagrangian tidal term leaks into the cubic bias parameters, but does not change the
Eulerian basis.

4.2.4 Co-evolution of Dark Matter and Halos

Gravity naturally introduces non-local terms in the bias relation. To see this we do the
following. Under the assumptions of no velocity bias (that is the velocity of halos traces the
velocity of dark matter) and the conservation of halos, one can solve the coupled equations
of motion for dark matter and dark matter halos. The continuity and Euler equations are

given by

81,(&,7) + O (k, 7) = — /q (. k — q)6(q, 7)o (K — q, 7).
(k. 7) + 6 (K,T) + 2 3 20080 (K, T) /[5 0.k — q)0n(q, 7)0n(k—q,7),
8k, 7) + Ou(k, 7) = — /q o(a.k— q)8h(q, ) (k — . 7),

6h(k,7) + .72 6h(k,T) + = %”Zﬂmcsh k,7) /ﬁ q.k—q)6h(q,7)6h(k—q, 1),
(4.28)

where [, = [ d3q/(2x)3. If we assume that the Eulerian bias model was completely local
at some initial time 7;, then the second and third order solutions of the coupled system of
equations described above can tell us how much non-locality is induced by gravity in the
late-time bias relation. For a detailed discussion/calculations of the co-evolution of dark

matter and dark matter halos we refer to [51, 21, 172]. The second order solution is

8% (k1) = 87 (&, 7)) + (B (7) + 1) /q F(a,k — q)86(q,7) 86 (k—q,7)

4 2
+ 3700 | dala )80k —a,7) ~ 52H(0) | $2(ak - @)do(a, 1)k —a. 7
(4.29)
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bklz bga bga + 2b!§2
b5 —— bgys ———. bgys — 8/21bL,
49 __ eEje — brg oo by, —2/50,
— b2 ——— b2 +b§2

bias

1013 1014 1015
Mass [107 Mgyn]

Fig. 4.1 Theoretical predictions of bias parameters are obtained from the co-evolution of the
Local Lagrangian Bias model (LLB) and the co-evolution of the Lagrangian bias model with
the non-zero tidal term b?z at second order. The mass dependence of the initial Lagrangian
bias is defined in Eq. (4.62).

and the third order solution is given in [172] and previously in different notation in [51]:

5§3)(k, T) = / H5(q1,92,k—q1 —q2;7)06(q1,7)06(q2, 7) 06 (K — q1 — q2, ),

q1 /q2
(4.30)
where
Iy 1 Lo 1
H3 = §b3(7~') + §G3(Q1,(I2,k—(h —q)+ <5b1 (7)+ g)a(Q1,Q2+Q3)Fz(Q2a‘I3)
1 L 2 L 1 L
+ <§b2(r) + o7 bh (r)>a(q1,qz+q3) +12br(0)e(ar, a2 +43)52(d2. 93)
1 1
+ (519]{(1') + g)a(ql,q2+q3)G2(Q2,Q3)-

(4.31)
Egs. (4.30) and (4.31) agree with Egs. (4.24) and (4.25) respectively.

4.2.5 Bias Predictions

Let us summarize the predictions for the coefficients of our basis Eq. (4.9). We study two
cases:
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Local Lagrangian Bias Model

Under the assumption of a local Lagrangian bias model all non-local terms in the late-time

bias model are generated from gravitational instability. The late-time bias parameters are

then given by:

4 1

by = by +1; b2:21b +§b5
2 1 1

bo = ——bL; bgs = —=b5 + bk

22 2 26 (4.32)

by, = 63bL, ba,s = —719‘5;
23 398 13 1

b k. by = ——— p-— —ply “pL.

EEID) 37 T306971 T 272 T 673

Local Lagrangian Bias Model + b

We extend the local Lagrangian model and include a non-local tidal term at second order.
Such a term would arise in ellipsoidal collapse models [49, 147]. Propagating the additional
contribution through the co-evolution calculation, we obtain the following prediction for
late-time bias parameters:

4 1
_ L . L
by = by +1; by = by +2b2
2 1y 1, 2
- ) i (4.33)
bj3 — —ab +2bs2, bgzg - —§b 2 bsz,
23 5, 398 13, 1
br, bL— bsz, by = —=——by — b5+ -b¥.

3969 42 6

Fig. 4.1 shows the co-evolution bias predictions with and without the Lagrangian tidal
field b?z based on local bias parameters derived from a Sheth-Tormen (ST) mass function
[191]. The initial Lagrangian tidal bias used in this plot is motivated by our observations
and given in Eq. (4.62).

4.3 Quadratic and Cubic Fields

In this section we discuss the quadratic field method proposed in [177] and extend it to cubic
fields. First, we discuss the quadratic fields and describe the PT expressions for the cross-
correlation of quadratic fields with the density fields. Then, we describe our full basis of

cubic fields and the cross correlation with the non-linear matter field and halo field. The cross-
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spectra with cubic fields contain diagrams that are highly UV-sensitive. To remove these
diagrams from our model, we describe a procedure that we denote orthogonalization. Finally,
we discuss why including the counter terms is essential for making the bias measurements

insensitive to our ignorance of the halo smoothing scale Ry,.

4.3.1 Quadratic Fields

As proposed in [177] we consider three quadratic fields: the density-squared §2(x), the
shift ¥(x) - V8 (x), and the square of the tidal tensor s?(x). In Fourier space, these fields are
defined as

P[5](k) = /q 56(Q)d6 (k— q) 7, (0. k — QWe, (@ Wr,(k—q),  (4.34)

where 2,[38] € {8%,—¥-V3§,s*} and #p, € {1,H,,S,} with H, and S, defined as

2
: 1
@-9) qu) S (435)
919> 3

1
Hy(q1,q2) = _E(ql -qz)<%+%> and S2(qi,q2) =

The density squared and s2 correspond to the bias parameters b, and b respectively. Due to
the equivalence principle, there is no separate bias parameter corresponding to the shift term.

Due to the convolution integrals, Eq. (4.34) receives contributions from all modes. To
restrict to large scale modes, we implement a cut-off by smoothing the density field: dg(k) —
Wk, (k)8 (k). For definiteness, we choose a Gaussian filter W, (k) = exp(—k*R?/2) with a
fiducial Ry = 20h~! Mpc, corresponding to a kmax = 1/Ry cutoff. This cutoff kpmax ~ 0.05A
Mpc~! is the maximum wavenumber contributing to the quadratic and cubic field integrals.
This choice of smoothing can be motivated from the fact that one-loop PT is typically valid
for wavenumbers k < 0.1h Mpc_1 [16]. The cross-correlation of the smoothed quadratic
fields with the halo density &, can be expanded as

(2:[8] (1) |80 (K)) = b1 {25[8] (k) |8 (K)) + %@2[5](1() [8%(K')) + b (2:[8] (K)[s*(K))-
(4.36)

In the above equation, each term can be expressed as a one-loop PT integral as’

(2115)(K)| 1K)’ =2 /q W, () We, (K — @)W, (@)W, (k — q)Pin (9)Pin(k — q)

X %2((],1( - q)'%/ﬁz((bk - q)a
4.37)

3The prime on the correlator signifies that the Fourier space expectation value is equal to the power
spectrum, i.e., (6(K)8(K')) = P(k) as opposed to (6(k)d(k')) = (271:)3683)(k+k’)P(k).
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where 05 (k) is defined in Eq. (4.8) and 4, (q1,92) € {F>2(q1,492),1,52(q1,92)} respec-
tively. The diagrammatic representation of (4.37) is shown in Fig. 4.2, for %, = F>.

There are two different smoothing scales in Eq. (4.37). The halo smoothing scale Ry,
has a physical meaning and corresponds to the size of the Lagrangian patch collapsing into
the halo. However, since we don’t know R}, a priori, we will have to take into account
our ignorance of this fact while constraining the physical bias parameters. In general, the
cut-offs are not physical and should not appear in the model. One has to add appropriate
counter terms to remove the cut-off dependence. We will discuss our choice of the counter
term in a later section. The external smoothing scale Ry is an analysis cutoff avoiding high-k
contributions to the estimator. As long as this requirement is satisfied the results will not
depend on the choice of Ry since it is consistently implemented.

Fig. 4.2 Diagrammatic representation of (7 (k)|6®) (K'))’.

4.3.2 Cubic Fields

The definition of cubic fields follows straightforwardly from the above considerations
concerning quadratic fields. We define a smoothed cubic field in Fourier space as

P[8](K) = /q | /q 30(a1) 6 a2) 3ok~ 41 — a2) W, (a1 W (@2)

X Wr;(k—q1 —q2)%#p,(q1,92,k—q1 —q2)

(4.38)

where J#p, is cubic kernels after symmetrization. In our model, there are seven cubic bias

fields as described in Eq. (4.9). The unsymmetrized cubic kernels are defined as

2
1-q2
Hgslananas) = (929 ), (4.39)
919>
1 (g q)(qr-a3)(q2-93)  (q1-92)*  (q1-q3)*  (q2-q3)?
M‘“"‘Z"“):‘i[ Ghd a8 BE |
(4.40)

(Q1'(Q2+Q3))2
Q%(‘I2+<I3)2

15 (91,92,93) = 2( - 1) (Fz(qwb) - Gz(‘lzﬂla)) ; (4.41)



4.3 Quadratic and Cubic Fields 76

K3 (41,92,93) = 252(q1, 92 +93) F> (92, 93) (4.42)
K552 (a1,92,93) = 2F>(q2,q3), (4.43)
K33 (41,92,93) = F3(q1,92,93) - (4.44)

We cross correlate these cubic fields with the halo density field. The cubic fields are of
order 0(8%) and they correlate only with the linear and cubic operators in &,. The cross-
correlation of the cubic fields with the quadratic fields are five-point functions which vanish
in an infinite volume universe and hence do not contribute to the signal. However, for finite
ensembles, these five-point functions do contribute to the noise. In order to make more
precise measurements, we remove them to reduce the noise.

We provide a step by step explanation as things get more elaborate at cubic level. First,

we describe the cubic correlations with the non-linear density field Sxi up to order &'(8°):
(Z518](K)|OnL(K))' = (25[8] (k)| 8 (') + (758 (k)81 (K')) (4.45)

The first term is the one-loop term and the second is the two-loop term. The two-loop term
consists of an irreducible part and a reducible part, where the latter can be written as the
product of two one-loop diagrams. The diagrammatic representation of these terms is shown

in Fig. 4.3 and the PT expressions are given as follows:

One-Loop = 3Wg, (k) Ain (k) / Piin(q) 0, (k,q, —q)Wr,(q)* (4.46)
q

Two-Loop Reducible = 9Wg, (K)Pin(k) | Bin(q1)Wr,(q1)-%D;(K,q1,—q1) ¥
q1
4.47)
Pin(q2)Wr,(q2) F3(k,q2, —q2)
Q@

Two-Loop Irreducible = 6 | [ Pia(lk — a1~ G21)Pin (q1) Pn(42) Wi, (a1 Wi, (02)
qa

q1

XWri(k—q1 —q2)%p,(k—q1 —q2,91,92) 3(k—q1 —q2,91,92)
(4.48)

Basically, the PT expressions and diagrams are similar in all cubic correlations up to order

0(8%). We can write the cubic correlations with the halo density field as

(25[8](K) |8, (K'))" = b1(25[8] (1) |8V (K)' + b1 (25[8) (k)81 (K'))" + %(% [8](k)[ 8% (')’

+bg,5(75(0](K)|[428 (K))' + by, (78] (k)93 (k') + br(Z3[8] (k) |3 (K))’

+b2(25[8] ()| (K')) + 26,2 (75[8) (k) sV (K'))" + ...
(4.49)
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D3 Plin D3 Ri" F3

-Plin

Fig. 4.3 Perturbative expressions for one-loop, and two-loop irreducible and two-loop
reducible terms of (Z3(k)|dn1(k')) are shown in diagrammatic form. The propagators are
represented by linear power spectra Py, the cubic field kernel 25 is represented by the
hatched square. Finally, empty squares correspond to the gravitational kernel F3. Loops
correspond to integrals over all wavenumbers q or p and arrows represent the flow of
momentum.

The first two terms are the same as Eqs. (4.46), (4.47), and (4.48), except here they are
multiplied by the linear bias b;. The other terms in Eq. (4.49) are two-loop terms which
again consist of a reducible and an irreducible diagram. The PT expressions are the same
as Eqgs. (4.47) and (4.48) except the F3 kernel is replaced by the cubic kernels from &3 in
Eq. (4.9) and we have to add extra smoothing functions corresponding to the intrinsic halo

smoothing scale Ry. The diagrams are shown in Fig. 4.4.

%

D 3 }Dlin Ei bl

()

% /\
Dy B; by

in

Fig. 4.4 Diagrams contributing to the correlation of cubic fields with the halo field in
Eq. (4.49). The triangles represent the linear, quadratic and cubic bias kernels. The straight
lines are used to describe the density field, whereas halo fields are described by wiggly lines.
The Feynman rules are discussed in detail in [18].
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4.3.3 Bispectrum and Trispectrum Estimators

The cross-spectra between quadratic fields and the halo field are nothing but the integrated

bispectra:
<@2[6] (k) |3h(k/)>/ = /q%z (qa k— q>mam(k/7 q, k— q)WRf<q)WRf(k - q) ) (4-50)

where all of the matter fields in the bispectrum are Gaussian fields. Similarly, the cross

power spectra between a cubic field and the halo field can be written as integrated trispectra

<%[5](k)!5h(k’)>’=/q/p%s(k—q—p,q,p)Thmmm(ka,k—q—p,q)

X WRf(q>WRf(p)WRf(k —q-p).

(4.51)

The estimators defined in Egs. (4.50) and (4.51) contain bispectrum and trispectrum in-
formation (see [177]). We will use these estimators to constrain quadratic and cubic bias
parameters. Note that the matter fields are the Gaussian fields. An alternative way to
estimate cubic bias parameters is to calculate the bispectrum of the Gaussian field, a squared
field operator and the orthogonalized halo field (8%, 8y). This measurement probes the
trispectrum in terms of a one-loop bispectrum rather than a two-loop power spectrum. This
measurement retains additional external configuration dependence, but a detailed exploration

of the performance of this estimator exceeds the scope of this paper.

4.3.4 Removing the UV Sensitive Diagrams

The reducible diagrams introduced above contain a loop with two counteraligned momenta
entering into a cubic kernel. These diagrams are highly cutoff or smoothing dependent. For
instance, if we consider €3 = 87, the integral yields the variance of the field smoothed on
scale Ry,. As we describe in more detail in Appendix A.2, a change of halo smoothing from
Ry, = 4h~'Mpc to R, = 65~ 'Mpc can lead to a order unity relative change in the amplitude
of these contributions. Such a massive change in the template would lead to an equally
significant change in the prefactors and thus bias the constraint on the bias parameters. In
contrast the amplitude of the irreducible diagrams changes by a much smaller magnitude on
the order of a few percent. We thus consider it important to remove the highly UV-sensitive
contributions from our bias estimator. Fortunately, the reducible diagrams can be identified
with the part of the halo field that correlates with the linear field. The remaining parts of SN
and &y, orthogonal to the linear field are defined as

(0G(0a)
(0666)

Sa(k) = 84 (k) — S (k), (4.52)
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where A € {NL,h}. These residual contributions only contribute to the irreducible diagrams.
The above definition can be extended to arbitrary operators &'. The cross-correlation of
cubic operators with the orthogonal part of the halo field now only depends on the two-loop
irreducible diagram. The irreducible diagram also depends on the smoothing scale; however,
this dependence is less severe and if necessary can be taken into account by adding a counter
term dR as discussed in the next subsection. The final expression for the cross-correlation of
the cubic fields with the projected halo density field that we use to constrain cubic bias is

given by
j=17

(Z518](K) | (X)) = ¥ b(Z5[5](K)| 03 ;(K)). (4.53)

j=1
We diagrammatically describe the correlations of cubic fields with the orthogonalized fields
in Fig. 4.5.

Hin P)lin

Fig. 4.5 Cross-correlations of cubic fields with the orthogonalized fields contain only
the two-loop irreducible diagram. The figure shows PT diagrams for (D3| F3) (left) and
(D3|0%) (right).

4.3.5 Counter Term: Taylor Expansion Around Ry,

The models for the cross-correlations of quadratic and cubic fields with the halo fields in
Egs. (4.36) and (4.53) have some residual dependence on the halo smoothing scale R},. For
the cubic fields this is still the case after orthogonalization, but the dependence is less severe
for the orthogonalized fields. In principle this cutoff or smoothing dependence would call
for the inclusion of EFT inspired counterterms. The dependence of quadratic and cubic
correlations on the halo smoothing scale Ry, is explained in more detail in Appendix. A.2,
where we explicitly quantify this effect and discuss the possibility of including EFT counter
terms to remove this effect. In particular, we show that despite removing reducible diagrams
and the fiducial scale being much larger than the halo scale, there are residual dependencies
of the correlators on the halo smoothing scale at the several percent level.

However, the large number of necessary counterterms arising at the field level required
to absorb the dependency of the results on the unknown halo smoothing scale Ry, motivates
a more pragmatic approach. In particular, we are considering a Taylor expansion in the
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dependence on Ry, around the fiducial value R, = 4h~!' Mpc. The Taylor expansions of the
quadratic and cubic correlations are thus given by

(21i|O.) = (D

dR
6"27]')‘ - > ((@271‘

R Ohj) ‘Rh_ L~ (2l 02)) ‘&—6) (4.54)

and

5&1)‘

~ ~ dR
<93l’ﬁ3,j> = <@37i’ﬁ3,j>‘Rh_4+7 <<@37i Rh:4_ <

231103, 4.55
34‘ 3,J> Rh_6> ( )
respectively. The L.h.s. of Egs. (4.54) and (4.55) are now functions of dR. This dependency
quantifies the effect of the deviation of the halo smoothing scale from its fiducial value
Ry, = 4h~! Mpc. In the subsequent analysis, we will constrain this parameter dR along with
other bias parameters.

4.4 Methodology

4.4.1 Numerical Simulations

We use a suite of 15 realisations of a cosmological N-body simulation. The initial conditions
are generated with the second order Lagrangian Perturbation Theory (2-LPT) code [182]
at the initial redshift z; = 99 and are subsequently evolved using Gadget-2 [196]. The
simulations are performed with N, = 10243 dark matter particles in a cubic box of length
L = 1500h~! Mpc with periodic boundary conditions. We assume a flat ACDM cosmology
with the cosmological parameters Qp, = 0.272, Qp = 0.728, h = 0.704, ng = 0.967.

Dark matter halos in the final z = 0 density field are identified using the Friends-of-
Friends (FoF) algorithm with linking length / = 0.2 times the mean inter particle distance.
We also trace back the halo particles to the initial conditions to define the protohalos as
progenitors of gravitational collapse. We will be using these protohalos to study the evolution
of bias from Lagrangian to Eulerian space. The halos are binned in mass, with each bin
spanning a factor of three in mass. The mass and number density of the five halo mass
bins are given in Table 5.2. Particles and halos are assigned to a regular grid using the
Cloud-in-Cell (CIC) scheme. We Fourier transform the matter and halo density fields using
the publicly available FFTW library”.

“http://www.fftw.org
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From the initial conditions we also extract the underlying Gaussian density field from
which we generate the quadratic and cubic field using a sequence of multiplications with
powers of the wavenumber in Fourier space, Fourier transforms and multiplications of fields

in configuration space.

Mass Bin | Halo Mass [10!32~'M] | Number Density [10~°43 Mpc—3]
I 0.773 627
i} 2.33 216
1 6.93 66.5
v 20.1 16.5
\Y 56.8 2.48

Table 4.2 Halo mass bins employed in this study. We quote the mean mass of the sample
and the number density of halos.

4.4.2 Parameter Estimation

As described before, the natural statistic for estimating by is the tree-level halo-matter power

spectrum. To estimate b; we minimize xlzin defined below

e B () P () — b1 )
in = L ( & (P (k) P K0) ) | (30

Taking the ratio of two power spectra obtained from the same initial conditions cancels out the
random fluctuations, resulting in the reduction of cosmic variance and improved constraints
on by. The maximum wavenumber is chosen to be kp.x = 0.026A4 Mpc_1 to ensure that we
are in the regime where linear theory and scale independent bias are applicable.

To estimate the quadratic and cubic bias parameters we cross correlate three quadratic
fields defined in Eq. (4.34) and a basis of cubic bias operators (4.38) with the orthogonalized
halo density field. To do cosmic variance cancellation, we obtain the cross-spectra terms in
Eq. (4.36) and Eq. (4.53) from N-body simulations, rather than using the PT result. The
motivation is again cosmic variance cancellation. At the field level |Psm — Prodel| can be

written as

(DA™ :g@m(&] — b8 — b0, ,)> 4.57)
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and

- . =1
<937i‘A5}(1:ub1c> — Z <-@3,i
j=1

(8y—b;0s.j— b1 8P — by8% — b3 (4.58)
( )

for quadratic and cubic statistics respectively’. The tilde stands for orthogonalized fields.
Note that in Eq. (4.36) and Eq. (4.53) we omitted odd-correlators, that is the cross-correlations
of the quadratic fields with the linear density field or cubic fields with the quadratic fields.
These cross-spectra are zero in an infinite volume limit. However, in a finite simulation vol-
ume these correlations contribute to the covariance matrix. In fact, the odd cross-correlations
are the leading source of noise, which can be reduced by removing these contributions at the
field level in Eq. (4.57) and Eq. (4.58).

We define the x? for the quadratic and cubic statistics as

. ua 2
2= kS 13( (Z24(k)) | A8 (I))’ ) (4.59)
T Tt \ 0((22:(6)|AG(K)))
d
an koo =7 (. Scubic (1./ \\/ 2
P ( (Z5,i(k)[A5 (Kk})) ) (4.60)
cubic — ‘Scubi . ‘
b o =1 \ O ((Z5,(K)) | A (K)))

The maximum wavenumber we use in our analysis is kyax = 0.056A Mpc’l. In Eq. (4.59)
and Eq. (4.60) we sum over quadratic and cubic fields. After defining the chi-squared
for the linear, quadratic and cubic statistics we run the MCMC chains to get the best-fit
bias parameters that minimize the joint chi-squared (or joint likelihood function), which is
defined as

%2 - Xﬁn + %(?uad + Xczubic : 4.61)
4.5 Results

4.5.1 Some Preliminary Checks

Before discussing our main results, we describe some preliminary checks as follows:

* Measuring bias parameters from large-scale, tree-level bispectrum and trispectrum
is the cleanest way to avoid the degeneracies of the bias parameters. Therefore, we
want to choose the maximum wavenumber kny,x in our analysis such that we are in

SHere 2, and 25 describe the quadratic and cubic fields smoothed with Ry = 20h~! Mpc. On the other
hand, &, and &5 describe the quadratic and cubic basis operators smoothed with a halo smoothing scale Ry,
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Fig. 4.6 Ratio of the cross-correlations of cubic fields with the orthogonalized non-linear
matter field as measured in simulations and predicted in perturbation theory. The cubic fields
are smoothed with Ry = 20h~1 Mpc. As discussed in the text, these cross correlations are
described by the two-loop irreducible diagram in PT. The vertical dotted line is drawn at
k =0.1h Mpc~! to separate the region of validity of the PT. For k > 0.12 Mpc~! PT results
can not be trusted. To ensure convergence of PT, we have chosen the maximum wavenumber
kmax = 0.057h Mpc’1 for parameter estimation.

the regime where PT is valid. To get an idea of the regime of validity of the tree-level
trispectrum, we show in Fig. 4.6 the ratio of the cross-correlations of cubic fields with
the non-linear matter field as measured in simulations and predicted by perturbation
theory. We see that the data points start deviating from theory around wavenumber
k = 0.1nMpc~!, which means that as we go to higher k-modes, loop corrections in
the Thmmm trispectrum become important. We therefore make the conservative choice
of kyax = 0.057h Mpc’1 to ensure that we remain in the perturbative regime.

* To check that the orthogonalized cross-spectra of cubic fields obtained from sim-
ulations agree with a numerical evaluation of the perturbation theory integrals in
Eq. (4.48), we plot the irreducible parts of cubic cross-correlations in the seven by
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Fig. 4.7 Irreducible parts of the cross-spectra of cubic fields. The solid lines are the numerical
evaluation of the perturbation theory loop integrals in Eq. (4.48), while the dots with errorbars
show simulation data. The cubic fields from left to right are smoothed with R, = 4h~!
Mpc, while fields from top to bottom are smoothed with the fiducial halo smoothing scale
Ry =20h~! Mpc.

seven matrix plot in Fig. 4.7. The solid lines are predictions of perturbation theory,
whereas the data points with errorbars show simulation results. We see an excellent

agreement between the simulations and the numerical two-loop integrals.

4.5.2 Bias Constraints

We are now ready to discuss our main results. We measured the bias parameters in Lagrangian
and Eulerian space and compare our results with the co-evolution predictions described in
Eq. (4.32) and Eq. (4.33). We then discuss Eulerian and Lagrangian models with different

number of parameters.
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4.5.3 Lagrangian Bias from Protohalos

We obtained the protohalo density field in Lagrangian space by tracing back the constituent
particles and assigning the Lagrangian center of mass to the grid. In Lagrangian space all the
operators involving non-linear gravitational kernels vanish and thus we discard 8%, §5(2)
and s(Ws(2) as shown in Eq. (4.12). However, we still cross-correlate the full basis of three
quadratic and seven cubic operators with the protohalo density field in Lagrangian space and
measure all bias parameters up to cubic order. The resulting bias measurements are shown
in Fig. 4.8. We have detected a clear evidence of the presence of non-local Lagrangian tidal

bias, the mass dependence of which is well captured by the fitting function

1 M 0.8
by (M) = —= 4.62
+(M) 2 (4>< 1014h—1M@) (4.62)

shown by the dotted black line in Fig. 4.8. This fitting function will be the basis of predictions
of the LLB+b£‘2 model in the rest of this chapter. The measurements of the linear Lagrangian
bias blf are strongly constrained by the halo-matter cross power spectrum and are in good
agreement with the trends of the ST bias function, except for two highest mass bins that show
slight deviation. Note that we include the ST bias predictions only as a reference to guide the
eye rather than expecting perfect agreement. Similarly, the measurements of non-linear local
Lagrangian bias parameters blz“ and blg qualitatively agree with the predictions of the ST bias
function. However, quantitatively we see deviations which are more obvious in the case of
b%. The theory lines for by and bY are calculated from the second and third derivatives of
the mass function. The detection of non-zero Lagrangian tidal bias clearly shows the failure
of the spherical collapse model, partially explaining the disagreement of the measurements
of local Lagrangian bias parameters with the theory predictions. A previous attempt at
measuring cubic local Lagrangian bias was presented in [147], where in agreement with
our results, evidence for negative Lagrangian tidal bias at the high mass end is found. At
the quantitative level however, their measurements and in particular their fitting function
indicate a larger effect than what we find here. In particular, we don’t find any evidence for
positive bi‘z at the low-mass end. For reference, we overplot their fitting function in Fig. 4.8.

Next, we consider the non-local cubic bias parameters. We do not find significant
detection of the presence of bL3, b{(éz 50 and bg% for low masses. Mass bin V, however, shows
some mild evidence for non-vanishing cubic non-local Lagrangian bias. We have to caution
however, that the employed smoothing and cutoff scales might be insufficient to suppress
the impact of derivative bias corrections for these high mass, large radius tracers (see for
instance [14, 147] for the scale dependence of Lagrangian bias).

Fig. 4.8 reveals statistically significant changes between the fits with and without the
counterterm dR. Naively, one might have expected that the halo scale dependence is
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insignificant due to the large fiducial smoothing scale R¢. However, as we discuss in detail
in App. A.2, there is a several percent level residual dependency of the correlators on the
halo smoothing scale. This sensitivity is at the same order as the relative errors on some
of the bias parameters and can thus induce significant parameter shifts. At the same time,
the presence of the counterterm can actually account for some of the stochasticity in the
data. Thus, the constraints including the counterterm may show smaller error bars despite

the larger parameter set.

4.5.4 Eulerian Bias from the Late-time Halo Field

We now turn to the constraints on Eulerian bias parameters. In Fig. 4.14 we show the bias
constraints for five mass bins obtained from seven and eight parameter fits to the late-time
halo field. The solid lines are the predictions of the co-evolution of the local Lagrangian
bias model, whereas the dashed lines are the predictions of the co-evolution of the local
Lagrangian bias model extended by a non-local Lagrangian tidal term (LLB+b£‘2). We have
plotted the constraints with and without the counter term dR. The measurements of the local
Eulerian bias parameters b, b5 and b5 are following the trends of the ST bias function, with
slight deviations towards the high mass end. As we noted before, we don’t expect perfect
agreement with this particular bias function. Our measurements of the tidal bias b fall
below the prediction based on co-evolution of the local Lagrangian bias model. The reason
for this is the presence of the initial Lagrangian tidal field discussed in the previous section.
The measurements show a preference for the predictions of the LLB+bSL2 model. To check
the consistency of our model, we have also performed fits to the propagator and quadratic
field correlators (xl%n + xguad) using only bE, bE, b]si2 and dR. We find that the constraints
are in good agreement with the ones obtained from the full eight parameter fits to linear,
quadratic and cubic statistics.

Even though we are fitting for bias measurements on large scales, as ensured by the
cutoffs ky.x = 0.057h Mpc_l and Ry = 20k~ 1 Mpc, to avoid corrections from non-linear
modes, the higher mass bins can already be affected by higher derivative corrections. Going
beyond the (integrated) tree-level trispectrum requires additional bias parameters and the
inclusion of higher derivative bias operators. In fact, it has been shown that in the framework
of EFTofLSS including higher derivative bias in the model improves the model performance
for massive halos [92]. In the EFTofLLSS, the halo density is written in terms of the expansion
in (k/knp) and (k/kn ), where knp, is the non-linear scale of the theory and ky; corresponds
to the scale of the derivative bias. For massive halos ky; decreases and therefore derivative
corrections become more important compared to low mass halos.

Coming back to bias measurements, we detect the presence of the non-local cubic bias

in the late-time halo field at a significant level. The measurements for b%,b%g, and br;,



4.5 Results 87

however, do not follow the predictions of the co-evolution of LLB; rather, in general, they
are in slightly better agreement with the predictions of the co-evolution of LLB with initial
Lagrangian tidal bias.

In Fig. 4.10 we highlight the dynamical contribution to the bias parameters by showing
the difference of the initial and late-time measurements, and comparing them to the co-
evolution predictions of the LLB and LLB+b£“2. For br, the measurements follow the trend
of the latter, except for a small deviation for mass bin IIl. For by, s and by, we see that the
lowest three mass bins are in good agreement with the predictions of LLB+b£‘ , whereas
the highest two mass bins clearly disagree from the predictions of both LLLB and LLB+b‘];2
models.

In Fig. 4.12 we plot by, br,, and by, against the linear bias and by, s against the non-
linear local quadratic bias. In addition, we have also plotted the combination 2/5br, + b, =
-1/ ISb% that appears in the predictions for the halo-matter power spectrum at one-loop
(see Sec. 4.5.6 below). We see that except for the fifth mass bin, the measurements of
by, are in good agreement with the predictions of both LLB and LLB+bSLZ. We see that
br, is increasing with the linear bias but quantitatively mass bins II and III are clearly in
disagreement with the co-evolution predictions. Unfortunately the errorbars are huge and
affect the predictions for the one-loop halo-matter cross power spectra which we discuss
below in Sec. 4.5.6. These measurements are the best we can obtain from the cubic field
method given our ensemble of simulations.

Finally, we also show the bias measurements as a function of the cutoff wavenumber
kmax 1n Fig. 4.11. As one increases the maximum k-mode, non-linear modes start affecting
the measurements and should be taken care of by including appropriate loop corrections in
the model. The measurements are fairly consistent on large scales up to our fiducial kpax.

During the final stages of this study [121] presented a similar study of cubic non-local
bias. These authors use the correlation of cubic operators with the halo field without
orthogonalization but remove the matter non-linearities from the halo field. This leaves
closed loops in the bias operators, which we remove due to their strong UV-sensitivity (as
discussed in Appendix A.2). Their analysis goes to higher wavenumbers and subtracts a
subset of odd correlators. They marginalize over residual k> dependencies for each of the
cubic bias parameters to capture higher derivative and higher-order perturbative corrections,
while we aim to account for these effects by fitting to dR. Qualitatively we agree with their
finding that the Eulerian non-local bias parameters are in tension with the predications based
on the LLB model. Both approaches show the potential of the cubic field approach and
future high-precision implementations should aim to combine the respective advantages of
the two methods.
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4.5.5 Constraints on Lagrangian Bias Parameters from Different Mod-

els

Given that the final halo field shows reasonable agreement with the LLB+bSL2 model, we
consider a direct fit of the final halo field using the template in Eq. (4.27), i.e. linking the
amplitude of the final cubic operators to the local Lagrangian bias and the Lagrangian tidal
tensor bias. The free parameters in this fit are thus {bL, blz“, bk, bI;Z} and dR. We perform this
same fit on the protohalos as well.

We show the results of this study in Fig. 4.13, where we also show the Lagrangian bias
parameters reconstructed from the eight parameter fits discussed above. In general we see
a consistent picture, where all of the Lagrangian bias parameters obtained from the four
different fitting procedures follow the same trend. There is some tension for the local cubic
bias b%, which is probably due to large parameter degeneracies in the protohalo fits. This
might be partially due to us neglecting explicit k> bias contributions in the protohalo field as
for instance predicted by the peak model [14, 147].

Just for an example, Fig. 4.14 we plot marginalized posteriors of Lagrangian bias
constraints for mass bin III obtained from the late-time halo field. We can see some mild
degeneracies between the counterterm dR and the cubic local and quadratic non-local
Lagrangian bias. These degeneracies are more severe in the constraints obtained from the

protohalos.

Models ‘ Bin 1 ‘ Bin 2 ‘ Bin 3 ‘ Bin 4 ‘ Bin 5

Eulerian 8 pars (with CT) 2.782 | 1.914 | 1.080 | 1.006 | 1.297

Eulerian 7 pars (without CT) | 2.417 | 1.708 | 1.120 | 1.144 | 1.405

Lagrangian 8 pars (with CT) | 1.975 | 1.303 | 1.168 | 1.373 | 1.454

Lagrangian 7 pars (without CT) | 2.680 | 1.636 | 1.162 | 1.263 | 1.267

Lagrangian 5 pars (initial) 1.800 | 1.296 | 1.267 | 1.370 | 1.497

Lagrangian 5 pars (final) 1.216 | 1.203 | 1.162 | 1.023 | 1.190
Table 4.3 Overview of reduced x> models considered. We have studied six different models
which are summarized in the table. First, we note that the Eulerian and Lagrangian models
with the counterterm dR are statistically preferable compare to the ones without the coun-
terterm. Second, we note that for both Eulerian and Lagrangian models, for mass bin I and
I1, five parameter fits are statistically preferable. However, for mass bins III, IV, and V the
full model with eight parameters gives a lower reduced x> and is therefore preferable. This
implies that low mass halos are in a better agreement with the co-evolution predictions of

LLB+b,.
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4.5.6 Application: One-loop Halo-Matter Power Spectrum

We are now ready to check the halo-matter cross spectrum and halo-propagator predictions.
The halo-matter cross spectrum By, (k) and the halo-propagator P, (k) are defined through

the two-point function in Fourier space as:
(8(K)8 (K) = (27)* 8" (k + K ) Ai(k) (4.63)

where i =m or G correspond to the non-linear and linear density field respectively. Up to
one-loop in PT and at leading order in derivatives P, and Ag are given by the following
expressions [142, 11]

2
Pom (k) = by (P]in(k) 2P (k) +P22(k)> n (bsz i gbp3> F(q) — by sk>Bin (k)
1
+ §b2f5(2)52 (k) + by Ig2) 2 (k) (4.64)

Ara(k) = b1 (BinlR) + Pa()) + (b + 31, ) F () — Borsk*Pin()

where .7 (k), F52)52(k), and I 2 (k) are defined as

34
FW = 48b) [ (Saak- @Rk -0 - 3 ) Anlo). 65
q
s (k) =2 /q P> (k— q,q)Pin(q) Pin (K — q) . (4.66)
Is2)0(k) =2 /q F(k—q,q9)S2(k—q,q)Pin(q)Pin(k—q|) . (4.67)

Note that the above expressions do not contain a smoothing scale. For explicit expressions of
P13 and P> see [37]. Note that naively, there would have been contributions proportional to
0P in the halo-matter power spectrum and propagator, which would renormalize the linear
bias prefactor of the leading A, contribution. This would cause the large scale limit to deviate
from by By, [139]. However, the propagation of the —blz“ /262 — b]§ /26286(q) —2/ 3192“2 c?
contributions to Eq. (4.12) leads to a (—b%/20% —b% /207 —2/ 31952 62)P contribution to the
power spectrum, which exactly cancels these renormalizing terms.

Having fixed the bias parameters from our measurements described earlier in this Section,
we are only left with the k? term. The importance of k? corrections has been discussed
in the literature in the context of peak model [65, 69, 14] or symmetry arguments [142,
174]. Constraints on the k? bias or the leading derivative bias can be obtained by comparing
Eqgs. (4.64) with the simulation data. We quote our best-fit values for by.s and sz(g in
Tab. 4.4. The large errorbars on the bias parameters b + %br3 do not allow for a significant

detection of non-zero k? corrections for mass bins I and V. However, we get a significant
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Mass Bin | byxs | Abyos | byzs | Aby:s

I 274 | 652 | 092 | 6.59
I -20.94 | 852 | -18.65| 8.58
I -35.21 | 15.37 | -32.18 | 15.34
v 26.74 | 19.39 | 32.39 | 19.44
v -30.35 | 66.35 | -16.34 | 67.12

Table 4.4 Best-fit values for the k? bias coefficients for five mass bins obtained from the one-
loop halo-matter statistics after fixing all other bias parameters. The maximum wavenumber
used is kmax = 0.08% Mpc~!. The quoted values are in units of #=> Mpc?, i.e. inverse
length-squared. The error bars are dominated by the uncertainty of b +2/5br,.

detection of k? corrections for mass bins II, IIT and IV. The constraints obtained from the
propagator and equal-time halo-matter power spectrum are consistent with each other. The
amplitude of the parameter is non-monotonic with mass, which could be understood in the
context of the peak model, where the Eulerian k*-bias is given by sums of positive and
negative contributions with different mass dependence [13]. The difference of A, and A
has its own residual k* correction by25 — by25 = —c?, which is related to the EFT speed of
sound in the matter power spectrum Py (k) = Bin (k) + 2Py3(k) + Py (k) — 2¢2k* B (k). As
the difference P, and P,g does not contain .#, it is less affected by the large error bars on
bp+ %bg and allows us to put tighter constraints on c¢2 than on by25 and by individually.
Within the error bars the results indeed agree with reported values in the literature [27].

In Figs. 4.15 and 4.16 we show our predictions for the one-loop halo propagator and
halo-matter power spectrum. The predictions with and without k2 are represented by solid
blue and red lines respectively. In addition, the shaded green region shows the uncertainty
arising from the error bars on the bias measurements (without the error on the k? correction).
We see that after adding the k corrections the theory agrees with the data up to wavenumber
k = 0.1n Mpc~!. However, precision is highly affected by the large error bars on the

combination of cubic parameters b, + %br3.
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4.6 Summary & Conclusions

In this chapter we have studied the measurement of bias parameters beyond leading order
from cross-correlations of quadratic and cubic bias operators with halo fields in a suite of
N-body simulations.

We summarize our results as follows:

* We find that we can model the final halo distribution with seven bias parameters (one
linear, two second order and four third order bias parameters) with one additional
parameter that accounts for the halo scale. We find clear evidence for non-zero
quadratic and cubic non-local bias operators. The amplitude of the detected non-local
bias deviates from the predictions of the evolved local Lagrangian model both at

quadratic and cubic level.

* The distribution of protohalos in Lagrangian space in turn shows evidence for the
existence of a Lagrangian quadratic tidal bias contribution, i.e., a deviation from the
local Lagrangian bias model. The presence of such a term indicates that the collapse
threshold for halo formation depends not only on the density but also on the shear [49,

147], and that the strength of this dependence increases with mass.

* We have not detected any cubic non-local terms in Lagrangian space for low mass
bins; however, for the highest mass bin V we find some evidence for the presence
of these terms. We would like to emphasize again that our smoothing and cutoff
scales might be insufficient to suppress the derivative bias corrections for high mass
bins. Should this hint for the existence of cubic Lagrangian bias be confirmed, the
modelling of collapse thresholds for halo formation would need to be extended to
cubic fields.

* The non-detection of cubic Lagrangian bias operators for low masses motivated
us to consider the consequences of a Lagrangian bias model with a quadratic tidal
component but no non-local cubic operators. The Lagrangian tidal bias contributes
to both the quadratic and cubic non-local bias operators in Eulerian space. We were
able to fit the final distribution with the simple five parameter model that contains

Lagrangian local biases up to third order and a tidal Lagrangian bias.

* We see some mild degeneracies between the counterterm dR and the cubic local
and quadratic non-local bias terms in Lagrangian space, which might be because of
neglecting k> terms in the protohalo field.

« Given the importance of the k> term, we constrained it from the one-loop halo-matter

cross spectra statistics for five mass bins after having fixed the other bias parameters
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from our measurements. The constraints are given in Tab. 4.4. Because of large
errorbars on the cubic bias parameters entering in these statistics, we have not detected
the presence of non-zero k2 term for some of the mass bins. We find that the constraints
from the propagator and equal time statistic are consistent and that their difference
agrees with previous measurements of the dark matter speed of sound in the EFT
framework.

* We plot the predictions of one-loop halo propagator and halo-matter cross spectrum in
Fig. 4.15 and Fig. 4.16 respectively. Our predictions agree with the N-body simulation
data up to k = 0.1h Mpc~!. However, to make more precise predictions, one has to

reduce the errorbars on the combination of the cubic bias 2/5br, + b.

As we hinted in Sec. 4.3.3, it might be interesting to consider the bispectrum of quadratic
field, linear field and halo field as an alternative means to extract bias information from
the trispectrum. Furthermore, the strong filtering or derivative corrections in the protohalo
statistics [16, 147] should be accounted for more directly in order to improve the reliability
of the constraints on Lagrangian bias parameters. An application of the presented method to
actual observations will be complicated by the nonavailability of a Gaussian reference field.
This problem could potentially be alleviated by using cross correlation of squared and cubed
lensing fields with the galaxy field.

The method presented here allows for straightforward extensions to quartic statistics,
which will be relevant for computations of the one-loop halo or galaxy bispectrum. Further-
more, straightforward extensions of this method should allow to constrain cubic primoridal

non-Gaussiantity such as the gnr [3] local model.
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Fig. 4.8 Constraints on bias parameters from the protohalo statistics. The solid lines are the
predictions of the local Lagrangian model calculated from the ST mass function. The dashed
line is a fit to the observed non-zero Lagrangian tidal parameter given in Eq. (4.62). We are
plotting two cases. The fit leading to the red points includes the counter term dR, which is
just the Taylor expansion coefficient around our fiducial choice of smoothing scale R;,, while
the blue points are without a counter term. The employed fiducial R;, = 4h~!Mpc does not
reflect the correct Lagrangian scale for all mass bins. Thus, we are more confident in the
measurements with the counter term. We also overplot the fitting functions for b, given
in Eq.(22) of [147] (rescaled to Lagrangian space, shown by the dashed-green line), which
contrary to our findings indicates a positive tidal bias for low masses and a stronger effect

for large masses.
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Fig. 4.9 Constraints on Eulerian bias parameters from seven and eight parameter fits to the
late-time halo field. The red points depict the fits with an eight parameter model including
the counterterm dR, whereas the green points show the results from a seven parameter model
without the counterterm. The black dashed lines show the co-evolution prediction based
on a local Lagrangian bias model and the black lines arise from a local Lagrangian model
extended by a non-vanishing tidal term whose amplitude was fitted in Lagrangian space
and 1s given by Eq. (4.62). Green points show constraints on linear and quadratic biases
obtained from a fit to xﬁn + xguad. The constraints are in perfect agreement with the results
from the full fits, which supports the consistency of our model and fitting procedure. The
fitting function of [147] for b, is shown by the brown dashed curve.
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Fig. 4.10 Co-evolution Check: Difference of Eulerian and Lagrangian constraints on the local
and non-local cubic bias parameters. We overplot the predictions of the local Lagrangian
bias model (shown by solid black curves) and the Lagrangian model with an initial tidal field
(LLB+b£‘2 shown by black dotted lines). At low mass the bias generally shows the trends of
local Lagrangian bias, but at the hight mass end there are deviations especially for br, and
by
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Fig. 4.12 Non-local bias constraints plotted against the linear Lagrangian bias and quadratic
local Lagrangian bias. As stated in Eq. (4.32) the non-local bias parameters are predicted to
follow a linear relation with the Lagrangian bias parameters shown as the black line. The
data points show a preference for the model in which the LLB is extended by a Lagrangian
tidal tensor contribution leading to the predictions in Eq. (4.33) (dashed curve). We also
overplot the fitting function for b given in Eq. (22) of [147] (shown by the dashed-green
line). Our measurements for b are clearly not consistent with their fitting function.
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Fig. 4.13 Direct five parameter measurements of the Lagrangian bias parameters using
the template Eq. (4.27) for the final halo field and reconstruction of the Lagrangian bias
parameters from the full eight parameter fits of the final field described above. We also show
direct measurements of the Lagrangian bias parameters from a five and eight parameter fit to
the protohalo field. The solid lines are predictions of the ST bias function. The dashed curve
for bb is our best-fit defined in Eq. (4.62).
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Fig. 4.14 Marginalized posteriors of Lagrangian bias constraints for mass bin III obtained
from the late-time halo field. The counterterm dR is shown in units of 1 #~'Mpc. The dark
and light regions represent 64.1 % and 95.4 % confidence regions respectively. We clearly
see detection of Lagrangian tidal bias and a deviation from the fiducial smoothing scale
Ry, = 4h~! Mpc. There are some mild degeneracies between the counterterm dR and the
local cubic and quadratic tidal tensor bias.
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Fig. 4.15 Cross correlation of the final halo field with the linear density field (propagator),
normalized by the linear power spectrum. The red and blue lines show one-loop predictions

with and without k% corrections. The shaded red region shows the effects of the bias errorbars
on the predictions.
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bias reflected by the black dotted lines.



Density Field Reconstruction from Biased Tracers
and Constraining local fjn_

Note: This chapter is based on my co-authored work, "Density reconstruction from biased
tracers and its application to primordial non-Gaussianity", done in collaboration with
Omar Darwish, Simon Foreman, Tobias Baldauf, Blake Sherwin, and Daan Meerburg [59].
Reconstructing the density field from dark matter halos in numerical N-body simulations and
verifying all analytical predictions of cross-spectra with simulation results are my original
work (done under the supervision of Tobias Baldauf). All other results and derivations in
[59] were thoroughly cross-checked by my independent Mathematica code. All figures and

plots in this chapter have been reproduced from my own code.

5.1 Introduction

The measurements of temperature fluctuations in Cosmic Microwave Background (CMB)
have improved our understanding of the Universe. The model that has emerged from these
measurements is that the Universe is mostly flat and dominated by dark energy and dark
matter. This model of the Universe, which is called the ACDM model, has been confirmed
very well by observations [160]. However, several challenges remain that need to be solved.
One of the main problems in modern cosmology is to constrain the initial conditions of
the Universe and to learn more about the physics of the early Universe. The temperature
fluctuations in CMB are uniform, telling us that the Universe is extremely homogeneous
and isotropic on large scales, where fractional inhomogeneity present is 1 in 100 000. These
CMB fluctuations are correlated and can be correctly described by the 2-point function,
which in Fourier space is called the power spectrum. It is believed that the seeds for
fluctuations in the CMB and structure formation in the late time universe originated from

inflation, which is a period of early exponential expansion of the Universe [100, 131]. If
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the initial conditions of inflation are Gaussian, then the power spectrum is the only relevant
statistic to describe the data and extract all useful information accurately. All higher point
functions, in this case, will add no additional information. However, in the presence of
non-Gaussianity in the initial conditions, higher point statistics become essential to extract
information about the early Universe, especially it will induce non-vanishing three-point
function, which is called the bispectrum in Fourier space. So far, observational data shows
no sign of non-Gaussianity and therefore, the most favourable model is the single field slow
role inflation model.

So far the most critical constraints on cosmological parameters, as well as on the initial
conditions, come from CMB experiments [160]. While these constraints tell us that inflation
did happen with a single scalar field, they do not shed light on how the inflation happened.
Understanding the physics of inflation is one of the main goals of modern cosmology. The
energy scale of inflation can be as large as 10° GeV, which is much higher than 10 TeV at
which most particle accelerators are probing high energy physics [8]. The energy scale of
inflation is much larger than any energy scale we can ever achieve in a particle accelerator.
Thus, understanding the physics of inflation can tremendously improve our understanding
of physics at very high energies. However, this understanding is not entirely possible from
2-point function measurements from the data. This is because if there is a presence of a small
non-Gaussianity in the initial conditions, then going beyond the 2-point function or power
spectrum becomes essential. These higher-point spectra probe the dynamics of inflation as
they contain useful information about single or multiple scalar fields and their interactions
in the early universe [143].

The primordial non-Gaussianity is quantified by non-Gaussianity parameters { fNL, gNL--- }-
The recent Planck constraints on the local, equilateral, and orthogonal types non-Gaussianities
are fio¢ = 0.8+£5.0, fy; = —4+43, and £ = —26 £ 21 respectively [80]. From now
onward, we use fL. for local fi5¢. Planck sets the current constraints of o(fnL) ~ O/(5),
however, it has been shown that the compelling theoretical threshold is o (fnp) ~ 1 [53, 25,
79, 178, 29]. This motivates us to go beyond the current limits, because if we can measure
JNL > 1, then it can rule out single field slow-roll inflation. Future CMB experiments [1, 192]
have potential to reach o(fnL) ~ (1), however, galactic and cosmological foregrounds
will cause huge challenges to reach that limit. As it has been mentioned before in this
thesis, that the large-scale structure (LSS) of the Universe has access to more information
than CMB due to its three-dimensional nature. In LSS the constraint on fni. depends on
the number of modes as ¢ (fnL) o< [kfnax log (kmax / kmin)} -y 2, where kpax 1S the maximum
wavenumber accessible in LSS observables and k,j, is the minimum wavenumber that
depends on the survey. Although, in principle, we have access to more information due to
three-dimensional nature, using LSS has different challenges. One of the challenges is that

the scaling argument we just mentioned breaks down when we go to the non-linear regime
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when kmax > knp, Where kni is the non-linear scale above which the perturbation theory
fails. For current galaxy surveys, kni. ~ 0.2h Mpc~! [58, 110]. Another challenge is to
carefully model redshift space distortions effects [98]. Moreover, modelling of the full LSS
bispectrum is also challenging because of non-Gaussian covariances of bispectrum [180,
184, 116].

To explain how measuring higher-point LSS statistics is computationally very expensive,
we consider bispectrum and trispectrum. Measuring bispectrum requires that we consider the
possible triangle configurations spanned by two independent Fourier modes (the third mode
depends on the other two). If we divide each side of the simulation box in N independent
k-bins, then the possible number of all triangle configuration scales roughly as ¢’(N?). The
computational cost of measuring the trispectrum is even more than it is for the bispectrum.
For the trispectrum, one has to check all the possible configurations of tetrahedra with four
sides and two diagonals as independent degrees of freedom. It has been shown that this
problem can be circumvented if we use compressed statistics [176, 83, 73, 43, 56, 167, 99].
The general idea is to write the maximum likelihood estimator for a separable bispectrum
in terms of the cross-spectra of quadratic fields with the density field. This cross-spectra
contains all bispectrum information optimally and is thus much more efficient because it
only comes with the computational costs of simple power spectrum measurement. This
method can be altered appropriately to put constraints on quadratic bias operators as well as
quadratic primordial non-Gaussianity, parameterized by fni.

In LSS, local primordial non-Gaussianity can also affect the galaxy power spectrum. On
large scales local primordial non-Gaussianity has a unique 1/ k? imprints on the galaxy power
spectrum [153, 133, 193]. Using this unique signature on large-scales, current galaxy surveys
have used the galaxy power spectrum to put constraints on fnr. [97, 123, 48]. Unfortunately,
the precision up to which we can constrain fyp (or any other cosmological parameters or
bias parameters on large scales) is affected by the shot noise and cosmic variance. Shot
noise arises due to the discrete nature of the halo density field and the finite size of halos. On
the other hand, the cosmic variance encodes the uncertainty in measuring the variance of the
field from a small number of Fourier modes. We can reduce the impact of cosmic variance
on measurements significantly if we also use the information present in the phases of all
the modes by using multiple tracers of the underlying density field which contains different
biases but the same phase [185, 141, 178]. Using multiple tracers allow us to cancel cosmic
variance and therefore the measurement of the scale-dependent bias, that is fnr., will depend
on the number density of galaxy surveys [132, 178]. Using this method in LSS it is possible
to achieve o(fnr) ~ 1 [151, 178, 29, 192].

In this chapter, we explore a novel method of quadratic density reconstruction to access
large scale modes and apply it to put constraints on local fxi. Because of non-linear

evolution and higher-order non-linear biasing, the long-wavelength modes are coupled with
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different small-scale modes. In the presence of a fixed long-wavelength mode, the shorter
modes can be averaged over in an ensemble. The correlation of two small-scale modes in
the presence of a fixed long-wavelength mode also breaks the statistical homogeneity. We
can write down a quadratic estimator and can estimate the long-wavelength modes using
the statistical properties of small-scale modes. This method is quite similar to the method
used in CMB lensing reconstruction [107]. The reconstruction using the quadratic estimator
similar to the one used for the CMB lensing reconstruction was first used in [88]. Other
similar examples of reconstruction methods introduced in the field are [159, 209, 210, 128,
149, 115, 130, 129]

Here we develop the quadratic estimator method for the density reconstruction from
biased tracers using a full non-linear bias model for the first time. We apply this method
to dark matter halos in numerical N-body simulations and demonstrate that our method
performs very well according to our expectations. The simulation results agree with theoreti-
cal predictions. These results encourage us to explore applications of our reconstructions
method. There are two main applications we explore in this work. First, LSS surveys are
affected by observational systematics at large-scales which restrict us to observe very low-k
modes. For example, galaxy and quasar surveys are affected by foregrounds or galactic
dust dynamics [171, 104, 114]. We define Ky, are the lowest wavenumber accessible from
galaxy surveys. Using the quadratic reconstruction method we can, in principle, access
modes which are much larger that is K < K. In this way, we have more modes available
which we can use in addition to the modes accessible from the galaxy survey only. The sec-
ond application of our method is that we can constrain the local primordial non-Gaussianity,
fnL. We show that, like galaxy fields, the reconstructed modes also contains the unique 1/k>
imprints from local primordial non-Gaussianity. This motivates us to use the reconstructed
field alongside the galaxy field to do the multi-tracer analysis of local fni. for some galaxy
surveys. We show that from this method, we can improve fnr constraints by tens of percents
compared to only using a single galaxy field. In some cases, the improvement comes from
cosmic variance cancellation, while in other cases the improvement comes from the fact
that we are accessing additional modes K < K, from the reconstruction method which is
unaffected by systematics.

The outline of this chapter is as follows. In Sec. 5.2, we discuss the theory of quadratic
estimator method. We include the full non-linear bias model as well as terms introduced
by primordial non-Gaussianity. We discuss reconstruction noise and contamination. We
also derive higher-order shot noise terms which arise in auto- and cross-correlations of
the reconstructed field and the galaxy field. In Sec. 5.3, we apply the method of density
reconstruction to dark matter halos in numerical N-body simulations. We construct quadratic
estimators corresponding to the growth, shift, and the tidal terms. We show that analytical

predictions of cross-spectra of estimators with themselves as well as with the initial density
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field agree with simulation results. In Sec. 5.4, we carry out Fisher forecasts for local fn.,
using the multi-tracer analysis for some galaxy surveys and discuss our results. In Sec. 5.5,

we conclude.

5.2 Density Field Reconstruction - theory

5.2.1 Quadratic Estimators

Our aim in this section is to derive a quadratic estimator formula for the linear density field,
or large-scale density modes, from a galaxy field J,. Later we will discuss that at second
order 8, comprises of several non-linearities. These non-linearities come from gravitational
clustering, galaxy biasing and primordial non-Gaussianity. We will take into account all
these non-linearities to reconstruct large-scale density modes.

Derivation in this section closely follows [59, 88]. Let us consider the matter density
field & at second order in Perturbation theory. In Fourier space, its expression is given by

3

8(02) = D198 (K) + D1 [ (3Rlak-@d@dik—a) 5D

where we define 0 (k) as the linear matter density at redshift z = 0 and D;(z) is the growth
factor which depends on the redshift z. The second-order term is generated by gravity; F is
the gravitational kernel defined by

17 1[ki k\s & 2
(ki k) :ﬁ+§<é+é)k1'kz+7

(121 -122)2 - %] . (5.2)

In the gravity kernel F>, the first term corresponds to the growth term, the second corresponds
to the shift, and the last term corresponds to the tidal term. For any biased tracer, such as the
galaxy density field J,, we can expand it up to second order in the linear density field in real

space in the following way:
85(x,2) = b181(x,2) +b18P (x,2) + b2 87 (x,2) + byos? (X,2) + £(X, 2) (5.3)

where € is the shot noise term. We can rearrange different terms in Eq. (5.3) to get the

following expression

b 17 b 2
0q(X,2) = b161(X,2) +2b; (—2 + —> 87(x,2) +b1¥ -V (x,2) + by (i + —) s2(x,2).
by 21 by 7
5.4)
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In Fourier space we can write Eq. (5.4) as

8u(k.2) = D1 (2)b181(K) + D 2)? |

[[Leakal@k-a]s@at-a 65

where cq corresponds to bias parameters for growth, shift and tidal terms. We consider
an ensemble average over all modes of §; except those which are in a small neighborhood
around some K, where 6;(K) is what we want to reconstruct. We denote the ensemble
average as "0 (K) fixed". We compute the 2-point function of Eq. (5.5) in Fourier space by

fixing one mode J; (K) in the following way:

(85 (k,2)85(K —k.,2)) 5, (k) fixea = D1(2)°b7(81 (k) &1 (K ~K))

#0121 | ¥ caFala,k—a)(61(a)31(k — )81 (K~ K))s, 1) svea + [k 2 K~ K]
e (5.6)
In the first term we assumed that k is not within the neighborhood of K so the ensemble
average is the same as the standard one. In the second term, if q and K — q are not within
the neighborhood then all three modes will be averaged over and the integral will be zero. If
q or K — q are in the neighborhood of K then 8;(q) or §; (K — q) will be held fixed and the

remaining two modes will be averaged over. The final result is

(82 (k,2) 8o (K—K,2)) 5, (k) fixea = D1 (2)*(27)*8p (K)b1 P11 (K) +D1(2)* Y bicafo (k, K—k) 81 (K)
(5.7)

where we can define the new kernel f,, as

fe(q1,92) =2 (Fa((h +q2, —q1)Pin(q1) + Fo(q1 +q1, —Q2)Plin(Q2)> . (5.8)

It can be seen in Eq. (5.7) that if we multiply two different modes of the galaxy field and then
divide by the factor Y, cob1 fo (K, K — k) then we will get an estimate of the linear density
field, or the large-scale mode 6;(K). In Eq. (5.7) by and ¢, are bias parameters which we
do not know. If we can measure these bias parameters and use the values in this formalism
then we can get unbiased estimator for the density field. However in the case when these
biases are not know, we can define a biased estimator of the density field corresponding to a

coupling factor ¢. Given a quadratic mode coupling o, we define a quadratic estimator as

Au(K,2) = /q 90 (0. K — q)8,(q,2) 8, (K — q..2) (5.9

where g, is the weight corresponding to the mode-coupling ¢ such that the estimator A
is optimal and unbiased. Optimal estimator means that the Gaussian contributions to the
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Fig. 5.1 The illustration shows how reconstruction of density field works. We reconstruct
large scale modes from non-linear small scale modes of biased tracer field. The scales used
in this diagram are defined in section 5.4.2.

variance of the estimator is minimum. The variance is defined as
(Aa(K)Ay (K)) — (Ag (K)) (A% (K')). (5.10)

and the unbiasedness condition is given by

d3q
/Wga(an—Q)fa(an—Q) ~1. (5.11)

These two conditions, unbiasedness and minimum variance, give us the following expression

for the weight function gq:

fOC (q7 k— q)
2Ptot(q)Ptot(K - q)

8a(q, K—q) = Naa(K) (5.12)
where the normalization Ny defines the Gaussian part of the variance of the quadratic
estimator Ay, also known as the reconstruction noise. The expression for the normalization

is given by

. fa(q,K_q)fﬁ(qu_q) -1
Naﬁ (K) N [/q 2Ptot(q)Ptot(K_q) ] '

In the presence of all three mode-coupling terms, each estimator is biased, with the expecta-

(5.13)

tion value given by a k-dependent factor times the initial density field:

<Aa(K)> — b, [ca +ﬁ§ e x Zgég] 81 (K) (5.14)

The ensemble average of the estimator is proportional to the linear density field with the
scale-dependent bias factor, which depends on the bias parameters, as well as contamination
arising due to mode-couplings in &,. We will discuss noise and contamination in Sec. 5.2.3 .

We define the matrix form of the estimators corresponding to the growth, the shift and the
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tidal terms as:

Neg  Neg

Ag ! Negs  Nat Cg

(As) | =b 11\\;? 1 e cs | 61(K). (5.15)
A Ne N

<Al> A’_gt ]Tg 1 Ct

In a more compact notation we can express Eq. (5.15) as (A;(K)) = b, Y jciM;;(K) 6 (K),
where M;; is the 3 x 3 matrix. The covariance of two estimators Ag and A[; is given by

Cov(Au(K), Ag(K')) = (Aa(K)Ag(K) ~ (Aq(K)) (Ag(K)

3 3
:/ / (%3 (g;;aga (. K—q)gs (p.K' —p) <<6g<q)6g(K—q)5g(p)5g(K'_p)>

—<5g(q>5g<K—q)><5g(p)5g(K’—p)>>

Nea(K)Ngs(K)

— 27)°8) (K+K) Ny (K)

+ Naﬁ,shot(K)] .

(5.16)
In general, the covariance depends on the Gaussian and the non-Gaussian terms. Here, we
only focus on the Gaussian covariances because we are interested in large-scale modes; in
Sec. 5.3.6 we discuss why this is a fairly reasonable assumption. In Eq. (5.16), the first
term is the noise term which depends on the auto- and cross normalisation factors and is
of the order & (54). The second term, however, is the trispectrum shot noise term and is of
order 0(8%). The higher-order shot noise terms N shot are discussed in Sec. 5.2.5. The
leading order variance of A can be described as Var(Ay (K)) = Nggo (K) (after ignoring the
higher-order shot noise term). This means the leading order variance is the reconstruction
noise.
Similarly, the cross-correlation of the estimator with the galaxy field can be expressed as

Cov(Ba(K), 8:(K') ) = (Aa(K)8,(K)) — (Aa(K))(5,(K")
3
-/ (;‘T‘;ga (4.K—q) (<6g<q>6g<K—q>6g<K’>> - <6g<q>6g<K—q>><ag<K'>>>
— 27)°85) (K+K') Ng shot(K),

(5.17)

where Ny ghot 18 the bispectrum shot noise term which is also discussed in Sec. 5.2.5.
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Table 5.1 Summary of mode couplings, fni. components (¢¢,01,11, and 02), their respective
biases ¢y and quadratic coupling kernels Fy,.

5.2.2 Bias Expansion with non-Gaussianity

In this section, we discuss galaxy biasing in the presence of primordial non-Gaussianity (see
[19,9, 96] for more detailed discussion). Considering the homogeneity and isotropy of the

initial conditions, we can write the primordial Gaussian potential @G as

d3q A
P (k) = ¢G(k)+fNL/W [¢G(Q>¢G(q_k)_P¢(Q)5D(k) +... (5.18)

where ¢ is a primordial Gaussian potential, fni is the parameter that quantifies the deviation
from Gaussianity, Py is the power spectrum of ¢g, and SD is the Dirac delta function. In
the Newtonian limit, the Poisson equation relates the primordial Gaussian potential to the

primordial density perturbation &, as

oc(k) = (5.19)

where
_ 2k%¢’D(2)T (k) a(z = 0)

M(k,z) = .
(k,z) SO, =)

(5.20)

In the above equation, c is the speed of light, 7' (k) is the transfer function which scales as
unity on large scales, D(z) is the growth factor and a(z) is the scale factor as a function
of redshift z. The Eq. (5.20) scales as k*>/H? on large scales. At first order, the linearly
evolved density perturbation depends on the Gaussian potential, 5151) (k,z) = M (k,2) ¢ (K).
At higher orders, the non-Gaussian couplings of the potential introduce non-linearities in the
density field. We write the matter density field in the presence of local non-Gaussinanity at
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second order as

d’q
0p(k,z) = M(k,2)pnG (K) = M(k,z)¢G (k) + M (k,z) far / ——3%:(a)¢c(k—q)

(2m)3 (5.21)
= 5V (k,2) + A8 (k,2).

This primordial density perturbation is then evolved under the effect of gravity to produce
late-time non-linear couplings due to gravitational clustering. The first and second-order
density perturbations in the presence of gravity and primordial non-Gaussianity are given as

First Order: 6151) (k,2),

3 (5.22)

d
Second Order: / : 2733 50 (0,208 (q -k, )P (q k — q) + .65 (k. 2),

where F, is the second order gravitational coupling kernel. To summarise, the full expression
for late-time matter density at second order is given by

3
n(k0) =81 (0.0) + [ (;17‘1)361@,@51 (a-k,2)F(a.k—q)
d’q
(1)}

(5.23)

+ faM(k.2) [ 2-366(@) gk —a).
where we replaced SISI) by 0; for simplicity of notation. We can now use Eq. (5.23) to
expand the galaxy density field &, to include non-linear mode couplings from gravity, biasing

and primordial non-Gaussianity at second order in density perturbation [96]:
Oy (k7 Z)

M(k —q, Z)

+ Y o[ 61(a28k-q.2Falak-q

ac{gst} 74

+fNL Z Co 51(q,z)51(k—q,z)Fa(q,k—q)
ac{p,01,11} q

+fI%ILC02/ 51 (q,Z)S] (k - qaz)FOZ((Lk - q)
q

0g(K,z) = b161(Kk,2) + fNLco1

(5.24)

We define mode-coupling functions Fy and bias parameters ¢y in Table 5.1. The bias
parameters cgp, ¢, and cp, depend on further new parameters ai, ap and §.. These new
parameters can be defined by the spherical collapse dynamics [166]. The coefficients a;
relate the linearly evolved Lagrangian density field with the overdensity in Eulerian space.

O, is the density threshold, which means that if at some region 6 > J, then that region
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collapses to form a dark matter halo. In spherical collapse dynamics 6, = 1.69, a; = 1, and
ay=—17/21.

5.2.3 Noise and Contamination

In the previous sections, we derived a quadratic estimator formula using a galaxy field J,
which includes non-linearities from gravitational clustering, galaxy biasing and primordial
non-Gaussianity. Taking into account all three of these non-linearities, we see there are
seven quadratic mode-couplings. In this section, we discuss the reconstructed noise and the
contamination due to various mode-couplings in the reconstructed field.

In Fig. 5.2 we plot noise curves Nyq, where o € {g,s,t,@¢,cl1}, as well as contamina-
tion arising due to different mode couplings for a DESI-like survey. The configuration of
a DESI-like survey is given in Table 5.1. In the figure, we see the noise due to the growth
estimator is the lowest among all mode-couplings. However, for a DESI-like survey, we
can see that even the noise due to the growth term is more than the linear power spectrum
PBin- This is the reason for low signal-to-noise when we do the forecast to measure o (fnr.)
in Sec. 5.4. The maximum wavenumber used to compute the noise curves is kpax = 0.15k
Mpc~!. Increasing the kpax reduces the amplitude of the noise curves and therefore allows
better reconstruction. In Sec. 5.3 we show that the theory predictions agree very well for
the growth, shift and tidal estimators with kpax = 0.14 Mpc*1 at redshift z = 0. For higher
kmax, higher-order terms become important, which we do not take into account in this work.
We also checked noise curves for other survey configurations and for some high redshift
surveys the noise due to the growth estimator is in fact low which results in increasing
o (fnL) constraints. Because of lower noise due to the growth estimator compared with other
mode couplings we use the growth estimator for our Fisher forecasts analysis in this work to
constraint local fyi, in Sec. 5.4.

In the right panel of Fig. 5.2 we plot several contaminations arising due to several mode-
couplings in the reconstructed field ; from the growth estimator as given in Eq. (5.14). If
we cross-correlate the estimator A, with the linear field we expect to get the linear power
spectrum multiplied by a k-dependent bias factor which arises due to these contaminations.
We can also clearly see that mode coupling due to fnr (9@, c02, and c11) show 1/k? type
behaviour. The local primordial non-Gaussianity has a unique 1/k? imprint on the galaxy
field 5g [153]. As the large-scale reconstructed modes also have the same k—2 behaviour
due to the local primordial non-Gaussinaity, it is possible to use the reconstructed modes
with the galaxy field to get better constraint on local fnr. This is what we call "multi-tracer"
analysis using a single tracer and will discuss in more detail in Sec. 5.4. We als show how
we can use this method to cancel cosmic variance and get better fni, constraints.
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Fig. 5.2 Noise and contamination for a DESI-like survey, with a mean redshift Z = 1. LEFT
PANEL: we plot noise curves Ngo Where o € {g,s,t,¢¢,cl1} and compare them with shot
noise i~ and linear power spectrum Bjj,. We do not plot noise corresponding to other
remaining mode-couplings co; and cgy because their amplitude is too large. RIGHT PANEL:
Contamination by bias parameters to the growth estimator. The dashed curves represent
negative contribution and the black solid line is the total contamination. The contribution by
three fnr terms (¢ @, 11, and 02) clearly show k2 behaviour.

5.2.4 Bias-Hardening Case: Why doesn’t it Work?

We see from Eq. (5.14) that other mode couplings induce mean-field contamination to the
ensemble average of the density estimator A,. There is a way to construct a so-called "bias-
hardened" estimator Ag using a linear combination of other mode-couplings so that there is
no mean-field contamination at the leading order [156, 88, 152]. We try to implement bias-
hardening and find that the estimator corresponding to the shift term is unbiased, meaning
that there is no mean-field contamination (if we neglect fni terms). However, bias-hardening
blows up the noise, and therefore it is useless in this work.

Let us show this explicitly using three mode couplings only (g, s, and t). We describe
"unbias-hardened" estimators in Matrix form in Eq. (5.15). We will refer to the 3 X 3 matrix

in that equation as M. We define bias-hardened estimators as:

" _ NssNy M 1 Ny 1 o
<Ag> 1 1 leb t Ngg (Ngj’ts Ngs) Ngg (NgsNts Ng[) <Ag>
H _ DN 1 _ Deghu e 1 A
<§i1> ~qon | (NgtNts Nes ! N Nss Kol Mo <§s>

NSS 1 1 SS
< 1 > Ntt <N—gles — N_gt> Ntt (N—gj\g’gt - ]V_ts> 1-— —gl\igg < l>
(5.25)

The expectation of the bias-hardened estimators is thus given by
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Fig. 5.3 Bias hardened and unbias-hardened variance for growth (left) and shift (right)
estimators for kpax = 0.12 Mpc ™!, 0.25h Mpc~!, and 0.52 Mpc~!. The unbias-hardened
curves are plotted in solid curves, while bias-hardened curves are plotted in dotted curves.
We also plot the shot noise (orange solid curve) and the linear power spectrum (black
solid curve) to compare the overall noise with the signal. The bias hardening increases the
reconstruction noise a lot. The effect is more severe in the shift estimator.

(AL (k) = §<M—1>aﬁb1 op+ Y ¢, Nes(®)

81 (k) (5.26)
gZr Nor(K) } 1

For the shift term, it is (All(k)) = b;8; (k). In Fig. 5.3, we plot the variance of the growth
and the shift estimators for bias-hardened and unbias-hardened cases. We use three different
kmax (0.17 Mpc™!, 0.25h Mpc~!, and 0.5 Mpc™') and also plot the linear power spectrum
for comparison. Dotted lines represent bias-hardened curves. Although for the shift term we
get unbiased estimator from bias-hardening, we can see that the noise is too large compared
to the linear power spectrum. This is the reason why we only use the unbiased-hardened
growth estimator, which has the lowest noise. The bias parameters that enter into the growth
estimator formula can be measured either using N-body simulations or directly from data.
In this work, we use fiducial values of bias parameters measured from numerical N-body
simulations [2].

5.2.5 Shot Noise

Here we discuss the shot noise terms that may enter in the auto- and cross-correlations of
quadratic estimators, as well as cross-correlations of quadratic estimators with the galaxy
field. There are three contributions from shot noise that appear at the level of the power
spectrum, bispectrum and the trispectrum in our analysis. The origin of the shot noise is the
stochasticity bias (see [68] for more details). Usually, galaxy bias relation is deterministic,
and we expand it in terms of operators which depends on the large scale density perturbations.
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However, in reality, as we know that galaxies are discrete tracers and the location where
galaxies are formed depends on small scale dynamics. The phases of the small scale
perturbations are not determined, so we include this stochasticity separately in the bias

expansion. The final galaxy bias expansion we write is given by
8(x,7) =) bsO[8](x,7)+€(x,7)+ Y_€s(x,7)0[8](x,7) (5.27)
7z o

where [8] are bias operators, € is the stochasticity, €4 is the stochasticity related to the
randomness of the initial conditions on small scales (corresponding to bias operators). We
now derive the expression contributing to shot noise at the power spectrum, bispectrum and
trispectrum level. Let us consider a finite number of galaxies N confined in a finite volume

V at positions X; in real space. We can define the discrete galaxy overdensity as
1
8y (x) = - Y op(x—x;), (5.28)
i

where 7 is the mean number density of galaxies and Jp is the Dirac delta function. We define
the number density of the tracer as n(x) = }; 6p(x — x;). In Fourier space, Eq. (5.28) can be
expressed as

8y (k) = %Zexp (k-x;). (5.29)

From this the power spectrum of the discrete galaxy overdensity can be computed as

Paa(K) = o (8u(K)8,(—K)) = 5 | X fexp (k- (xi—x7)) + T oxp (i (5= )
=] i#]
= % + Py, cont(K),

(5.30)
where Pyg cont is the continuous galaxy power spectrum and 1/7 is the power spectrum shot
noise. Now, we focus on how to derive the bispectrum shot noise N shot and the trispectrum
shot noise Ny g ¢nor described in Eq.(5.17) and Eq. (5.16) respectively. For calculating the
bispectrum and the trispectrum shot noise terms we strictly follow the derivations given in

[52]. We write the discrete 3-point function {4 in real using Eq. (5.28) as

_ <n(X1)n(X2)n(X3)> B [<n(xl)n(xz)>

i3 2

Ca(x1,%2,X3) = (8 (%1) 8 (x2) 8o (x3) ) +zcyc.] 42,

(5.31)
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where cyc describes the cyclic permutations. In Eq. (5.31) we describe the 3-point correlation

function of n as

{(n(x1)n(x2)n(x3)) <Z5D(Xl —X;)Op (X2 —X;)Op (X3 — Xi)>

1

* [<Z§D(X] —X;)8p(x2 —X;)Op (x3 —Xj)> —|—2cyc.]

+ < Z dp (X1 —X;)Jp (X2 — X;) p (X3 _Xi)>

i,Jk
= 6D(X1 — X2)6D(X1 — X3)l7l + [ﬁZ(SD(Xz — X3)(1 + ng) + 2CyC.}
+(1+ &+ &3 +&1+0),
(5.32)
where &;; is the short notation for & (|x; —x;|) and { is the continuous 3-point function. We
substitute Eq. (5.32) in Eq.(5.31) to get

Ca(x1,%X0,X3) = ’_11_25D(X1 —X2)0p (X1 —X3) + Méuj%cyc.] +C. (5.33)

This equation in Fourier space describe the discrete bispectrum as

Bd(kl ) k27k3) = ’_l_lz + % <Pg,c0nt<k1) +Pg,cont(k2) +Pg,cont(k3)> +Bg,cont(k1 ) kZ; k3)7

(5.34)
where Py cont and Bg, cone are the continuous galaxy power spectrum and bispectrum respec-
tively. In Eq. (5.34) the first two terms contribute to the bispectrum shot noise. In the
cross-correlation of quadratic estimators with the galaxy field, the leading order noise term is
the bispectrum shot noise as described in Eq. (5.17). This is because in the cross-correlation
we have to compute the galaxy 3-point function (88, 8,). Now it is easy to see that the shot
noise term Ny shor in Eq. (5.17) is described as

3
Noc,shot(k> = /(STq)g)ga(qak_ q)

1 1
? + % (Pg,cont(q) +Pg,cont(k - q) +Pg,cont<_k)) .

(5.35)
In Sec. 5.4, we denote the bispectrum shot noise given by the above expression as

Py, shot» Where we denote o =r for reconstruction due to the quadratic estimator. For auto-
and cross-correlations of quadratic estimators, we need to compute the galaxy four point
function (8,8,8,8,). The leading order covariance described in Eq. (5.16) depends on the
normalisation factors and is of order ¢’(8*). The next-order contribution to the noise comes
from the term which is of order ¢/(8°) and contributes to the Poisson shot noise. This &/(8)

is described as Nyg shor In Eq. (5.16) and is what we describe as the trispectrum shot noise
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term. We now derive the full expression for this term. We write the discrete 4-point function

Na as

a1, 30,33, X8) = — (n(x1n(xa)n(xs)n(sa)) — [ 25 (n(xa)n(a)n(xs) + 3eye

| (5.36)
+ [ﬁ<n(x1)n(xz)> + 5cyc.] —3.
The four point correlation function of the number density can be described as
1
(n(x1)n(x2)n(x3)n(x4)) = 30D (X1 —X2)0p (X1 —X3)3p (X1 —X4)
1 14813
+ [ﬁ&)(xz —x3)0p (X2 —x4)&E12 + SCyc.} + [ - Op(x1 —X2)0p(x3 — x4)&12 + 2cyc.
Op(x] — X
+ [%(534 + Co34) + 5CYC-} + M1234.
(5.37)
In Fourier space, we can write the discrete trispectrum expression as
1 1 )
Ty(ki Ko,k ke) = =+ (Pocons(k) +3 cye. ) + = () (ki + ko) + Pycon (K1 +k2)

+ 8OV +Ka) 4 Pecon (K1 +Ka) + 82 () +ka) + Pycont (K1 +ka) )

1
+ {% <5(D) (kl + k2)Pg,cont<k3) +Bg,c0nt(k1 + k2;k3>k4>> +5 Ccyc. + Tg,cont(kl ,kz,k3,k4),
(5.38)

where T con 18 the continuous trispectrum which contains both connected and disconnected
diagrams. The rest of the terms are higher-order terms contributing to the shot noise. We
denote them as Ty,o, Which is essentially the combined covariance of quadratic estimators
described in Eq.(5.16). This expression can be written as
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d3q d3
Tinot (K // 1) 3goc(q k—q)gg(p,—k—p)Tinot(q,k —q,p,—k —p)

d3q d’p 1
// 27[ 3ga(qk_q)gﬁ(p7_k_p) ﬁ

+ﬁ(5< ><k>+chom( k) +8®)(q+p) + Pecon(a+p) + 8P (~k—p+q)

1
+ ﬁ (Pg’cont(q) + 3 Cyc.)

1
+Pg,cont(_k o + Q)> + {};l (6(D) (k)Pg,cont(p) +Bg,cont(k7p7 -k — p)) + 5 Cyc'}]

1 1
+2/ 3804 qa )gﬁ((L _k+q) [ﬁ+5(Pg,cont(q)+Pg,cont<k_q>>]

:Naa( )Nﬁﬁ( )
Naﬁ(K)

+ Na[)’,shot(K) .

(5.39)
After simplifying the above equation we find the following expression:

d3q d3
Napasal®) = [ [ Gt Gtelak—a)gs o~k —p)

1 1
+ ﬁ (Plin(k) + Pg,cont(q + P) + Pg,cont(_k —P + q)) + 5 (Bg,cont(kv P, —k— P)

+Bg,cont(q‘|‘p7k —q,—k— P) +Bg,cont(q —k—p,k— q,p) +Bg,cont(k -q+p,q,— k- p)

1 1
=+ = (Pg,cont(q) +3 cyc.)

+Bg,cont(_q - p,q,p) +Bg,cont(p —k—p,q.k— q))] )

(5.40)
where By cone 18 the continuous galaxy bispectrum which is defined as

Bycont(q1,92,93) =57y cq (Foc(ql ,q2) Plin (q1) Plin(q2) +2 CYC-> : (5.41)
o

The first two lines in Eq. (5.40) are next-to-leading order trispectrum shot noise which
we will denote in Sec. 5.4 by Py, shot- In Fig. 5.4, we plot contributions from shot noise to the
power spectrum, bispectrum and trispectrum for the growth estimator. The amplitude of these
contributions for bispectrum and trispectrum increase for higher maximum wavenumber,
kmax, Which means that as we increase kpy,x for our reconstruction analysis the bispectrum
and trispectrum shot noise contributions become more significant.
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Fig. 5.4 Shot noise contributions to the power spectrum, bispectrum and trispectrum for
kmax = 0.1h Mpc~! (left) and kpax = 0.25h Mpc~! (right). We used the growth estimator
for density reconstruction. The bias parameters b and ¢y, we used for the lowest mass bin |
from simulations are defined in Table 5.2. The Poisson shot noise Pyg shot = 1500n3 Mpc3
corresponding to halo number density 77 = 675 x 107543 Mpc?.

5.3 N-body Simulations

5.3.1 Setup

For testing the quadratic estimator framework presented in Sec. 5.4, we use a suite of 15
realisations of a cosmological N-body simulation. The initial conditions are generated with
the second order Lagrangian Perturbation Theory (2-LPT) code [55, 52] at the initial redshift
zi = 99 and are subsequently evolved using Gadget-2 [197]. The simulations are performed
with N, = 10243 dark matter particles in a cubic box of length L = 1500h~! Mpc with
periodic boundary conditions. We assume a flat ACDM cosmology with the cosmological
parameters Qp = 0.272, Qx = 0.728, h = 0.704, ng = 0.967.

Dark matter halos in the final z = 0 density field are identified using the Friends-of-
Friends (FoF) algorithm (see [118, 150]) with linking length / = 0.2 times the mean inter-
particle distance. The halos are binned in mass, with each bin spanning a factor of three in
mass. The mass and number density of the lowest halo mass bin employed in this study are
given in Table 5.2. Particles and halos are assigned to a regular grid using the Cloud-in-Cell
(CIC) scheme. We Fourier transform the matter and halo density fields using the publicly
available FFTW library'.

Thttp://www.fftw.org
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Mass Bin | Halo Mass [101* A7 'My] | ny 10723 Mpc 31 | b1 | ¢ | o | ¢
I 0.77 627 1.07 | 0.62 | 1.14 | 1.07

Table 5.2 Halo mass bin employed in this study. We quote the mean mass of the sample,
the number density of halos ny, and the linear bias b; for the lowest halo mass bin in the
simulation.

5.3.2 Generation of Quadratic Estimators

We generate quadratic estimators from the halo density field §, in N-body simulations
using a sequence of multiplications with powers of wavenumbers in Fourier space, Fourier
transforms, and subsequent multiplication of the weighted fields in configuration space. We
generate three quadratic estimators corresponding to the growth term 82, shift term ¥ - V§,
and the tidal term s2, with associated Fourier-space kernels given in Tab. (5.1). The first
step in our procedure is to remove very small scale modes by applying a cut-off kp,x in
Fourier space through the multiplication of the Fourier space density field with a filtering
function. While the exact form of the cutoff is not important, we adopt a Gaussian filter
W (RK) = exp (—k*R?/2) for numerical stability.

We define the smoothed density field by 5§ (k). We choose three external smoothing
scales: R = 20h~! Mpc, R = 10h~! Mpc, and R = 4h~! Mpc, corresponding to maximum
wavenumbers kpax ~ 0.054 Mpcfl, kmax ~ 0.1h Mpc’l, and kpax ~ 0.25h Mpc*1 respec-
tively. The smoothing scale removes all wavenumbers k > kn,x, such that we reconstruct
long wavelength modes using modes k < kpy,x for three different cases.

84 (k) = 85 (k) / (b17Pin(k) +ng ') (5.42)
8(k) = (85 (K)Pin(k)) / (b1*Piin(K) +ng ') (5.43)

where by and ng are the linear bias and halo number density corresponding to five halo
mass bins defined in Table 5.2. Below we describe how we generate quadratic estimators:

1. Growth Estimator: We inverse Fourier transform both fields defined in (5.42) and
(5.43) to obtain J4(x) and dp(x). In configuration space, we multiply the product of
both fields by 17/21 and then Fourier transform back to Fourier space to obtain the

growth estimator.

2. Shift Estimator: In general, the shift term - Vo can be generated by the displace-
ment and the gradient of the density field. To generate the shift estimator we do the
following. First we multiply 94 (k) by -k in Fourier space to generate the gradient field
V4 (k). After that, we inverse Fourier transform V4 and 0 and multiply them in
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Fig. 5.5 Schematic diagram for showing how we generate a quadratic estimator in simulations.
We only show the growth (G) estimator here. IFT and FT are inverse Fourier transform and
Fourier transform respectively.

configuration space. The final operation is the generation of the displacement vector
using the product field 05V 4 84. We Fourier transform the product and multiply it
by —k/k? in Fourier space to obtain the shift estimator.

3. Tidal Estimator: For the tidal estimator we multiply 84 (k) by (kik;/k* —1/38;;) in
Fourier space to obtain s‘%(k), where §;; is the Kronecker delta. We do the inverse
Fourier transform 6g(k) and s‘l“j(k) and multiply both in the configuration space.
Finally, we multiply the product by (2/7) (kik;/k* —1/36;;) in Fourier space to obtain
the tidal estimator.

Note that the main computational cost in generating quadratic estimators come from
Fourier transforms. The auto- and cross-spectrum analysis of quadratic estimators require
the computational cost of power spectrum analysis, which is quite efficient. In all our figures
in this section, we estimate the error bars of our measurements using sample variance of 14
realisations and divide it by /15 to get the mean error.

5.3.3 Simulations Checks with the Linear Field

To check our simulation code, we replace the galaxy field J, in the quadratic estimator
formula with the linear density field d0g. This now looks like a squared-field with a ker-
nel representing the kernel of the quadratic field estimator. Cross-correlating the three
squared-fields in simulations and checking that the simulation results agree with the corre-

sponding theory curves can validate whether the kernel code in simulations has been rightly
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implemented. The estimator formula with the linear field now looks like

fOt (q7 k— q)
qa 2Piot(q) Pot(k—q)

Ag (k) = Ngq(k) 01in(q) Giin(k — q). (5.44)

The cross-correlations of two linear-field estimators are described as

(RS (0AY (1)) = /fa(q,k— q)/p(q,k— g)
* (2Pa(@)Pa(k—q))

W (Rq)*W (R(k —q))*Piin (q) Pin(q — k).

(5.45)
In simulations we define estimators without the normalisation factor, so here we define
Nga = 1. We check these predictions with simulation results. In Fig 5.6, we compare
simulation results with theory predictions for cross and auto-correlations of Ag, where
a € {g,s,t}. We use two different smoothing scales R = 20h~! Mpc and R = 4h~! Mpc
which correspond to kpmax = 0.05k Mpc_] and k. = 0.25h Mpc_1 respectively. We see
that theory predictions in eq. (5.45) agree with simulation up to high very kpax. We also
plot cross correlation co-efficients in Fig. 5.7 for the same two smoothing scales. We see
that shape and amplitude are different for different smoothing scales. The reason is that
for low smoothing scales there are a large number of modes, so small scales modes also
contribute. For large smoothing scales we remove small scales after the cut-off induced by
the smoothing scales and only large scale modes contribute to the cross-correlations.
The main reason for this section is to check whether we have correctly implemented
quadratic estimator functions in simulations correctly. Also, we are sure that because of the
linear field in the quadratic estimator formula there will not be higher-order perturbative

terms. These are good checks for all our functions implemented in our simulation code.
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Fig. 5.6 Auto- and cross-correlations of Ag for two different smoothing scales, R = 20h~!
Mpc and R = 4h~! Mpc. Theoretical predictions (solids curves) agree with simulations for
three quadratic fields corresponding to the growth, shift and the tidal terms. The purpose of

these tests is to check the correct implementation of the kernels of the quadratic estimators
in simulations.
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Fig. 5.7 Cross-correlation coefficients between two AS’s for two different smoothing scales
R =20h~! Mpc and R = 4h~!. Theoretical predictions agree with simulations, verifying
that the kernels of quadratic estimators and Wiener filter are correctly implemented in
simulations.

5.3.4 Cross-Correlation of Quadratic Estimators with the Linear Den-
sity Field
In this section, we describe our results for the cross-correlations of three quadratic estimators

Aq(K) with the initial linear field &; (k), and compare the theory predictions with simulations.
The prediction is given by

Ball)3(K)) = biNaall) ¥ cpPinl) [ LK DK Dy gy g

Be{G.S.T} a 2Pot(q)Por(k—q)
+ Pa,shot(k)

Naa (k)
= b1 Pin(k)
ﬁe{g's,r} Nap (K)

+Pa,shot(k) ;

(5.46)
where the prime on the left-hand side denotes that the factor of (27)3(k +k’) has been
omitted, and cg are bias parameters corresponding to the growth, shift and tidal terms and
can be measured from either simulations or data. In our analysis we use the bias parameters
from Table 5.2, measured in simulations in [2]. In Eq. (5.46), Py shot 1S the bispectrum shot
noise term. Since one field is the linear field, all contribution to the shot noise comes from
the stochastic bias terms in the two galaxy fields in the quadratic estimator, such as € and
€50 (see [67] for more discussion about stochastic bias terms). The expression for this shot
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Fig. 5.8 Cross correlations of estimators Aa corresponding to the growth, shift, and tidal
mode-couplings with the linear density field 6;. We compare theory predictions (lines)
with simulations (points) for three different smoothing scales, R = 20h~! Mpc, R = 10h~!
Mpc and R = 4h~! Mpc, corresponding to maximum wavenumbers kpyayx of 0.052 Mpc~!,
0.12 Mpc~!, and 0.25h Mpc~! respectively. In this figure, we plot (Aa 01)/Noq, which is
the directly measurable quantity. In contrast to what is defined in Eq. (5.9), in simulations
we define the estimators A, without a prefactor Nyo. We find very good agreement for the
growth estimator for all smoothing scales, and also reasonably good agreement for other
estimators.

noise contribution in this case can also be derived from Eq. (5.36) and it takes the form

B lﬂ . f(x(q7 k— q)
= Pin(K)Naa (k) q 2Piot(q)Pot(k — q)

Po, shot(K) W(RqQ)W (R(k—q)). (5.47)

In Fig. 5.8, we compare theory with simulations for three different values of kpyax-
Although for the Fisher analysis in this work, we only use the growth estimator, here we
also compare results in simulations for the shift and the tidal estimators. For the growth
estimator, we find that the theory predictions agree very well with simulation results for up
to kmax = 0.25h Mpc~! at redshift z = 0. For the other estimators, we also find reasonably
good agreement; however, upon close inspection we can see small disagreements which
might arise from higher-order terms ignored in our theory predictions.

Interestingly, for kmax = 0.25h Mpc_1

, we can see in Fig. 5.8 that the shape of the
cross-correlation of growth estimators with the density field is very similar to the linear
power spectrum on large scales. The scale-dependent bias factor in Eq. (5.46) is flat on large

scales, indicating that the reconstruction works very well for large kmax.

5.3.5 Auto- and Cross-Correlations of Quadratic Estimators

In this section we discuss our results for the auto- and cross-correlations of three quadratic es-

timators from simulations and compare the results with our linear order theoretical prediction,
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Fig. 5.9 Auto-correlations of the quadratic estimators A, for the same smoothing scales
shown in Fig. 5.8. The predictions for the growth estimator agree with simulations for all
smoothing scales. However, for other estimators predictions agree with simulations for large
smoothing scales but for the low smoothing scales, the predictions fail as higher-order terms
become more important.

given by

W (Req)*W (Re(k —q))*

S

X b1 Pin(q)Pin(k — q)
Noa (k) Npp(K)

b3 Bin (
+b1Hin ZC’C’ Nyi(k) Ngj(k)

+ Paﬁ,shot(k> .

(5.48)
The first term is of order ¢/(84), while the second and third are of order ¢(§%). The third
term, Py g shot» 18 the contribution arising from halo shot noise, and is given in Sec. 5.2.5.
In Fig. 5.9 we compare cross-correlation results from simulations with theory, for the
growth, shift, and tidal estimators, using the same three smoothing scales as above. The
simulations and theory agree very well up to kyax = 0.1 Mpc ™! at z = 0. For larger kmax we
see great agreement for the growth estimator and reasonable agreement for the tidal and shift
estimators. The small disagreement of linear predictions for the tidal and shift estimators
with simulations for the higher kpax show that higher-order terms become important for
these estimators. The detailed impact of these higher order corrections from biasing or
scale dependent stochasticity will be subject of future inquiry. Although we appear to have
excellent agreement for the growth term at higher kn,x, to be conservative, we still set the
scale kmax = 0.14 Mpc*1 at redshift z = 0 in our forecasts in Sec. 5.4. We scale this to other
redshifts by making use of the fact that perturbation theory and the bias expansion at a given
order will be valid at higher k for higher redshifts.
In Fig. 5.10, we plot the auto spectra of the growth estimator, normalized with Ngg
(unlike in the previous plots), in order to compare them to an approximation of the signal
power spectrum, given by the second term in Eq. (5.48) (the first and third terms represent
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Fig. 5.10 Comparison of the auto power spectrum of the growth estimator Ag, normalised
by Ngg computed from theory, with the signal part which is defined as ((AG 81))%/Pin. We
compare simulation results with theory predictions for the same smoothing scales as Figs. 5.8
and 5.9. We again find excellent agreement between simulations and theory. In the bottom
right figure we plot the cross-correlation coefficient rgg between the growth estimator and
the linear density field for 3 smoothing scales. We see that rgs > 0.9 for R = 4h~! Mpc

which is why in the bottom left figure (AgAg) is signal dominated.

noise). Since the contribution of the cross-shot noise is small, the signal part can be approxi-
mated by cross-correlating the growth estimator with the linear density field and dividing
it by the linear power spectrum to ensure the correct normalization, i.e. (<AG61>)2 /Biin;
we show this in blue in Fig. 5.10. For the two larger smoothing scales, the spectra of the
estimator are dominated by the noise contribution (which is white at low k). The excellent
agreement between theory (red solid lines) and simulations (red points) for all smoothing
scales serves as an additional verification that the reconstruction procedure is working as
expected for reasonable values of k. In addition to the auto spectra, to check how well
the reconstruction is working, we plot the cross-correlation coefficients between the growth
estimator and the linear density field in the bottom right panel of Fig. 5.10 for three different

kmax- The cross-correlation coefficient for low kmax is very low, rgg, < 0.4, explaining why
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Fig. 5.11 Probability distribution functions of the initial density field and the reconstructed
field in N-body simulations. The right panel shows the probability distribution of the
reconstructed field the kyy;,, = 0.054 Mpc_l, means that we do not include modes k < 0.05A
Mpc_1 in the reconstruction. In the left we use a lower kp,;, = 0.0054 Mpc_l. The PDFs of
both are scaled and shifted around mean 0.

the auto spectra in the top left panel are noise dominated. However, for highest kp,x we
consider, 0.25h Mpc~!, the cross-correlation coefficient rgs, > 0.9, which explains why the
reconstruction works very well and the auto spectra for high k. are signal dominated.

5.3.6 Visualisation of Reconstructed Field

To show how best we are reconstructing the initial density field on large scales in simulations,
we plot projections of the initial Gaussian density field and the reconstructed field on a 2D
plane in Fig. 5.12. We do the reconstruction using a very high kpax = 0.25h2 Mpc~! which,
as we have mentioned before, can be achieved by using a smoothing scale of R = 4h~!

I and

Mpc. In the reconstruction we also remove very large scale modes k < 0.054 Mpc™
so we are only using modes in the range 0.052 Mpc~! < k < 0.25h Mpc~!. In the end,
we apply an external smoothing of R = 20h~! Mpc to both the initial Gaussian field and

the reconstructed field. This external smoothing removes all modes k > 0.052 Mpc .

In
Fig. 5.12 we compare both plots and we can observe quite a lot of similarities.

In Fig. 5.11 we also plot the probability distribution functions of the initial Gaussian
density field and the reconstructed field. We see the reconstructed field is nearly Gaussian.
This is quite encouraging because in our Fisher analysis (later in this paper) we are using
Gaussian covariances. However, if we do not remove very high scale modes, that is k£ < 0.054
Mpc~! in the reconstruction then the PDF of the reconstructed field is not fully Gaussian
which will then require the inclusion of non-Gaussian covariances in our Fisher analysis.
The probability distribution of the reconstructed field without removing very large scale

modes in the reconstruction is shown in Fig. 5.11. we can see the PDF is not really Gaussian.
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Estimating the constraining power of the reconstructed modes for cosmological applications

would then require the inclusion of non-Gaussian covariances in our Fisher analysis.

5.4 Fisher Forecasts for Local fxy,

5.4.1 Multi-tracer Analysis

For forecast on o( L) we use the multi-tracer analysis [178] using two fields: the galaxy
density field d, and the reconstructed field ;. Although we can see in Fig. 5.11 that the PDF
of the reconstructed field is not completely Gaussian, we still assume it Gaussian for the
Fisher analysis in this section. The analysis with a non-Gaussian likelihood we leave for
future work. Having said that we start by assuming both fields, 8, and J;, follow a Gaussian
likelihood on large scales [204]. In our analysis here we use four free parameters: three
are galaxy bias parameters (b1, by, and by) and one is local primordial non-Gaussianity
parameter fnr. Therefore we will write the full 4 x 4 Fisher information matrix and at the
end will marginalise over bias parameters to get constraints on ¢ (fNr.). The Fisher matrix
tells us how well we can measure each parameter from the data. The full Fisher information

matrix Fyg per mode K at the field level is defined as:

dC(K,z)
do

dC(K,z)

C'(K,z2) 35

Fop(K,z) = %Tr { Cc (K, z)] (5.49)

P=Po

where p € {b1,b2,b ., fnL} is the set of free parameters in our analysis and py is a set of
their fiducial values. Also in Eq. (5.49), C is the covariance matrix defined as

C(K,Z) — ( ng(K7Z) Pgr(K?Z) ) (550)

and C~! is the inverse covariance matrix

. B 1 P:(K,z) —Pu(K,z)
C (K,Z) - ng(K,Z>Prr(K7Z)(1 _rz) ( —Prg(K,Z) ng(K,Z) ) ) (5.51)

where r is the cross correlation coefficients between the galaxy field and the reconstructed

field and is defined as
Ps(K,z)

VPr(K,2) P (K, 7).

Moreover, in Eq. (5.50) and Eq. (5.51), Py, By, and B correspond to galaxy auto power

r(K,z) = (5.52)

spectrum, cross power spectrum of the galaxy and reconstructed field and the auto power
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Fig. 5.12 2D slices of a 3D linear density field (left panel) and growth estimator Ag (right
panel). For the growth estimator we used R = 4h~! Mpc smoothing which corresponds to
kmax = 0.25h Mpc~!. We apply an external smoothing of R = 204! Mpc to both linear and
reconstructed fields. As expected, we find that the reconstruction reproduces many of the

large-scale features in the linear density field.

spectrum of the reconstructed field respectively. The galaxy auto power spectrum Py

contains galaxy shot noise, the cross power spectrum B, contains the bispectrum shot noise,

and the auto power spectrum of the reconstructed field P contains the reconstruction noise

Nyr as well as the trispectrum shot noise. We define these power spectra as follows:

ng(K,Z) = (b1 + M(K,

Pgr(K, 7) = (bl + M(K,

Prr(Kaz) = b% (Cg +

corfnLD

co1fnLD(2)

2)

op

Ngg
cet ), cp N

) Pin (K,Z) +ng,sh0t(K)
(z)
) (

2
) P]in(K,Z) +Nrr(Ka Z) +Prr,shot(K)

(5.53)

> Plin(Kaz) +Pgr,shot (K) (5.54)

(5.55)
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where 8 contains all six mode couplings defined in Table 5.1 except the growth term.
Using the notation dP;j/da = P, o we expand the trace in Eq. (5.49) to get

2
1 1
Faﬁ (K,2) =5 D Do (1 .2\ ng{Prgﬁ (_Prnga "‘PrrPrg,a) "‘Prr,ﬁ (ngPrr,a —PrgPrg,a) }

_Prg{ngﬁ (=PePra+PePrga) + Prgp (PegPr.o — PrgPrg.r) }
_Prg{Prg,ﬁ (=PePig.a+ PePog.a) + P (PegPro.cc = PrgPog.r) }

* P“{ng,ﬁ (—PePea+PPega) + P (PegPrea — PrePes.a) }]

P=po
(5.56)

The cumulative Fisher matrix can be computed by integrating Eq. (5.56) from Ky,j,, which
depends on the survey, to Kyax. We write it as

VvV Kmax ) 1
Faﬁ B W [(min dKK /l d“Faﬁ (K7 ‘LL,Z), (557)

where V' is the volume of the galaxy survey defined in Table 5.3 for three experiments. The

unmarginalised error on one parameter is giver by

1

o(pa) = (@)7 (5.58)

where a simplified expression for Fy 1s defined as

2 2 2
(ng,a _2r2Prg,a> +22(1- 1) (Prg,oc) n (Prr,a>

ng Pfg g
+ 27’2 Prr,a (Prr,a . 2Prg,a>
By ng Pfg

As we are only interested in fnr., we have to marginalise over other free parameters. The

(5.59)

P=Po

marginalised error is defined as
o(pa) =\/(F 1)y (5.60)

5.4.2 Scales

In our forecast analysis, we use large scale modes of Sg and reconstructed field o, for
measuring local non-Gaussianity fnr. The modes we use to measure local fnr, satisfy the

relation Ky, < K < Kpax for combined analysis using both galaxy and reconstructed field
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Fig. 5.13 This illustration shows scales we use for our Fisher anlaysis in this work. For the
reconstruction of large-scale density modes we use wavenumbers kpjn < K < kmax (shown in
blue). For fni, forecasts, however, we use very large scale modes Kpjn < K < Kmax (shown
in red) for &, + &; combined analysis (shown in red) and K < K < K, for 6-only (shown
in green), where Ky is the lowest wavenumber we can measure in the galaxy survey.

DESI-like MegaMapper-like ‘

06<z<1.6|2<z<25 45<z<5
Survey parameters
Survey volume (Gpc?) 100 80 66
Mean galaxy density 7 (Mpc ) 1074 6x 1074 2x107°
Kumax for fr constraint (hMpc~!) 0.05 0.08 0.14
kmax for reconstruction (A Mpcfl) 0.15 0.24 0.4
Fiducial bias parameters
by 1.6 2.9 7.0
by —0.30 1.1 17
by -0.17 —0.54 —1.7
b1 -3.0 -2.5 37
by —14 -21 85

Table 5.3 Survey characteristics used for our main forecasts. The DESI-like survey is based
on the expected DESI emission-line galaxy sample and the MegaMapper-like survey is a
next-generation survey targeting high-redshift “dropout" galaxies.

(8 + 6;). We also use very large scale modes of the reconstructed field for Fisher analysis
(6r-only) satisfying the relation Ky < K < Kyin, Where Kt is the lowest wavenumber or the
fundamental mode measured by the galaxy survey. This is because even though it is not
possible to use such large modes from galaxy field, in theory it is possible to reconstruct
those large-scale modes from the correlations of small-scale modes without worrying about
the observational systematics. However, the systematic effects can definitely prevent us from
measuring those large-scale 0, modes. We therefore only use Ky, for 0, to account for
possible systematic effects. We chose a range of Ky, for our Fisher analysis. We describe

the range of scales diagrammatically in Fig. 5.13.
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5.4.3 Galaxy Surveys

The configurations of galaxy surveys we use in our work are summarised in Table 5.3.
The first galaxy survey we use is a DESI-like galaxy survey [63]. For this we consider
a 14000 deg? survey over redshift range 0.6 < z < 1.6, which roughly translates into a
survey volume V = 100 Gpc® with mean redshift Z = 1. The mean number density we use
is i = 10~* Mpc 3. The linear bias is assumed to be b; = 1.6 with fiducial values of other
bias parameters defined in Table 5.3. For reconstruction of large scale density modes we
use Kiax = 0.052 Mpc~! (= kpin) and kpmax = 0.152 Mpc 3, which is a good assumption
as our quadratic bias expansion is valid for k < kp,x at redshift z = 1. This is explained in
simulation section where we show that linear order predictions for density reconstruction
agree with simulations very well up to kpax = 0.12 Mpc~! at redshift z = 0. If we want to
increase the kpax for reconstruction for DESI-like survey we need to include higher order
terms in our predictions.

Another survey we assume is called MegaMapper which is a next generation spec-
troscopic survey for high-redshift "dropout" galaxies [86, 173]. Like the previous exam-
ple, we use a 14000 deg” survey and consider two redshift bins: (1) 2 < z < 2.5 and
(2) 4.5 < z < 5. For lower redshift bin the survey volume is V = 80 Gpc® with mean
number density 7 = 6 x 107* Mpc—> and fiducial linear bias parameter b; = 2.9. The
minimum wavenumber for reconstruction we use 18 Ky, = 0.08% Mpc’l and maximum
1S Kpax = 0.24h Mpc_l. For the second high redshift bin, we use the survey volume of
V = 66 Gpc® with mean number density 77 = 2 x 107 and linear bias parameter b; = 7.0.
The minimum and maximum wavenumber for reconstruction used for this redshift bins are
Kmin = 0.14h Mpc~! and Kpyax = 0.4h Mpc~! respectively. The reason for large K,y for
this redshift survey is that the non-linear wavenumber knr up to which our predictions agree
and quadratic bias expansion make sense increase with redshift.

5.4.4 Results

DESI

We now discuss our first forecast results for local fnp for DESI-like survey. The results are
shown in Fig. 5.14. In the right panel of Fig. 5.14 we show constraints on local fni. from
only galaxy field &, (showed by red dotted) as well as combined analysis of galaxy field ,
and the reconstructed field 8; (shown by solid red curve). The left panel, however, shows the
ratio of o(fni) obtained from &, and &, + &. We see that for lowest K, the improvement
in o(fnL) is negligible, however as we increase the K, we see significant improvement
coming from extra modes in the reconstructed field. This is because the reconstructed

1

noise obtained for a DESI-like survey is huge. For K, = 0.02h2 Mpc™" we can get 15%
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Fig. 5.14 DESI: o (fnL) constraints for a DESI-like survey for a range of redshift 0.6 < z <
1.6. LEFT PANEL: o (fx1) obtained from &, only (dotted red) and &, + &; (solid red). We
also include constraints from &;-only in combined analysis for modes 0.002 < K < Kpip.
RIGHT PANEL: We plot ratio of constraints from combined analysis and galaxy-only. We
also plot ratio without modes 0.002 < K < Kyjp.

improvement in o (fnr.) when the reconstructed modes are used. This improvement from
O mostly comes from the modes K < Ky, which are inaccessible from §,. This shows
that, although we do not achieve cosmic variance cancellation in a DESI-survey due to large
noise, we do, however, get improvement in ¢ (fnr) due to the fact that we can reconstruct
very large-scale modes that are inaccessible in the galaxy field. With this method, even this
small improvement is impressive as we do not require any additional dataset. To further
explain this result, we plot the ratio of o(fnr) when we don’t include modes K < Ky in
O; (shown by solid blue curve). We can see that the blue curve shows there is no cosmic
variance cancellation. This is the main advantage of using reconstructed modes that we can
in principle reconstruct large scale modes which can never be accessible from &, only.

To see the effects of other parameters we can vary number density 71, kyax in the
reconstruction, remove bispectrum and trispectrum shot noise, and vary quadratic bias
parameters especially b,. A more detailed analysis is given in the paper [59]. We summarise
the results from the paper here. We show that by assuming a very high number density
survey, 1 = 1072 Mpc—> we can obtain 10% improvement on fxr constraints from only Oq
and also some improvement from including J;. Given these improvements are not significant,
we understand that shot noise is not the most important factor which limits the constraints.
Increasing kmax lowers the reconstructed noise but the improvement on o (fnr.) are still
negligible. Same is the case if we do not include bispectrum Py gnor and trispectrum Py shot
shot noise terms. However, neglecting b, does make a large impact on o (fnr.) (see [59] for

more details.)
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Fig. 5.15 MegaMapper low-z: ¢ (fn1) constraints for a MegaMapper-like survey for lowz,
2 <z<2.5. LEFT PANEL: & ( fn1.) obtained from &, only (dotted red) and &, + &; (solid
red). RIGHT PANEL: We plot ratio of constraints from combined analysis and galaxy-only.

MegaMapper

Our results for MegaMapper-like surveys for low and high redshift ranges are described
in Fig. 5.15 and Fig. 5.16 respectively. For low-z, unlike DESI, we can see we have high
signal to reconstruction noise due to high number density, higher kyax, and higher bias. In
the left panel of Fig. 5.15 we can see that, just like DESI, mostly the improvement in ¢ (fNr.)
mostly comes from extra large-scale modes K < Ky, in the reconstructed field 6;. However,
for high redshift range for MegaMapper-like survey we see a different behaviour as shown
in Fig. 5.16. There we do get significant improvement in o(fnr.) and this improvement is
the result of cosmic variance cancellation between J, and ;. As shown in [59], increasing
the kmax as well as changing the fiducial b, from 17 to O can significantly improve fnr
constraints. We further notice that low number density is not the limiting factor in the high-z
bin because if we increase the number density in the forecast the change in o (fn) is very
modest [59].

5.5 Conclusion

In this chapter, we have developed a method to reconstruct large-scale density modes from
a biased tracer field §,. We have considered non-linearities from gravitational clustering,
non-linear galaxy biasing and primordial non-Gaussianity. Our method of reconstruction
is similar to the optimal quadratic estimator method in CMB lensing reconstruction [88,
155]. The idea is that we can define an optimal quadratic estimator A, using galaxy fields
corresponding to a particular mode-coupling. The ensemble average of the estimator over
short-scale modes by fixing the large-scale mode is proportional to the linear density field

01 (K) multiplied by a scale-dependent bias factor. The scale-dependent bias factor depends
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on the bias parameters as well as contamination arising due to other mode couplings. We find
that the noise due to the estimator defined from the growth term has the lowest amplitude
among all other mode-couplings. We demonstrate density reconstruction using dark matter
halos in numerical N-body simulations and show that analytical predictions agree pretty
well with simulation results. We use the growth estimator for the Fisher forecast for fyr for
several galaxy surveys. The results from simulations show that our forecasts are realistic.
There are many applications of reconstructed modes in cosmology. For example, from
this method, we reconstruct very large-scale modes which are generally inaccessible form
the galaxy surveys due to observational systematics. We also show that we can use the
reconstructed modes along with the galaxy field to constraint local-type of primordial non-
Gaussianity. It is known that the local-type of primordial non-Gaussianity has the unique
1/ k? imprint on large scale limits of galaxy clustering [153]. We see that the reconstructed
modes from the quadratic estimator method also have the same 1/k? type contributions from
JNL terms (such as ¢ ¢, cO1, and c11). Due to this interesting behaviour we realise that the
reconstructed modes can add extra information about local fnp and if we do a combined
analysis with 8, we can cancel cosmic variance and improve constraints on o (fnr.). For
Fisher analysis we use both &, and &;. The constraints on local fni. therefore depends on the
auto-correlation of the linear galaxy field, Py, the cross-correlation of the galaxy field with
the reconstructed field, Py, and the auto-correlation of the reconstructed field, ;. For galaxy
surveys, we use the configuration for a DESI-like survey with a redshift range 0.6 < z < 1.6
and a MeggaMapper-like survey for the low redshift range (2 < z < 2.5) and the high redshift
range (4.5 < z <5). The configurations for these surveys are given in Table 5.3. For a
DESI-like survey, we find that we do not get significant improvement from adding the
reconstructed field and the galaxy field together. However, if we also use the reconstructed
modes Kf < K < Ky, in the Fisher analysis, we get an improvement of 15% at Kyi, = 0.02h
Mpc~!. This wavenumber is inaccessible from 0, alone but in principle can be accessed
from our method of reconstruction. The constraints for & ( fni) for a DESI-like survey are
given in Fig. 5.14. Although we do not get a significant cosmic variance cancellation in a
DESI-like survey, the improvements for ¢ (fnr) mostly comes from additional large-scale
modes in the reconstructed field. For a MegaMapper-like survey we show that for the low-z
bin, just like DESI, we do not get a significant cosmic variance cancellation, however we do
get a significant improvement due to additional large-scale in the reconstructed field, that is
K < Knin, as shown in Fig. 5.15. Interestingly, for the high-z bin of MegaMapper, unlike
DESI and low-z bin of MegaMapper, we do get significant cosmic variance cancellations as
shown in Fig. 5.16. The method presented in this chapter has similarities with other work as
well. In the literature, power spectrum and compressed bispectrum statistics have been used
to constrain non-Gaussianities [176, 83, 73, 167, 99, 56, 43]. Our work has some similarities

as well as differences from previous work done in this field. In terms of similarities, we
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Fig. 5.16 MegaMapper high-z bin:c (fr.) constraints for a MegaMapper-like survey for high
z,4.5 <z < 5. LEFT PANEL: o( fn1.) obtained from J, only (dotted red) and J, + &; (solid
red). RIGHT PANEL: We plot ratio of constraints from combined analysis and galaxy-only.

are also using compressed statistics to capture information from higher-order correlation
functions to constrain fnr. The power spectrum and the bispectrum have often been used
in the literature for analysis; however, in this work, we use power spectrum, bispectrum
and trispectrum. Our quadratic estimator contains two J,’s. Cross correlating it with the &,
contains the bispectrum information. Similarly auto-correlation of the quadratic estimator,
P, contains the trispectrum information.

We should mention we have quite a lot of similarities to the work we have done in [167].
However, the main difference which we emphasize is that, unlike the method proposed in
that paper, our method of reconstruction is a tool and can directly be applied to data analysis
of galaxy surveys. As an example, we implemented the quadratic estimators in numerical
simulations and showed that indeed it is a practical tool to reconstruct the density field.

For future direction, there are several ways forward. One way is to increase kpmax in
the reconstruction and include higher-order perturbative terms in the cross-correlation of
estimators. Increasing kpax Will reduce the reconstruction noise and will improve constraints
on fNL. Another application is to apply this method to observation data coming from galaxy
surveys in future. Furthermore, to get even better fnr. constraints, we can measure quadratic
bias parameters from other methods (such as from the method developed in Chapter 6) and
use the results as priors in the Fisher analysis. Marginalising over bias parameters with

strong priors from data can definitely improve constraints on o (fnr.)-



Constraining Nonlinear Galaxy Bias from
CMB-LSS Cross Correlations

Note: This chapter is my original work done under the supervision of Tobias Baldauf and

Blake Sherwin. The results in this chapter will be submitted for publication soon.

6.1 Introduction

There are several galaxy surveys planned for the future, such as the Large Synoptic Survey
Telescope (LSST) [134], the Dark Energy Survey (DES), Euclid Satellite experiment [78],
and NASA’s WideField Infrared Survey Telescope (WFIRST)! [195]. These surveys will
cover a larger fraction of sky and higher galaxy number densities at different redshift bins,
and therefore will transform large-scale structure observations over the next decade.
Besides galaxy surveys, the gravitational lensing of the Cosmic Microwave Background
(CMB) provides a promising probe to constrain cosmology [126]. The CMB radiation
was released at the surface of the last scattering and provides the image of the Universe
when it was 380,000 years old. The gravitational potential of the matter distribution in the
Universe deflects the CMB photons, and therefore distorts the image of the surface of the
last scattering. This entire process is called the gravitational lensing of the CMB, which is
quite sensitive to the growth and structure of the matter distribution, and the geometry of
the Universe. Therefore CMB lensing is a useful probe to constrain dark energy models,
modifications of gravity on large scales, and the sum of neutrino mass. The first attempt to
detect the CMB lensing potential was achieved using the temperature map provided by the
Wilkinson Microwave Anisotropy Probe (WMAP)[112]. The detection was very weak at
the order of < 20 because of very high noise and low resolution of experiment [194, 82].
The cross-correlation of WMAP maps with radio galaxies from NRO VLA Sky surveys

Thttps://roman.gsfc.nasa.gov/
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detected the CMB lensing at the level of 3.40 [95, 54]. The measurements were further
improved by subsequent work of [103, 60, 117, 199, 163, 61, 206, 200, 164]. The most
recent measurements at the level of 400 are obtained from the recent Planck experiment
using the non-Gaussianity measurements of the CMB temperature maps. Future CMB
experiments such as Advanced ACT [62], the Simon Observatory [201] and the CMB-S4
[1] will provide much better resolution of the CMB maps, thereby opening new avenues for
constraining cosmology with much better precision through CMB lensing measurements.

Since the CMB lensing kernel is quite broad in redshift and the fraction of sky covered by
CMB experiments overlap with that of galaxy surveys, the cross-correlation of CMB lensing
maps with galaxy clustering provides a useful tool to constrain cosmology at high redshifts.
Cross-correlating the CMB lensing map with biased tracers of the large-scale structure
can add further information to enhance our understanding of cosmology and astrophysics.
Since future CMB experiments and galaxy surveys will have a substantial sky overlap, the
cross-correlation between these two can cancel the cosmic variance and improve constraints
on cosmological parameters [178]. For example, we can measure galaxy bias by cross-
correlating CMB lensing with galaxies or quasars [189, 4]. Moreover, cross-correlating
CMB lensing with other tracers such as the cosmic infrared background (CIB) or thermal
Sunyaev-Zel’dovich (tSZ) effects can help us understand the relationship between dark
matter and baryons in different regions in the Universe over the whole cosmic period [161,
106, 77].

Some applications of CMB lensing/galaxy clustering cross-correlations have been studied
quite extensively in [178]. In that paper, the authors focused on constraining the amplitude
of matter fluctuations oy as a function of redshift z, primordial non-Gaussianity fnr and the
sum of neutrino masses ), my. They used a linear bias model for galaxy clustering that is
0g = b1 0, for all their forecasts. The linear bias model, however, is only relevant for very
large scales and requires the inclusion of higher-order non-linear terms if we want to go to a
higher kpax to improve constraints.

In Large-scale structure (LSS) observations, the number of modes depends on the
maximum wavenumber kpax as well as on volume of the survey. For a given survey, to
improve constraints on cosmological parameters, it is necessary to increase the kpm,x using
better modelling. The Effective Field Theory of Large-Scale Structure (EFTofLLSS) provides
a good framework to model LSS observable to a higher kpyx by including loop corrections
and appropriate counterterms [36, 45, 165, 188, 27,7, 16, 39, 158]. The predictions of the
EFTofLSS for the one-loop galaxy power spectrum and one-loop galaxy-lensing cross power
spectra depends on galaxy bias parameters up to cubic order. If we model galaxy and lensing
auto- and cross-bispectra, we will have to include bias parameters up to quadratic order
at the tree level bispectra and up to quartic order for the one-loop bispectra. The authors

in [148] studied the galaxy-lensing cross-correlations up to one-loop power spectra using
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the Convolution Lagrangian Effective Field Theory (CLEFT). They show that for accurate
modelling, one has to include several additional parameters such as linear bias, quadratic
bias, derivative bias and stochastic terms. However, to get constraints on the amplitude of
matter fluctuations og one has to marginalise over all these additional parameters. They
conclude that marginalising over additional parameters makes the constraints on og worse.
One way to make the constraints on cosmological parameters better is to measure higher-
order bias parameters from data or simulations and use them as priors while marginalising
over these additional parameters.

The natural statistics to estimate the linear bias parameter b is the tree-level galaxy-
matter (galaxy-lensing) power spectrum. Quadratic bias parameters (b, and b>) can naturally
be estimated by the large-scale, tree-level bispectrum and cubic bias from large-scale, tree-
level trispectrum. Higher order bias parameters up to cubic order are measured in N-body
simulations in [2, 122] and it has been shown that using constraints from simulations, one
can model the one-loop galaxy-matter power spectrum using the EFTofLLSS framework
which agrees with simulations very well up to kpax = 0.14 Mpc_1 [2]. At one-loop, if one
includes the error in the model predicted from the EFTofLSS at two-loops, then the kpyax
can be pushed further up to kpax = 0.2 Mpc~![13] and even higher if we include two-loop
terms [47, 16].

Measuring higher-order bias parameters directly from data is a bit more involved as it
requires modelling observational effects. One of the main effects which we should carefully
consider are redshift space distortions (RSD). We can observe the angular distances of
galaxies directly, but for the radial distances we need to infer it using the redshifts of the
spectral lines. The inhomogeneities in the density field produce peculiar velocities beyond
the Hubble flow. These peculiar velocities introduce distortions in redshifts, that is a shift
between the actual distance and the observed distance. On large scales, we can model the
RSD effect using the Kaiser formula [113]. On the other hand, the finger-of-god (FoG) effect
introduces small scale non-linearities (see [67] for more details). Precise modelling of RSD
for higher-point statistics requires us to consider both large and small-scale effects carefully.
For example, for the bispectrum and the trispectrum, these effects introduce additional
non-linearities and free parameters, and can therefore affect the precision of cosmological
parameters.

To circumvent these problems and measure higher-order bias parameters effectively
from high-redshift galaxy surveys, we develop projected field statistics in this chapter. The
idea is that we start with projecting the three-dimensional (3D) galaxy field &, along the
line-of-sight to get a two-dimensional (2D) field &, ,. The we construct the quadratic field
estimator using the projected density field (similar to the 3D quadratic field method presented
in [176, 2]). Finally, we cross-correlate the 2D quadratic fields with the projected galaxy
field. This cross-correlation contains the bispectrum information and is used to measure
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Fig. 6.1 An illustration of the projection along the line-of-sight.

quadratic non-linearities such as quadratic bias parameters. Using N-body simulations, we
show that our analytical predictions for cross-correlations agree with simulation results,
verifying that our Fisher analysis is realistic. Three main applications of projected statistics
developed in this work are:

1. Cross correlating with the gravitational lensing of the CMB.

2. Constraining quadratic non-linearities such bias quadratic parameters and amplitude

of matter fluctuations.
3. Suppressing non-linearities from redshift space distortions.

We focus on the first two applications, and for the third application we present the basic
results and leave the full RSD modelling for Fisher analysis for future work.

The outline of this chapter is as follows. In Sec. 6.2, we develop the theory of projected
statistics. We construct the 2D quadratic fields %,[6p], where &, € {0gp, K}, and cross-
correlate it with the projected galaxy field or the CMB lensing convergence field. These
cross-correlations contain information about the projected integrated bispectrum. We also
discuss RSD effects and additional non-linearities introduced by RSD. In Sec. 6.3, we
show that the theory developed in Sec.6.2, for the cross-correlations of 2D quadratic fields
indeed agree with N-body simulation results. In Sec. 6.4, we perform Fisher forecasts to
obtain constraints on linear bias b}, quadratic biases (b, and b,>) and amplitude of matter
fluctuations. For forecasts, we use 2- and 3-point functions. For the 2-point functions we use
combined analysis using the galaxy clustering and the CMB lensing convergence, similar
to the multi-tracer analysis [178]. Finally, in Sec. 6.5, we discuss our results and present
outline for future work.
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6.2 Theory

6.2.1 2D Projections

In this section, we develop statistics for projected fields and introduce projected-squared
fields. Consider a 3D random field §(x) and project it on to a 2D surface by using a window

function. In real space we can perform this operation as

5p X)) /dX|W xH/R )0 (XJ_,)CH / iq'xW(xH/Rp)S(q), (6.1)
where x| represents the axis parallel to the line-of-sight, x is the plane perpendicular to the
line-of-sight, and Ry, is the projection length along the line-of-sight. In the rest of the chapter
the subscript 'p’ describes that the 2D projected version of a 3D field. We define S(q) as the
Fourier-transformed density field but to keep our notation clean and simple we represent it
as 6(q) in the rest of this work. Also in Eq.(6.1) W (x| /Rp) is the window function which
only depends on the parallel axis. and the projection length. In Fourier space, Eq.(6.1) can

be written as
d*q.dg o
—dq —iq)x
- /dx| 7 Hdz(lL5D(QL—kL)e gl HW(XH/RP)5<‘1) (6.2)

—/ qHW Rpq))6(k1,q))-

The projection commutes with Fourier transform. This means that if we take the Fourier
transform of the 3D density field 6 and then project it on to a 2D surface we get the same
result as if we first project the 3D field and then take the Fourier transform of the projected
field. We want to relate the 3D power spectrum with the power spectrum of the projected
field, P>p. For this, we first remind ourselves that the power spectrum of a 3D field is given
by

(8(k1)3(k2) ) = (278 (ki + ko) Plk). (63)

where Jp is the Dirac delta function. Similarly the power spectrum of the projected field can

be written as

<5p(ku)5p(ku)> = (27)*8p (k1L +ki1 )P (k1)

dky dk
e zfr'w(Rpkl|)W(Rpk2|><27f)351><’<1|+"2|)5D<ku+k2ﬂp(\/ﬁ)
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Fig. 6.2 Projected linear power spectrum Pp using the Gaussian and the top-hat filters. The
projection length used is R, = 1004~ Mpc. For comparison, the 3D linear power spectrum
is shown with dashed-green curve (with units 273 Mpc?).

The projected power spectrum as a function of the perpendicular modes is described as

dk
Pi(k,) = /2—7'ryW(Rpk)\2P(1 i +12) 6.5)

One can see that in the case of projection, the small scale modes feed the large scale
modes. As we mentioned W (Rpk||) is a generic window function; for explicit examples we a

Gaussian and a Top-Hat window functions as below:
Gaussian: WG (Rpk||) = exp [— (RpkH)z/Z} (6.6)

sin (Rpk /2)
RpkH/Z '

Top—Hat: WTH (Rpk\ |) = (67)

In Fig.6.2 we plot the 3D linear power spectrum and the projected linear power spectrum
using the Gaussian and the top-hat filters with the projection length R, = 1004~ Mpc.

6.2.2 CMB Lensing

The gravitational lensing of CMB provides the projected matter density back to the surface
of the last scattering. CMB lensing is the cleanest probe available for the matter power
spectrum compared to galaxy power spectrum or any other tracer of the matter distribution.
The CMB photons are deflected by the gravitational potential ¢ when they travel from the

surface of the last scattering to us. This means that the temperature and polarization fields



6.2 Theory 144

1.0F 7000 [

08l 6000

5000 -

06 b
g :840007
0.4 CMB lensing | 3000
————— LSST i 2000 |

021 S . ]
~C Gaussian 1000 C
ooff L e

0 1 2 3 4 0 2 4 6 8 10
z z

Fig. 6.3 The CMB lensing kernel (solid blue) and galaxies kernels as function of redshift
z. For galaxies we plot a Gaussian kernel and kernel for LSST galaxies peaked at around
redshift z = 0.7. The kernels are normalised to a maximum value of 1.

observed are shifted by an angle of @ =V | ¢, where V| is the transverse gradient. We
define the lensing convergence k which is the transverse Laplacian of the gravitational
potential and defined as Kk = —1/ 2Vi¢. The lensing convergence is a weighted projection

of the matter density 6 along the line-of-sight:

K(6) = /0 T AW (2)8(2(2)0,2) (6.9)

where 0 is the angular vector, y/(z) is the comoving distance at redshift z and W(z) is the
lensing projection kernel at redshift z. For a flat Universe, one can define the general kernel

function for any source distribution as

3 2 (1+2) /°°d édn(zs)%(zs)—%(Z) 6.10)

W =3 b T a )

where €, is the matter density at redshift z = 0, Hy represents the present-time value of the
Hubble parameter, c is the speed of light, z, is the source redshift, and n(z,) is the number
density of the source. The CMB photons are emitted from a single source plane at the time
of the last scattering so for CMB lensing we define the distribution of the source number
density as the Delta function, dn(zs)/dzs = dp(zs — z«), With z, = 1100 as the redshift of the
last scattering surface. This allows us to write the lensing convergence kernel as

3

Wie(z) = Emerg

(1+2) x(z) — x(2)
2 x(2)x(z«)

(6.11)

This kernel is spread over a wide range of redshifts and it peaks at around z ~ 2. The CMB
lensing kernel is plotted in the left panel of Fig. 6.3; the right panel shows the comoving
distance as a function of redshift. In the Limber approximation, the angular power spectrum
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of x is defined as

CK* = A? /Ow de,%(z)P<k = %z) (6.12)

where P(k, z) is the matter power spectrum and multipoles / represents the angular scales.
We have also introduced another parameter A which is a relative amplitude of the matter
fluctuations for some fiducial value of og. As we can see that integral in Eq. (6.12) is
extended to all redshifts and so for low redshifts y(z) is small which makes the wavenumber
k very high. If kxi is the scale up to where the perturbation theory is valid then we should
be careful with low-redshifts auto-spectrum where we might end up to the regime where
k > knp. If kK < knp but still high then we should include higher-order perturbative terms in
the matter power spectrum. For very high redshifts when k is small we can use the linear
theory. In this work, we are interested in measuring bias parameters and the amplitude
of fluctuations using the large-scale limit of 2- & 3-point functions so we will indeed use
the linear theory in Eq.(6.12). However, if we are interested in constraining cosmological
parameters such as the sum of neutrino masses then the constraints will get better as we have
more modes, which means we should include either full non-linear matter spectrum or if we
are using perturbation theory then higher-order loops terms. Here it is more convenient to

work in the flat-sky limit in k-space so we can define the lensing convergence in k-space as
o0 dkH
clki) =A [ S IWas(k.k) (6.13)
0 27
where WK(kH) is the Fourier transform of Eq. (6.11) and is defined as

3HZQ,
2c2

_ 2c0s (k2 (z+)/2)  4sin (k2 (z+)/2)
kﬁ kﬁx(z*)

Wi (k)|) =

] exp [— ikj, (%(Z*)/Z)]

(6.14)
and the phase factor arises from the fact that the center has been shifted. The convergence

auto-power spectrum in k-space is then defined as

< dk
Pex(k1) =A2/w2—7|r|WK(k|)|2P(,/kﬁ+ki,z:0) (6.15)

where P is the matter power spectrum and can be modelled using the EFTofL.SS [46, 17]. We
can relate the angular power spectrum given in Eq. (6.12) and Eq. (6.15) using the Limber
approximation discussed in detail in [133] and also in Appendix C. The transformation is
given by /(14 1)CF* = k3 Peie(k ).
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6.2.3 Biased Tracers

Unlike the gravitational lensing of the CMB, galaxies are biased tracers of matter distribution.
In general, the galaxy overdensity contrast can be expanded in terms of operators of dark
matter density allowed by the symmetry of equations of motion [67, 10]. Beyond the linear
bias model, we can write the 3D galaxy density in real space as

= Zﬁ‘,bﬁ(Z)ﬁw](X,Z)

= b1 (2) (6 (x,2) + 8@ (x,2)) + sz(Z>5z<X7Z)+bsz(Z)s2<x7z) (6.16)

+by2(2)V28(x,2) +£(x,2) +. ..

where we have expanded up to quadratic order in density field and the linear order in the
derivative. In this expansion 62 is the growth term, sZ is the tidal term, € is the stochasticity
term. Also, we have expanded the matter density at second order in perturbation theory. The
second-order density §(2) further can be written in terms of the growth, tidal and the shift

term as
17

21
Given this relation, one can notice that the contribution of the shift term to the galaxy density

8P (x,2) = —8%(x,2) — w(x,2) - V&(x,2) + %sz(x,z) (6.17)

field is sensitive to the linear bias b, the growth term depends on b and b,, whereas the tidal
term depends on the combination of b; and b. In Fourier space we can write Eq. (6.16) as

(k.9 =018 + 1 / 300,(2) H 0, (4 k —0)81 (4,2)81) (k — .2) +e(k,2) + ..

(6.18)
where the dots represent higher-order terms (including the derivative biases) and 0, €
{82),52,52}. Here we will not consider the derivative bias term but it is important to mention
that for correct modelling one has to take into account the derivative bias terms. It is shown
in [2] using N-body simulations that the derivative bias term becomes important for k < 0.1k
Mpc~! so it can not be neglected. In Eq. (6.18) the quadratic kernels Hp, € {F,1,5,} are
defined as

17 1qiq2 92 20 (q1-q2)?* 1
oS b L 2} A =V 6.1
(q1,q2) = 21+2q1q2 <q2+ql +3 22 3| (6.19)
2
1°q2 1
Sa(ar,q) = U9 -5 (6.20)
919>

We now know how the galaxy density field looks like in 3D up to second order in linear
density field. We can project this field along the line-of-sight to get the projected galaxy
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field as di
ag,p(khz):/o 2—7|I|Wg(RpkH)5g(kL,kH,z) (6.21)

where Wy (Rpk||) is the projected window kernel for galaxies. In case we choose a particular
galaxy survey such as LSST this should depend on the distribution of the galaxy number
density of the survey. For simplicity, we use the Gaussian window function shifted around
some mean redshift z,,. The width of the Gaussian function depends on chosen redshift bins.
In Fig. 6.3 along with the CMB lensing kernel we also plot the LSST kernel and a Gaussian
approximation to the LSST kernel peaked at around z,, ~ 0.7. We define the auto galaxy

power spectrum as

o dk
ng(kL,z):/O 2—7'r‘|Wg(kH)|2P§§< ki—kkﬁ,z). (6.22)

we can also define the cross power spectrum between galaxy and CMB lensing as

PgK(kL,z)I/OM%Wg(kH)WK(kQCOS [kH(x(z*)/z—x(zm))}Pg,?( ki+kﬁ,z) (6.23)

In the cross-correlation of the galaxy density with CMB lensing field in Eq. (6.23), we have
introduced the cosine factor. The shifted Gaussian galaxy kernel around the mean redshift
source z,, combines with the phase factor of the shifted lensing kernel gives the cosine factor
in Eq. (6.23). In Eq. (6.22) and (6.23) ng) and Pg,? are defined as the 3D galaxy-galaxy and
galaxy-matter power spectra. We define these spectra using the linear bias model because
we are interested in large-scale limit of 2-point functions to constrain the linear bias and
the amplitude of matter fluctuations. However, if we want to use the 2-point functions to
constrain the sum of neutrino masses or other cosmological parameters we can include loop
terms. Going to higher loops increase the number of available modes and therefore better
constraints are expected. But one has to be careful with higher-order bias parameters. For
example, the one-loop galaxy-galaxy and galaxy-matter power spectra require quadratic as
well as cubic bias parameters [10, 2]. The one-loop 3D galaxy power spectrum is described
as [23]

5 2
b52 (b52 - _b2> ‘ﬂszsz (ka) +2b; <bs2 + —br3> ysz (k,Z)

Pap (k.2) =b1P(k,2) + A* - :

— A2b1 bvz kzplin (k, Z) + Sp (Z) ’

(6.24)

2
+ 463 Iso50 (k,2) + 4by (b2 . gbsz> I (k,2)
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and the one-loop galaxy-matter power spectrum as

2 1
Pfgl]()(ka Z) :blp(kaz) +A4 <bs2 + _br3>ys2 (k7 Z) + §b2f525(2) (k,Z) +bs2‘ﬂ6(2>52 (k,Z)

5

— A%y k? P (k, 2)

(6.25)
where br, is the cubic bias parameter, which can be constrained by trispectrum statistics,
by 18 the derivative bias and s, is the shot noise term. The explicit form of functions Fs252,
Is2, Is250), Is22 and F can be found in [10, 2]. It has been shown in [2] that if we
constrain linear, quadratic and cubic biases from tree-level power spectrum, bispectrum
and trispectrum statistics, and use the constraints to model one-loop galaxy-matter power
spectrum, one gets very good agreements with N-body simulations results up to kmax = 0.14

Mpc~! at redshift z = 0. The kmax in perturbation theory grows with redshift as [23]

—4/3
kmax (2) = kmax(z =0) (D+(Z) ) (6.26)

D, (0)

where D (z) is the growth factor as a function of redshift. This means for higher redshift
surveys one can model power spectra up to very high wavenumbers which increases the
number of modes substantially, resulting in better constraining power for cosmology. As
mentioned before in this work, we only use the tree-level power spectra. We will show that
combined analysis of galaxy and lensing using the tree-level auto- and cross power spectra
is sufficient to break the degeneracy between b; and A. In a later section, we show how
we can constrain the higher-order quadratic bias parameters using the projected 3-point
functions. How well other cosmological parameters using the bias constraints from 2- and
3-point functions and using the one-loop power spectra model can be constrained, we leave

for future work.

6.2.4 Quadratic Fields in Projected Space

In this section, we introduce quadratic fields in projected space. The projection of the galaxy
density field in Eq. (6.21) produces projected quadratic fields at second order in galaxy
biasing. It was first proposed in [179] that cross-correlations of quadratic fields with the
galaxy field capture all information of a squeezed bispectrum. This method was used in [2] to
measure quadratic bias parameters in N-body simulations. Here we want to see if we can use
this method in photometric surveys where we project fields. We construct quadratic fields
with the projected fields or CMB lensing field and cross-correlate them with the projected

galaxy fields. These cross-correlations contain cross-correlations of the projected quadratic
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Projection Smoothing

03D == Op ==l JpW(Rtk) D,[6p]

Fig. 6.4 The illustration shows how one can construct a quadratic field %,[5,] from a
projected field &,. The first step is to project a 3D density field d3p using a Gaussian or a
top-hat filter. The next step is to apply a smoothing function to the projected field in Fourier
space with the smoothing scale R¢. Then we generate the quadratic field with a combination
of Fourier and inverse Fourier transforms.

fields in Eq. (6.21) with the quadratic fields constructed with the projected field. We use
these statistics to constrain quadratic bias parameters later in the chapter. We introduce a

generic quadratic field estimator constructed from a projected field &, as

2
P[] (k1,2) = /(dqu)é (41,2)8p (kL —q1,2) #7, (a1, kL —q )W (R )W (Re(k L —q1))
(6.27)
where &, can be either the projected matter field”, projected galaxy field Og,p or the CMB
lensing convergence field k. Eq. (6.27) is the convolution of projected density fields in 2D
space. Because of the convolution integral, the quadratic field estimator will get contributions
from all modes including the non-linear ones. Since we are interested in large-scale modes
we should introduce a cut-off in the integral. This can be achieved by applying a smoothing
function to 8, with a smoothing scale Ry which corresponds to the maximum wavenumber
kmax = 1/Ry. The kpax is the cut-off in the bispectrum analysis. In Eq. (6.27) the kernels
Hs € {1,H,,S,} are the projected kernels corresponding to the growth term, 52, the shift
term, Y - V§, and the tidal field, s2. The kernels are defined as

L{qii 921 911920
Hy(q11,921) == + , (6.28)
(@11,920) 2 [(Iu'Qu q11 -9
(qr1-qo)? 1
S$2(q1 1,921 ) = - = (6.29)
(1, 920) [(Qu'Qu)(QM'QM) 2

Let us assume that we construct the quadratic field with the projected galaxy field and
cross-correlate it with the projected galaxy field itself. There are two types of contributions

we would expect from Eq. 6.27 in the cross-correlation. First, when both fields inside the

%For convenience we now use 0p for the projected non-linear matter field and J; p for the projected galaxy
field
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integrals are linear fields. We define this as

d2
92(2) [Sg,p] (ki,2) = b%/ (2;:;2 551) (QL,Z)@gl) (kJ_ - QL,Z)%/% ((u,kL - QJ_)W(Rf(lJ_)

XxW(Ri(k. —q1)).
(6.30)
Second, when one field is linear and the second one is the second order galaxy field 5g(,2p),
then Eq. (6.27) will become like a cubic field in terms of the linear density field 5&1) and we
(3).

define these terms as %,

d2
@2(3) 0o p|(k,2) Zblbﬁ/ qL U((u, 2)016)p(k. —qu,2) # (g .k —q )W (Req)

XW(Rf(kJ__qJ_))~ s
(6.31)

In Eq. (6.31) we have introduced &/[6], as the projected quadratic galaxy bias operators
defined as

3

o11(k1.2) = [ SIWalek) [ S0 @.98 (- a.5)02(a k- W (Rya) W (Ry(k—a)
(6.32)

where 0, € {8(?), 82, 5%} are quadratic bias operators in 3D, 8(!) is the linear density field in

3D, and Ry is the internal smoothing scale which is associated with the fact that the galaxies

are formed inside finite size dark matter halos. The internal smoothing scale, the size of the

Lagrangian patch which collapses to form a halo at late-times, introduces a Fourier space

cut-off in Eq. (6.32) similar to kX, &~ 1/R,. As we don’t know about this scale, we can

either leave R, as a free parameter or choose a particular value. Similar to what is done

in [2] we choose R, = 4h~! Mpc in this work. We now write the full expression for the

cross-correlation of 2,[8, ] with the projected galaxy field as

(Z21009)(k1,2) B (K 1.2) ) = A“[Zbﬁ< epl(k1,2)|O[8]p(K],2))

—|—b1<.@2(3)[5gp kK ,z |5p K|,z > -+ shot noise
(6.33)

Here we have introduced the relative amplitude of matter fluctuations, Ay, to show the explicit
dependence in the cross-correlations. The second terms in Eq. (6.33) are like propagators
and are proportional to the projected linear power spectrum. The shot noise terms are

discussed later in this chapter.
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Fig. 6.5 Auto- cross correlations of quadratic fields in projected space using two different
window functions: Gaussian and top-hat, with a projection scale R, = 1004~ 'Mpc. For a
reference we also show the auto spectra of 62 in 3D (red curve).

6.2.5 Projected Bispectrum Estimator

The cross-correlation of projected quadratic fields with the the projected galaxy field is an

integrated projected bispectrum:

<92[5g,p](kLa 2)|8g,p( K ,z) /dk/d L /dCZ| pH (k\l)Wg< Q\I)Wg(_l’\l)

/
X Ko, (QL:kJ_ —q) <5g((]J_,Q‘|,Z)6g(kJ_ - QL7P||7Z)5g(klakH’Z)>
X W(Req )W (Re(k, —q)).

(6.34)
It is obvious that (8,8,8,)"” is the full 3D galaxy bispectrum. The projections remove modes
along the line-of-sight and so the projected bispectrum defined above will have less modes
as compared to the full 3D bispectrum. However, projections have other advantages such
as suppressing non-linearities in redshift space distortions (discussed later) as well as cross
correlating galaxies with the gravitational lensing of the CMB. Eq. (6.34) can be simplified
as

/ d2
(Z2lep) 1, 918p (KL 2)) = [ G (0 1) B (Ko K1 —a.2)

X W (Req )W (Re(k, —q))
(6.35)

where By, represents the bispectrum of the projected fields. The projected bispectrum can

be estimated by counting the number of triangles formed from the wavenumber vectors

in the projected plane. We consider three cross-correlations in this work: (2,[0gp)|0gp).

3The prime on correlators here means that the Fourier space expectation value is equal to the power
spectrum, that is (6 (k)8 (k’))’ = P(k) without considering the Delta function.
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(2:[K]|64p), and (Z1[k||x). These correlations have information about galaxy-galaxy-
galaxy bispectrum, galaxy-matter-matter bispectrum and matter-matter-matter bispectrum
respectively. Eq. (6.35) is given in Eq. (6.33), where we can see that it depends on the two
distinct types of cross-correlations. The second term in Eq. (6.33) is proportional to the
projected linear power spectrum.

6.2.6 Cross-Correlations of Quadratic Fields

In this section we present full expressions for the cross-correlations of quadratic fields. We
will derive expressions for the auto and cross-correlations of %, fields which we will see
appear in the covariance matrix. Then we discuss the auto- and cross-correlations of projected
quadratic operators. Finally, we derive generic expressions for the cross-correlations of 2,
and projected quadratic fields €'[8], which we have seen appear in the bispectrum estimator

expression defined above.

Auto- and Cross-Correlations of 2,

The first case we discuss is the auto- and cross-correlations of two quadratic fields 25"
constructed from the the projected density fields &x p, where X € {g, k} and o represents
the quadratic field corresponding to the growth, shift and tidal terms. The cross-correlations

of two such quadratic fields can be written as

/ 42
<92a[5X,p](kJ_711)’95[6Y,p]<k/ a22)> :A?/ (22;2{9’5/@;‘ (QJ_akJ__qj_)%@zﬁ (ar.ki—qu)

X [Pxx (q0)Pyy(Kii —qu])+Pxy(ar)Pxy (ki — (h’)] W2(Re(k| —q.))

X W%Rm)} +Pyh (k)

(6.36)

where Ps‘flgt is the projected shot noise terms. If both X =Y = g, then Ps‘flgt is the
projecetd shotnoise term. The trispectrum shotnoise terms in 3D are discussed in Sec. 5.2.5.
In Eq. (6.36), Pxy, Pxx, and Pyy are the projected power spectra, which also include the
relevant cosine phase factor if we cross-correlate fields from two different redshift bins. If
one of the fields is constructed from the CMB lensing convergence field then we choose
the mean redshift as y(z.)/2, where z, = 1100. It is interesting to note that these cross-
correlations can also be useful for density field reconstruction as we can think of &, as the
quadratic estimator similar to the one used in the CMB lensing reconstruction (see Chapter 5

for density field reconstruction with quadratic estimators from biased tracers in 3D; or [59]).
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poP

shot
however we do include the shot noise at the power spectrum level in Pye. We will discuss

In this work we neglect the trispectrum shot noise terms in these cross-correlations,

specific examples of these correlations later in the covariances matrix section.

Auto- and Cross-Correlations of J'[§],

In the second case we derive the expression for the auto- and cross-correlations of the
projected quadratic field €[], defined in Eq. (6.32). These cross correlations can be written
as

/ oo 3
(o1 )10P810) Y =248 [~ T Wk [ [ Gapriak—a

X ﬁ’f (4. k— q)W (Req)*W (R (k — q))*Piin(q) Pin(k — q)

(6.37)
where 0 Fe {6(), 52,52} are quadratic operators in 3D, &%P[§], are projected versions
of these operators, and finally B, is the 3D linear power spectrum.

Cross-Correlations of 2, and 0[d],

The third case is about the cross-correlations of quadratic fields constructed from the
projected fields, 2, and the projected quadratic fields, [0],. The generic expression for
the cross-correlation of these two fields as defined as

o) 2 (_RP"H>WX(—RMH)

X Wx (= Rp(kyj—q)))W (ReqL )W (Re(k . —q 1 ))W (Rg(k| —qu +kjj—q))

X W (Rg (0 +)) ) Pin (/92 +a ) Bin (1 (k1 — 0002+ (K — )2 (1),

(6.38)
If X=g in above equation then bi( = b for galaxy, but if X = k then b{( =1. Itis

4 2 o dky [t d
(78 (8xpl k1,20 P (8K 22) ) =4t [ (dz;:)g [ ey,

important to note that is also a small contribution of stochastic shot noise from %[0 p]
which originates from € and €6 type terms in the galaxy field.

6.2.7 Shot Noise

In this section, we discuss the shot noise contributions that appear in galaxy 2- and 3-point
functions. We assume that the 3D number density of galaxies is n(z) at redshift z. In our
forecast, we assume the number density does not evolve with redshift. But in reality, it
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is a function of redshift z and depends on several factors including the survey properties,
formation and evolution of galaxies, selection criteria etc. Although we consider a constant
shot noises, but if one wants to consider other factors, these can be modelled using a
power-law [23]

n(z) =no(1+2)* (6.39)

where the new parameter o captures dependence of several factors mentioned above and ny
is the 3D number density at redshift z = 0 which is assumed to be ng = 10~22*Mpc =3 or
107343Mpc 3. The projected shot noise contribution to galaxy power spectrum defined in
Eq. (6.22) is

Pk 1,2) = [ S Wy Ryl )P (640

. ’ 21 n(z)’
again to mention that R}, is the width of the redshift bin centered at z,,. The cross-correlation
of the quadratic field 28, ] with the galaxy field J, ; as defined in Eq. (6.34) also contains

shot noise contributions at the bispectrum level. We know from Chapter 5 that shot noise
contribution to full 3D galaxy bispectrum is given by

1 1
Bggg (ki ka,k3) = {Z (ng(kl) 12 perms) + ﬁ} 6.41)

where Pg, = b%ﬂin is the continuous 3D galaxy power spectrum. Substituting this in
Eq. (6.34) gives the projected shot noise contribution at the bispectrum level. For no-
tational convenience we define Py, (oo, = (Z2[0gpl|S¢p). The bispectrum projected shot

noise as Py, [o]g shot can therefore be written as
dk d’q, [dg p
Py, (o]g shot (K1, 2) / |/ / — H Wq (ki )We(—q))We(—p))#2, (a1, k1L —q1)

X W(Req )W (Re(k 1 — ql))[ <1Z> <Pc (/K7 A 2) + Py (\/m,z)

1
¢ _ 2
+ng(\/(kl QL)+p“7Z) n(z)? |
(6.42)
This can be written in terms of 2D power spectrum as
d2
Py, [g)e.shot(K1,2) = / e K, (41 kL — qu)W (R )W (Ri(k 1 —qy))
| 2O (o002 + PR a0+ BP0k —au].2) ) + )
I’l(Z) mn ? mn ? m ? n2 (Z)

(6.43)
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Fig. 6.6 Projected shot noise contributions at the power spectrum and the bispectrum level
using quadratic field %, corresponding to the growth, shift and the tidal terms. We use the
constant 3D galaxy number density ng = 107243 Mpc > and show the results for two galaxy
redshift bins centered at z,, = 1.75 and z,,, = 0.15.

where

d*q.
k)= [ e (0K~ )W (R W (Ri(k —q.)). (6.44)
The contributions of the shot noise terms to the projected power spectra and cross-spectra
of the quadratic field with the galaxy field are shown in Fig. 6.6. We show results for two
different number densities of galaxies in 3D and choose the redshift bin centred at z,, = 0.15.
In Fig. 6.7 we plot the bispectrum shot noise contributions for different redshift bins. Note
that there are no shot noise contribution in Py and (Z:[k|8.p), but there is still some
contribution in (2, [8, p| k) defined by
1 [dq,
Pg, o]k shot (K1, 2) = @) / Wﬁf% (q1,k. —q )W (Req )W (Re(k . —q1))Pac(ky,2).
(6.45)

6.2.8 Covariances

In this section, we discuss the covariances of the cross-spectra. Covariances are important
to estimate bias parameters using the Fisher matrix so it is important to understand each
term in the covariance matrix. We first obtain the most general expression and then define

the expressions for specific examples we use in this work. The covariance of the two
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Fig. 6.7 Projected bispectrum shot noise corresponding to the growth field for 8 redshift bins.
To show how the galaxy number density impacts bispectrum shotnoise terms, in the left

panel we show the results for ny = 10734 Mpc—3 and in the right panel for ng = 10~/
Mpc—3.

cross-spectra are defined as
Cov <<@g [Bupldnp ) ( 2L [00) 6d,p>> - ]%(Z) { (818.p180p 78 (.10, )
~(2818upl0p ) (L1 cp]édp>}

1
- 5@ { (7518001 78 160) ) Bopbinp ) + { 28(60181p ) ( 78 [Buplop ) + - }
(6.46)
where N, are the number of modes in 2D redshift bins, {a,b} € {g,x} and ”...” represents

other connected terms which we do not include in this work. Here we are only interested
in the leading-order covariances terms for fixed wavenumbers k| = k', . Now we discuss

different cases for variances and covariances of cross-spectra we use in the Fisher analysis.

casel:a=b=c=d=g

This case corresponds to the variance of (Z5*[0qp]0qp). For this case, Eq. (6.36) can be
simplified as

d’q
Pogig o9 (Ki,2) = <92 [8e.p) (K 1,2) | 25" [ 8] kl, —2/ L%_@a (q1,ki —q))

X Hpg (a0 kL — a1 )W(R )W (Re(k L —q.1))Pee (qL,z) e (ki —a.*.2)
(6.47)



6.2 Theory 157

where Py, is the projected galaxy power spectrum defined in Eq. (6.22)*. The projected
galaxy power spectrum also includes the projected shot noise at the power spectrum level.
The second term in Eq. (6.46) is already defined in Eq. (6.33).

case2:a=b=c=d=kK

The second case we consider is when all fields are the CMB lensing convergence field k.
This case corresponds to the variance of (Z5*[k]k). For this case, Eq. (6.36) can be takes

the form as

/ dzq
Poo o9k (K1,2) = <@5X[K](kL7Z)|@g[K](kLZ)> = 2/@«%/@3 (a1.ki —qu)

2
X Ko (qL .k, — q )W (Req )W (Re(k L — q.))Pex (qu,Z) Py (\ku —q | ,Z>
(6.48)

where Py is the lensing convergence power spectrum, and

Pogiae(k1,2) = (75K 1, 2) (K 1, 2) )

A AN DO+ (2]

It is important to mention that we include the lensing reconstruction noise in the lensing
power spectrum, but neglect the higher order contribution.
case3:a=b=g & c=d=«K

The third specific example we consider is the covariance between (%8¢ p|0qp) and
<.@§ [x]x) which is given by

cOv<<@g[5g,p]5g,p><@§[x]x>> _ %{ng[g] gg[K]PgK+P@g[g]KP@£[K]g} (6.50)
where
Ppe060:9) = (20 [0k .2) 18k .2) ) = 8 b1 () 28 (i) k1. 2) (5 ]p (.2))
+ 29 21k 87010 ) + b ZE Kl [ K, 2) )
+b1(2) (271181 )] + Pagiggn, sho

(6.51)

*We use Py = biA* P + 1/7i in Eq. (6.36).
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and

3
Pogiae(k1,2) = A3 | { 75 (80p) (k1| [K D (K ,2) ) + (258l k)| (652)
We see there is a contribution in covariances from the cubic field @2(3) which is defined in
Eq. (6.31).
There are other terms as well which appear in the covariance matrix in Fisher analysis

but we get the idea about how to calculate covariance terms.

6.2.9 Redshift Space Distortions

One of the main advantages of developing the projection statistics is to show that it can
suppress nonlinearities from redshift space distortions at small scales. The angular distances
of galaxies can be observed directly; however, the radial distances are inferred from the
redshifts of the spectral lines from galaxies. The non-linearities in density field leads to
peculiar velocities which induce a shift between the actual galaxy distances and that inferred
from redshifts. These are called redshift space distortions. We will adopt the "plane-parallel"
approximation, that is the line-of-sight is taken as a fixed direction such as the z-axis Z. This
is a fair assumption for faraway galaxies when their transverse speed is small compared
to the distance. This approximation breaks the statistical isotropy, however, the statistical
homogeneity is still satisfied and therefore we can expand the cosmological fields in Fourier
modes. On the other hand, taking into account the radial distortions breaks the statistical
isotropy too. Let us define the mapping between the real space position x to redshift space s
[37]:

s=x— fv;(X)Z (6.53)

where f is the logarithmic growth rate of the linear perturbations, v =u/(s# f) where we
define the peculiar velocity in terms of the peculiar velocity field u, and .77 is the conformal
Hubble parameter. The galaxy number conservation between real and redshift space is given
by

(14 85(s))d’s = (14 84(x))d’x (6.54)

where 9(s) is the overdensity of galaxies in redshift space. This transformation looks very
similar to the one for the density field between the Lagrangian to Eulerian space. The
conservation of mass gives dPs=1J (X)d3x, where the Jacobian of the transformation in the
plane-parallel approximation is defined as J(x) = |1 — fV,v,(x)|. This allows us to write

galaxy overdensity in redshift space as

8,0+ 1-7(x) _ 8,0 +/Vove(x)
J(x) 11— fVov(x)

Os(s) = (6.55)
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which can be written in Fourier space as

BxX g
8y(K) = / et Rxl ks (§(x) + FVov-(x) ). (6.56)
Assuming that fV,v,(x) < 1 we can expand the second exponential in series, and the density
and velocity fields can expanded using the perturbation theory. Expanding the second

exponential gives

v [ 3 50) () _ 2 (fuk™
&(k)_n;/d ki...d%k, 8" (k kl...n)<5g(k1)+f“19(k1)) (=11
%9<k2)+...+&9(kn) (6.57)
2 kn

Y /d3k1...d3kn5(D)(k—klmn)Zn(kl,...,k,,)81 (ky)... 8 (k)
n=1

where 0 =V - v(x) is the velocity divergence field and y; = k; - 2/k; = k;| /k; is the cosine
between the line-of-sight and the wavevector k;. We also define u = k- (£/k) with k =
k; +---+Kk,. For n = 1 we obtain the well-known Kaiser formula [113]

8;(k) = 8 (k) (14 fu?). (6.58)

The linear galaxy power spectrum in redshift space using the Kaiser formula can be written

as
Py(k, 1) = b1 (1+ Bu?)Pin(k) (6.59)

where B = f/b;. For n =1 and 2, the redshift space kernels are defined as

Zi(k) = (b1 + fu?), (6.60)
k
Zo(ki.ko) = 5 (B 1+ £13) 4 B2 61+ D))+ Falhs o) + PGk )

b
+ 72 + bszsz(kl , kz).
(6.61)

The Z, kernel for dark matter can be obtained by substituting b = bp =0and by =1 in
Eq. (6.61).
Finger of God Effect

On small scales, random motion within dark matter halos leads to suppression of clustering

in redshift space. This effect squashes the 2-point function along the line-of-sight and is
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Fig. 6.8 The ratio of the projected matter power spectrum in redshift space P and in real
space Prea;. We compare theory with simulations. We show three theory curves for modelling
of RSD effects using the Kaiser formula (black) and Kaiser+FoG (blue). The projection
length used is Rp = 1004~! Mpc and the 1D velocity dispersion ¢, = 44~ 'Mpc.

referred to as the Finger of God effect (FoG) (see [102] for review). This effect can be
modelled using some probability distribution function for the line-of-sight velocity F(v).
We choose an exponential velocity distribution [102, 30], which in Fourier space leads to a

Lorentzian damping
1

———= 6.62
1+k (‘72/2 (6.62)

F(ky) =
where 0, is the 1D velocity dispersion. Using the Kaiser formula and the FoG effect, the
galaxy power spectrum in redshift space can be written as:

Py(k,p) = bt ——5——~ (14 Bu*)*Pin(k) (6.63)

1
1+ kH 2/2
and this can smooth our the small-scale modes along the line-of-sight. In Fig. 6.8 we
show a simple case how the projection can suppress non-linear RSD effects. We show
the ratio of the the projected matter power spectrum in redshift space P; and the projected
power spectrum in real space P,.,. We compare theory predictions with numerical N-body
simulations (described in Sec.6.3. For theory we use the Kaiser formula defined in Eq. (6.58)
and FoG defined in Eq.(6.62). The case with only the Kaiser formula in redshift power
spectrum is shown by black curve and for Kasier+FoG in Blue. We see that on large-scales

all agree with simulations, means on large scales we can only use the Kaiser formula. On
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Fig. 6.9 Projection of a 3D density field onto a 3D grid along the Z axis in simulations. The
finite sized slices are summed up along the Z axis to get the projected field p. In the end,
the projected field 0, should be properly normalised before using it for cross-correlations.

small scales, that is after k > 0.1h Mpc_l, when non-linearities become important, the
Kaiser+FoG predictions agree with simulations pretty well.

We see the projection can suppress the FoG effects significantly; we still need to model
it but the effects are less severe. However, in 3D these RSD effects would be more severe.
This basic result is very promising and it shows that in projection statistics developed in
this chapter we can model the RSD effects in the tree-level n-point functions using only the
Kasier and the FoG formulae. We leave the further development of this work for future, and

so do not include the RSD effects in projection statistics for our Fisher analysis in this work.

6.3 N-body Simulations

We carry out N-body simulation tests to check whether our analytical predictions of pro-
jection statistics agree with simulations. Like our previous works, we use a suite of 15
realisations of a cosmological N-body simulation. The initial conditions are generated with
second order Lagrangian Perturbation Theory (2-LPT) code [182] at the initial redshift
zi = 99 and are subsequently evolved using Gadget-2 [196]. The simulations are performed
with N, = 10243 dark matter particles in a cubic box of length L = 1500h~! Mpc with
periodic boundary conditions. We assume a flat ACDM cosmology with the cosmological
parameters Q = 0.272, Qp = 0.728, h = 0.704, ny = 0.967. We perform the projections
in N-body simulations as follows. First we project the 3D density field using the projection
length of 100A~! Mpc. In simulations we define the field on a 3D grid, so to get the 2D
projected field we can sum slices in one direction, say Z. Once we get the projected density

field with a finite width, we Fourier transform it, using the 2D version of FFTW, where we
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Fig. 6.10 Auto- and Cross correlations of quadratic fields in projected space. Theoretical
predictions (solid curves) agree with simulation results (dots). We show the results for
quadratic fields corresponding to the growth, shift and the tidal terms.

multiply it by the Gaussian smoothing function. The smoothed projected field is transformed
back to real space using the inverse Fourier transform where we can multiply it by itself
to get the squared-field. We transform the squared-field to Fourier space using the Fourier
transform. We generate other quadratic fields corresponding to the shift and the tidal kernels
in 2D space. In this way we generate %,[3,]. To generate [8],, we first construct the
quadratic field in 3D space as discussed in [2] and then do the projection by adding up finite
sized slices in the direction Z. In the end we we properly normalise the projected fields in
the 2D real space.

In Fig. 6.10, we show cross and auto-correlations of quadratic fields. We show quadratic
fields corresponding to the growth shift and tidal terms. We use the projection length of
100/~ 'Mpc and the smoothing scale Ry = 10h~' Mpc. We see excellent agreement between

theory and simulations results, verifying that our theoretical expressions are indeed correct.
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6.4 Fisher Forecasts

6.4.1 Setup

In this section, we set up the Fisher matrix for forecasting galaxy bias parameters and
amplitude of fluctuations As. We use several statistics. We start from auto- and cross power
spectra of the galaxy and CMB lensing and then add projected bispectrum information
obtained using the projected squared-field method. For the projected squared field we use
three statistics

Large-scale Power Spectrum

To perform the Fisher matrix analysis, we assume that the measured projected galaxy field
0, and the lensing field k obey a Gaussian likelihood. This is a fair assumption as we are
interested in large scale modes of these fields and the large scale modes are linear and follow
a Gaussian distribution. Finally, at the field’s level, we can write the Fisher Matrix (obtained
from a Gaussian likelihood [205]; see also Appendix B for full derivation) for lensing-galaxy

combined analysis as a function of wavenumber modes and redshift z as

aC kJ—’ aC(kL,Z) —1
_ZZ[ 26, (kL,Z)Wc (kL,Z)] (6.64)

06=06p

where the superscript 2’ represents Fisher matrix corresponding to the power spectrum (2-pt
functions). Also 6 € {b1,b2,bx,As} is the set of free parameters in our analysis and 6y is a

set of their fiducial values. Moreover, in Eq. (6.74) C is the covariance matrix defined as

_ ng(klﬂz) CgK(kL>Z)
C(kL’Z) - < CKg(kL>Z) CK‘K(kLaz) (6.65)

and C~! is the inverse covariance matrix

_ 1 CK‘K<kLaZ) - K(kLaZ)
C 'k, ,2)= & 6.66
( l7Z) ng<kJ_7Z)CK‘K(kJJZ) (1 - ,,.2) ( _CK‘g(kLaz) ng(kL7Z)' ) ( :

We define the covariance matrix terms of galaxy and CMB lensing as follows:



6.4 Fisher Forecasts 164

15<z<2
1ol o e
— _ I
% 0 0.100f
o s o
= 0.100 =
9 ] 9
=, Ll I Nien(Planck)
Q Q
o 0.001} N Nien(SO)
s
""" Nshcn 10 PKK
1075 L L L L L 1077 L L L
0.005  0.010 0050  0.100 0.005  0.010 0.050  0.100
k [h Mpc™] k [h Mpc™']

Fig. 6.11 Here we plot auto- and cross-correlations of galaxy and CMB lensing for the
redshift bin 1.5 < z < 2. In the left panel we show lensing-galaxy and galaxy-galaxy power
spectra as well as projected galaxy shot noise. In the right panel we show lensing auto
power spectrum and lensing reconstruction noise. We show lensing reconstruction noise
from Planck and Simons Observatory (SO) experiments obtained in k-space from [-space
(multipoles) using the Limber approximation [133].

1

ng(kLaZ) = Nk(z_) <ng(kLaZ) +Nshot(kJ_7Z)>, (6.67)
1

CKg(kJ_,Z) = T(Z)PKg(kJJZ) (6.68)
1

CK‘K‘(kL7Z) = T(Z) (PKK'(kL7Z) +Nlen<kL7Z)> . (669)

In the covariance matrix defined above we define the number of modes Ny (z) in each redshift

bin as
Ry (2)V*3K*dk

2 ﬂf sky

where we used the 3D volume of the survey V = (2.5~ Gpc)?, and Ry(z) = x(zf) — x(z:)
is the width of each redshift bin z; < z < zy. For our analysis in this work we used fg, = 0.5.

Ni(z) = (6.70)

We also introduce the galaxy shot noise Ny and the lensing reconstruction noise Ny, in
the covariance matrix. In Eq. (6.67), Eq. (6.68) and Eq. (6.69) we choose the auto- and
cross-correlations of galaxy and CMB lensing model to be defined as follows:

 dk
Pyg(k1,2) = bi(2)A] / T We(Roky) PR (/1 +K2..2) (6.71)
o dk
Pg(K1,2) =b1(Z)A§/_ 2—7|r|Wg(Rpk\|)W:<(k|\)COS [kH<X(Z*)/2_X(Zm)):|})lin(\/kﬁ+k%_7Z>a
(6.72)

~ dk
Pmc(kJ_aZ) :A?/_ 2_7Q|Wx(k|\)|zplin(\/kﬁ + k2 ,Z) (6.73)
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In Fig. 6.11 we plot Py, Pye and Py along with projected galaxy shot noise and lensing
reconstruction noise for a redshift bin 1.5 < z < 2. We choose this redshift bin as it is
close to where CMB lensing kernel peaks and so we expect better cross-correlation signal
between galaxy and lensing. For the lensing reconstruction noise we transformed the noise
data for Planck and Simons Observatory (SO) from /-space to k-space using the Limber
approximation [133]: [(I+ 1)N; = k% Nien(k | ).

Large-scale Integrated Bispectrum

For constraining quadratic bias parameters we need to set up the Fisher matrix using
the quadratic field statistics. We consider a combined analysis using (25[8p]|0sp)’,
(D2[0gpl|x)’, and (P [k]|0gp)’, where 25 € {1,H,,S>} corresponding to the growth (G),
shift (S) and the tidal terms (T). The cross-correlation of the quadratic projected-field for the
growth term with the galaxy field captures the b, bias information, the shift field captures
the b; bias information and the tidal field provides information about the b bias term. As
we mentioned before, these cross-correlations contain 3-point function information but use
the power spectrum analysis. Since we are interested in the tree-level, large-scale limit of
these statistics, we assume that these statistics follow a Gaussian likelihood. At the power
spectrum level, for one specific quadratic field, we write the Fisher matrix as

=LY

Zi kL

aD( kL,Zl 1 dD(k,,z;)
C06g (CD )kk’ % |, s 79
=69

where the superscript ’3’ is for the 3-point Fisher matrix for the 3-point functions. We define
the vector D = {P@z[gg]gg s Py (5,16 Py k] 5g} and Cp is the combined covariance matrix for
these three statistics, which is defined as

Coog, gzg  Coog, g Cegg, gk
Cp(ki,2) = | Cagr gez Cugr gax  Cogr gxx | - (6.75)

CgKK', ggg CgK'K, ggK CgKK, gKK
The individual terms in the covariance matrix can be described using expression given in

Sec. 6.2.8 (see Eq. (6.46) for a generic expression). We write the expressions for these terms
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as follows:

1 2

Cogg ggg = Ne(@) <gg+Nshot 92[5gp]92[5gp]>+<})92[ 5,15 ) (6.76)
1

nggggK—Nk(Z {P 92 2.p -@2[5gp]>+P.%[ 3,8, g]K} (6.77)
1

Coge grx = Ne() { (H +Nshot 92[ g]%[’f]>+P92[ DN RZATE } (6.78)
1 2

e gngghot %[x]%[x]>+ (P%[,(wg) 6.79)

CgKK,ggK— {ng @2 2.p -@Z[K]> g+P.@z[:<}5gP.%[8g]K} (6.80)

2
Cosnsor = 5571 (Pos-+ Vo) (Zal8us) Zal8us])+ (P (631)

The full Fisher matrix for the combined 3-point functions is the sum of the Fisher matrix

from the individual quadratic-field statistics:
D, Tot D=G |, yD=S
F(w0 Fop +Fop +F 0613 (6.82)

Here we assume that these statistics are independent and ignore any cross-correlations
among them. We also do the combined 2-point and 3-point analysis, so the combined Fisher
matrix is the sum of Eq. (6.74) and Eq. (6.82):

FTOt _ F(z)

op = Fop +Fop™. (6.83)

op

The Fisher matrix contains information about how well we can constrain parameters from
the data. If we are only interested in one parameter 6; then we will have to marginalise over

all the other parameters. Marginalised errors are defined as
0(0a) = \/[(FT™) aq (6.84)

However, the unmarginalised error is defined as the inverse of the square-root of the Fishsr

][latIiX: 1
( OC) ( T t) ( )
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Fig. 6.12 Constraints on b and Ay as function of kny,x using the combined 2-point functions
of galaxy/lensing auto- and cross-correlations; 3-point functions; and combined, 2- and
3-point functions. The constraints are shown for one redshift bin 1 < z < 1.5. We can see
that 2-point functions tightly constraints by and A;. The 3-point functions only started to
dominate at very high kpax.

Parameters and Priors

Our model depends on four parameters: 6 € {As,b;,by,b,2}. We are only interested in how
well we can use the method developed in this work to measure linear and quadratic bias
parameters as well as the relative amplitude of matter fluctuations. In our derivations of shot
noise contribution to the cross-correlations of various quadratic fields, we assume that the
galaxy noise is Poissonian. However, it has been shown that the shot noise is sub-Poissonian
or super-Poissonian depending on mass samples [101, 22]. If we take into consideration
this deviation of shot noise from the Poissonian distribution, then we should add two more
parameters for stochasticity (at the power spectrum and the bispectrum levels). We don’t add
any new stochastic parameters in our models for now, but for the future work free stochastic
parameters will be considered. We choose no priors and the fiducial values we use for

parameters are
0y = {1,1.067,—-0.364,0.021}. (6.86)

These fiducial values are measured from simulation at redshift z=0 for the lowest mass
bins [2]. For higher redshift we consider the redshift dependence of these parameters by

multiplying by the growth factor appropriately.

6.4.2 Results

In Fig. 6.12, we show our results for constraints on b and the relative amplitude of fluctua-
tions Ay using the 2-point, 3-point and combine 2-& 3-point functions for a single redshift

bin 1 <z < 1.5. Itis obvious that the combined 2-point function analysis of galaxy clustering
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Fig. 6.13 Correlation coefficients between b and amplitude of fluctuations A for six redshift
ranges. We plot correlation coefficients using 2-point functions, 3-point functions and
combined 2- and 3-point functions. These plots show that adding 3-point functions, as well
as going to higher redshift, indeed break the degeneracy between b and A; compare to just
using 2-point functions.

and CMB lensing provide all constraints on b1 and A, on large scales. The 3-point functions
do not add extra information on large-scales, however, we can add the 3-point functions
provide more information on very small scales, that is when we go to very high kpax. In
Fig. 6.13, we show cross-correlation coefficients p between b; and A; for various redshift
bins. The combined power spectrum analysis of galaxy clustering and CMB lensing breaks
the b; — A degeneracy.

In Fig. 6.14, we show constraints on non-linear quadratic bias parameters from the
combined Fisher analysis. The constraints on non-linear biases, b, and b, comes from
large-scale limits of 3-point functions. The constraints on b; and A; comes mostly from the
combined 2-point functions, as discussed in the previous section above. Moreover, we see
that constraints get better when we go to higher kpy,x, which means we include more modes.
In Fig. 6.15 we show correlation coefficients between parameters.

In Fig. 6.15, we show our marginalised constraints on non-linear bias parameters as well
as the relative amplitude of matter fluctuations using the combined 2- & 3-point functions
analysis for four different redshift bins as function of k.. We see that see that it is indeed
possible to constrain non-linear bias parameters from projected statistics up to less than
10% for lower redshifts and even better for high redshift bins if we go to higher ki,x. The
constraints on A can be 1% or better for higher redshifts. Besides these constraints, in
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Fig. 6.14 Constraints on bias parameters as well as the relative amplitude of fluctuations
from combined 2- and 3-point functions analysis for different redshift bins. We show the
constraints as function of maximum wavenumber kp,x in our model. The constraints get
better as we go to higher wavenumber, which make sense because we are including more
modes and hence more information.

Fig. 6.15 we show, for one redshift bin 0.3 < z < 0.6, correlation coefficients p between the
parameters. As mentioned before, the 3-point functions do break the degeneracy between
b1 and A;. In the top left panel, we see that the correlation coefficient between b; and A;
is roughly p(b1&Ay) =~ —0.5, but if we add 3-point functions the correlation coefficients
becomes p(b;&A;) ~ —0.3. The combined correlation coefficients between A; and non-
linear bias gets slightly better with the combined analysis, as 2-point functions add additional
information on A;. Furthermore, we see that p(b;&b;) and p (b &b, ) are almost one for
lower kmax indicating that on large scales non-linear bias are degenerate with b; and with
each other if we only use the 3-point functions. However, if we add information from
2-point functions, and go to higher kny,x in 3-point functions, the degeneracies between b
non-linear bias break completely. These are encouraging results because, as we mentioned
in the beginning, tree-level 2-point functions are natural statistics to constrain linear bias,

and tree-level 3-point functions are natural statistics to constrain non-linear bias parameters.
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Fig. 6.15 Correlation coefficients between bias parameters and Ag for one redshift slice,
0.3<z<0.6.

6.5 Conclusions

Current and future galaxy surveys are planned to cover a more substantial fraction of sky and
higher galaxy number densities up to high redshifts. This means these surveys will transform
large-scale structure observations in this decade, and will therefore substantially improve
our understanding of cosmology. Besides, galaxy surveys, current and future CMB surveys
will higher resolution and low-noise CMB lensing maps. Therefore the gravitational lensing
of the CMB will also be a useful tool to constrain cosmology. Since galaxy surveys and
future CMB surveys will have a considerable overlap of the sky they cover, the combined
analysis using both can help cancel cosmic variance and measure cosmological parameters
with better precision.

To fully utilise the potential of these surveys, we need to improve theoretical modelling.
One of the main challenges in modelling LSS observables is non-linear galaxy biasing,
which introduces more nuisance parameters. If we marginalise over these parameters,
the constraints on other cosmological parameters get worse [148]. Moreover, to improve
modelling of galaxy-galaxy and galaxy-lensing power spectra up to high kpy,x, we need
to include higher-order non-linear bias parameter. These non-linear bias parameters are
measured either the observational data or numerical simulations [2]. The natural statistics
to constrain the linear bias parameter are the large-scale limit of galaxy-galaxy and galaxy-
lensing power spectra. One the other hand, the natural statistics to measure non-linear bias
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parameters are tree-level, the large-scale limit of 2-point functions (or bispectrum in Fourier
space) [10, 2]. The combined 2-point function analysis of galaxy clustering and CMB
lensing can also break the degeneracy between the linear bias b and the relative amplitude
of matter fluctuations.

In this chapter, we develop a novel method to measure non-linear bias parameters and the
amplitude of matter fluctuations using the 2- and 3-point functions of the projected galaxy
clustering in correlation with the CMB lensing. We further develop the work done in [2]
and bring the method introduced in that work closer to data. We present the concept of
quadratic fields, introduced in [176, 2], in projected space. The idea is that we project a 3D
density field to get the 2D projected density field. We construct the quadratic fields from
the projected field corresponding to the growth, shift and tidal terms, and cross-correlate
these quadratic fields with the projected galaxy field or the CMB lensing field. These
cross-correlations contain useful information about the projected integrated bispectrum, and
therefore, we use these statistics to constrain non-linear bias parameters. To confirm that
the analytical formulae we derived for the cross-correlations are correct, we do numerical
N-body simulations. We show that indeed the analytical expressions agree with simulations.
These checks also indicate that our Fisher analysis is realistic for the configurations we
are using in this chapter. Besides measuring non-linear bias parameters from data, another
advantage of projection statistics is that the projection suppresses non-linear RSD effects.
Using the projected matter power spectrum in real and redshift space in simulations, we
show that the projections can indeed suppress non-linear RSD effects. The power spectrum
in redshift space in simulations agree with the theoretical prediction using the Kaiser and the
FoG formulae up to k = 0.142 Mpc~!. The projections suppress the non-linear RSD terms
significantly; we still need to model it but the effects are less severe compare to 3D where
the effects are much severe. We leave this for future work where we will compare RSD
modelling in projection statistics with analytical predictions and will do the Fisher analysis
with RSD.

There are several future directions for this work. First, we can include one-loop terms in
the 2-point functions of galaxy clustering and CMB lensing. The one-loop power spectra
of galaxy-galaxy and galaxy-lensing depend on bias parameters up to cubic order [2, 10].
Second, we can see if we use the non-linear bias constraints from this work and use them as
priors, how much we can improve constraints for other cosmological parameters (basically
extending the forecasts in [178] where they only use the linear bias model). Finally, it would

be interesting to apply this method directly to data analysis for real galaxy surveys.



Conclusion

7.1 Summary

Our understanding of the Universe has been tremendously improved, mainly, by the mea-
surements of temperature fluctuations in Cosmic Microwave Background (CMB). The
temperature fluctuations in the CMB have a linear relation to the initial conditions gener-
ated in the very early Universe, which has allowed us to connect CMB observables to the
statistics of the initial density perturbations generated by inflation. However, due to the
two-dimensional nature of the CMB observables, there is a limitation on how well we can
constrain cosmological parameters. Alternatively, large-scale structures (LSS), that is the
distribution of matter and luminous objects, contains much more cosmological information
because of its three-dimensional nature. Extracting cosmological information from LSS
surveys, however, poses different challenges. One of the challenges is understanding non-
linearities in clustering of matter and biased tracers of matter distribution, which requires
better modelling of LSS observables. There are three types of non-linearities that can affect

the modelling of the late-time observables:
1. Non-linearity due to gravity in matter clustering.

2. Non-linear galaxy biasing, that is the relationship between the clustering of galaxies

(and dark matter halos) with the matter distribution.

3. Primordial non-Gaussianity which induces non-linearities in the initial conditions

generated by inflation and affect the statistics of LSS.

To extract information about cosmology from LSS, we need a reliable model or theory
to describe the statistics of LSS given the initial conditions generated by inflation in the
very early Universe. The perturbations in the density field generated by inflation undergo

gravitational collapse at late-times as the Universe evolves. Therefore, the perturbations in
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the matter density at late-times are non-linear. In LSS, we can divide the scales into two
regimes: (1) quasi-linear scales where the perturbation theory converges; (2) and non-linear
scales where perturbation theory does not converge. To extract maximum cosmological
information, we define the statistics of LSS in the quasi-linear scales using the framework of
the Effective Field Theory of Large-Scale Structure (EFTofLLSS) and push the maximum
wavenumber, that is kpax, in our model as far as we can. EFTofLLSS suggests that the kpax in
the model can be increased by adding higher-order loop terms with appropriate counterterms
in the statistics of LSS. The EFT counterterms contain information about the physics of
small scales and can be measured in cosmological N-body simulations or data. It has been
shown that the EFTofLLSS prediction for the two-loop dark matter power spectrum agrees
with 1% precision to the N-body simulations up to kpax ~ 0.3h Mpc_1 [44, 15] and the
one-loop bispectrum up to kmax ~ 0.22h Mpc_1 at redshift z = 0 [28].

These are indeed remarkable results; however, another challenge is that galaxy surveys
do not observe the matter distribution directly. In fact, in reality, what they measure is the
distribution of tracers of the matter distribution. The relation between the matter distribution
and the biased tracers (such as galaxies or dark matter halos) is called galaxy (or halo)
biasing. This relation is very complicated because galaxies and dark matter halos are
complicated non-linear objects and their formation depends on small-scale physics (see
[146] for a review). Given the symmetries of equations of motion, the effective field theory
allows us to write the most general galaxy bias relation in terms of finite operators of matter
density field at each order in perturbation theory. These operators are called bias operators
and they are quantified by bias parameters. These bias parameters encode all unknown,
complicated physics of galaxy formation and non-linear dynamics, and, similar to EFT
counterterms, can be measured in N-body simulations or observational data.

This thesis improves our understanding of higher order couplings in the galaxy (halo) bias
and the statistics of biased tracers using the EFTofLSS and numerical N-body simulations.
The models presented in this thesis will eventually be applied to on-going and future galaxy
surveys, and will improve the precision of the measurements of the cosmological parameters.

The main results of this thesis are summaried as follows.

7.1.1 Cubic Halo Bias in Eulerian and Lagrangian Space

To improve modelling of the statistics of biased tracers of LSS, we need to understand
non-linearities due to biasing. The predictions of EFTofLSS for the one-loop halo-matter
depends on bias parameters up to cubic order. In the first part of this thesis, we studied the
measurements of bias parameters up to cubic order from cross-correlations of quadratic and
cubic bias operators with the dark matter halo field in suite of N-body simulations. The

natural statistics to measure the linear bias parameter is the large-scale, tree-level halo-matter



7.1 Summary 174

power spectrum. The natural statistics for the quadratic and cubic bias parameters are
tree-level bispectrum and trispectrum, respectively. Since these statistics are computationally
quite expensive, we used efficient quadratic and cubic field estimators to constrain quadratic
and cubic biases. These quadratic and cubic estimators contain full information of the
integrated bispectrum and trispectrum respectively, but only require the computational cost
of power spectrum analysis. We constrain bias parameters using these statistics in Eulerian
and Lagrangian space. We find clear evidence for non-zero quadratic and cubic non-local
bias operators in Eulerian space. The amplitudes of the detected non-local bias do not agree
with the predictions of the evolved local Lagrangian bias model at quadratic and cubic
order. We also find clear evidence for the presence of the non-local quadratic bias operator
in Lagrangian space for all mass bins, and the presence of cubic non-local terms for the
highest mass bin. We studied the co-evolution of the dark matter and halos and show that
the Lagrangian bias model with the non-local tidal term accurately predicts the amplitudes
of non-local quadratic and cubic bias operators in Eulerian space. Finally, we use the bias
constraints to model the one-loop halo-matter power spectrum and show that the results

1

agree with simulations up to kpax = 0.12 Mpc™ " once an additional k? derivative bias is

implemented. These results have been published in [2].

7.1.2 Density Field Reconstruction from Biased Tracers

In the second part of the thesis, we studied density field reconstruction from biased tracers
and its application to primordial non-Gaussianity [59]. Large scale modes of the density
field contain relevant information, especially about the physics of inflation. For example,
it has been shown that on large scales, the LSS power spectrum has a unique 1/k% imprint
due to local type primordial non-Gaussianity [153]. The precision of the cosmological
measurements from galaxy surveys is limited by several factors, including the cosmic
variance on large scales. Moreover, very large scale modes can sometimes be inaccessible
from galaxy surveys due to observational systematics. To circumvent these problems, and
to learn more about inflation, we develop a formalism to reconstruct large scale modes of
the density field based on quadratic couplings in galaxy clustering. Because the large-scale
modes correlate with the two non-linear modes, we write down a quadratic estimator that
probes these correlations of different short modes and can give us an estimate of the large
scale modes from the statistical properties of small scale modes. This method is similar
to CMB lensing reconstruction [88]. In our quadratic estimator we include non-linearities
from gravity, non-linear galaxy biasing, and primordial non-Gaussianity. We show that
constructing an unbiased estimator of the density field is not practical because its variance
blows up. We show that the biased estimator corresponding to the growth term 82 has

the smallest variance and can be used for practical analysis. Although we use the growth
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estimator for Fisher analysis, we also construct biased estimators corresponding to the shift
term ¥ - V§ and the tidal term s2.

We demonstrate density reconstructions using three biased estimators using dark matter
halos in numerical N-body simulations. We study the cross-correlations of estimators with
the linear density field, as well as auto-and cross-correlations of estimators for three different
smoothing scales R = 20h~! Mpc, R = 10h~! Mpc and R = 4h~' Mpc. These smoothing
scales correspond to the maximum wavenumber ky,x = 0.054 Mpc_1 , kmax = 0.1h Mpc_l,
and kpmax = 0.25h Mpc~! respectively in our model. We show that the reconstruction works

! where the correlation coefficient

very well even if we use a higher kpnax = 0.252 Mpc™
of the growth estimator with the linear density field is rgs, > 0.9. For lower kyax the
cross-correlations are noise dominated. Although we get good agreement for the analytical

1 we still

predictions for the growth estimator with simulations for kpya,x = 0.25h Mpc™
choose a conservative kyax = 0.14 Mpc’1 at redshift z = O for Fisher forecasts. Finally, we
carry out a Fisher forecast using the combined analysis of the reconstructed field and the
galaxy field for different galaxy surveys (DESI and MegaMapper). We show that we can
improve constraints on local-type primordial non-Gaussianity by 10s of percents compared
to the standard analysis using only the galaxy field. In some cases the improvement on
constraints comes from cosmic variance cancellation; in other cases, it comes from the
additional modes in the reconstructed field which are not accessible in the galaxy field due to
observational systematics. Once observational effects, such as redshift space distortions, are
incorporated in our quadratic estimator method, then this method can be applied to galaxy

data from current and future galaxy surveys.

7.1.3 Constraints on Non-Linear Bias Parameters

In third part of the thesis, we develop a method to measure non-linear galaxy bias parameters
using the two- and three-point functions of the projected galaxy clustering, CMB lensing
convergence, and their cross-correlations. This work further develops the method introduced
in the first part of the thesis and brings it closer to data. Measuring non-linear bias parameters
from data requires inclusion of observational effects such as redshift space distortions (RSD)
in the three-point functions. Modelling of RSD in three- or higher-point functions is quite
complicated. The quadratic field methods for projected fields developed in this thesis can
suppress the non-linear RSD effects. We perform the Fisher forecast analysis to show that
this method can practically be used to constrain bias parameters as well as the amplitude
of matter fluctuations. We use a combined analysis of two- and three-point functions
for different redshift bins. Although combined two-point functions of galaxy clustering
and CMB lensing break the degeneracy between the linear bias and amplitude of mater

fluctuations, we show that the three-point functions add more information and hence further
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break the degeneracy. We also perform numerical N-body simulation tests to verify that
our derived analytical predictions for the auto- and cross-correlations of quadratic fields in
projected space indeed agree with simulations. We also perform a quick test of the effect of
projections on suppressing RSD effects. In simulations we show, using the projected matter
power spectrum in real and redshift space, that projections indeed suppress non-linear RSD
effects. We still to model them using the Kaiser and FoG formulae, however, the effect is
less severe as compare to RSD effects in 3D statistics. This demonstrates that our Fisher

forecast results are realistic and can be applied to data analysis.

7.2 Future Outlooks

One future direction of this work could be to model the halo bispectrum at the next-to-leading
order, that is one-loop, using the framework of EFTofL.SS. At one-loop, all bias operators
up to quartic order are important. A careful modeling of stochasticity is also important
because it affects Byyy and By as well as bispectrum covariances. After careful modeling
of halo statistics, we can make forecasts of cosmological parameters to see how much we
can improve the constraints on fyi, neutrino masses My, and other cosmological parameters.

Another direction is to go beyond the one-loop halo-matter power spectrum. At the
two-loop order in halo-matter and halo-halo power spectra, we expect bias parameters up to
higher order as well more additional EFT counterterms and stochastic bias parameters. It
would be interesting to measure higher-order bias parameters (such as quartic) by extending
the quadratic and cubic field methods and introduce quartic fields. We can use the cross-
correlation of quartic fields with the halo field and use the power spectrum analysis in
the numerical N-body simulation similar to the work presented in this thesis. Besides the
cross-correlations, we can also use the bispectrum statistics and use quadratic, cubic and
quartic fields to measure the higher-order bias parameters. One of the advantages of going
to the two-loop in halo matter is that we can push the modelling to higher knax, Which can
also be useful in the density field reconstruction from biased tracers presented in Chapter 5.
There we used kpax = 0.14 Mpc_l for the reconstruction of large scale modes, but it has
been shown in simulations that reconstruction works better if we go to the higher kpyqx.
Going to higher kpyax requires careful modelling of higher-order terms, which will more
likely improve constraints on local fni, significantly [59].

In the end, it would be useful to apply the methods presented in this thesis to data from
current and future galaxy and CMB lensing surveys. If we can measure bias parameters
from data and use the information as priors before marginalising over these parameters, we

can significantly improve constraints on useful cosmological parameters.
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EFT Counterterms

A.1 Basis

The authors in [6, 92] define a basis of operators

Frwsva = (€51, €55 CrnCot s Con Ot O}

Note that their basis is equivalent to our basis

1 2 16

PBhere = M Brmsva

where
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A.2 UV-sensitivity and EFT Counterterms

A.2.1 Rp-dependence of Quadratic and Cubic Correlations

(A.1)

(A.2)

(A.3)

(A4)

In this section we discuss the UV sensitivity of the correlations of quadratic fields with the

quadratic bias operators and cubic fields with the cubic bias operators. As discussed in the
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main text, the quadratic field correlations are represented by a one-loop power spectrum
diagram. To show the UV sensitivity of these diagrams, we calculate them theoretically using
Ry, = 4h~"Mpc and R, = 64~ "Mpc and take the ratio at a fixed wavenumber k = 0.017h
Mpc~!. We show the results in Table A.1. We can see a change at the 5% level at the chosen
wavenumber.

P, 52 S5
52 0.002 0.039 0.049
—¥.V$§ | 0.010 0.041 0.049
S, 0.012 0.049 0.052

Table A.1 Quadratic fields: Relative change in the amplitude of cross-correlations of quadratic
fields with the quadratic bias operators at k = 0.042: Mpc~! as we change the halo smoothing
scale from Ry, = 4h~! Mpc to R, = 64! Mpc.

We then repeat the same exercise for cubic correlations. We will show that the two-loop
irreducible diagrams are more UV-sensitive than two-loop irreducible diagrams. We show
the results in Tables A.2, A.3, and A.4 for irreducible diagrams, reducible diagrams and the
total contribution, respectively. One can see in Table A.3 that most of the reducible two-loop
diagrams of cubic correlations change by more than 80% as we change the halo smoothing
scale from 4h~'Mpc to 64~ 'Mpc. On the other hand, the irreducible two-loop diagrams
show a weaker change at the 5% level. Note that in Tables A.2, A.3, A.4,and A.l we use
k = 0.042h Mpc~!.

F; 53 4 %5 I3 68@ 50
F | 0.023 -0.143 0.026 -0.067 0.013 -0.009 0.012
8% 1-0.143 0.085 0.098 0.073 0.048 0.086 0.112
@ | 0026 0.09 0.053 0045 0.075 0.058 0.042
48§ | -0.067 0.073 0045 0.078 0.046 0.083 0.104
3 | 0013 0048 0075 0.046 0.049 0.049 0.053
§6@ | -0.009 0.086 0.058 0.083 0.050 0.086 0.086
s 10012 0112 0.042 0.104 0.053 0.086 0.108

Table A.2 Trreducible: Relative change in the amplitude of irreducible diagrams of the
cross-correlations of cubic fields at k = 0.0422 Mpc~! as we change the halo smoothing
scale from Ry, = 4h~! Mpc and R, = 6h~! Mpc.
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F 8 @ %5 Iy 680 50
5310119 0.820 - 0813 0.196 0.825 0.913

Table A.3 Reducible: Relative change in the amplitude of reducible diagrams of the cross-
correlations of cubic fields at k = 0.042h Mpc~! as we change the halo smoothing scale
from R, = 4h~! Mpc to R, = 6k~ Mpc.

F 53 4% %s Iz 8§80 0
F; | 0.048 0815 0.026 0812 0.242 0.867 0.950
8% 10129 0771 0.099 0.749 0.165 0.787 0.886
& 10.026 0.099 0.053 0.045 0.075 0.058 0.042
48 | 0.128 0.750 0.045 0.721 0.164 0.773 0.872
I3 |0.153 0.752 0.075 0.722 0.135 0.762 0.874
§8@ 1 0.153 0.787 0.058 0.772 0.185 0.792 0.888
s3) 10.105 0.798 0.042 0.809 0.184 0.801 0.930

Table A.4 Full theory: Relative change in the amplitude full cross-correlations of cubic fields
(reducible + irreducible) at k = 0.042h Mpc~! as we change the halo smoothing scale from
Ry, = 4h~! Mpc to Ry, = 6k~ Mpc.

A.2.2 Quadratic EFT Counterterms

After showing that the quadratic and orthogonalised cubic correlations in our model do
indeed show some dependency on the halo smoothing scale, we want to discuss possible EFT
counterterms to remove these UV-sensitivitives. First, let us consider again the correlations
of the quadratic fields %, with quadratic bias operators &;:

(D Or) =/qWRh(|k—Q|)WRh(61)f’1in(f])Plin(|k—Q|)«75/%(k—q,(I)c%/ﬁz(k—q7Q)

Wr, (lk—q|)Wr,(q),

(A.5)

where 2, € {82, ¥-V§,5%}, 0> € {8?),8%,5%}, and q = kr|. We write the low-k limits of

the described above in a matrix notation as

lim (25| 6) = /q We, () Plin(q)> 4., (k. risRy) (A.6)

g

Eq. (A.6) is a 3 x 3 matrix of the cross-correlations of quadratic fields with quadratic bias

operators. The matrix .#, ¢, represents the UV limits of the product of two kernels in terms
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of halo smoothing scale

6 p2 6 p2 4
L22_£ _ 2Ry AR, | 4200 4qt 4
4kR 21K 2 7 34* +3k°R), 43k4 +3
— 1 2p2 4 2p2 44
AMp,B, L — LR 0 4 SKRE — 24
2.2p2 24 4K°Ry | 472p2 44t | 4 SkR; 1622 16q

(A.7)
This shows that the halo smoothing affects the low-k limit of quadratic correlations and
hence the measurements of bias parameters. This dependency should be removed by adding
appropriate counterterm. At the leading order we can add a constant and a k> counter term.
There are two ways to include these counter term: (1) power spectrum level and (2) at field

level. We discuss both cases now.

1. At the power spectrum level:The counterterms at the power spectrum are constant
terms ¢ty and the k2, the coefficient of which is denoted by ;. These two counterterms

take into account the effects of the smoothing. The final expression thus reads:
(8%18n)" = b1(8%|8P))' +52(8%|8%) +b,2(8%|5%) + o + Bi° (A.8)

(=W -V8|8,) = b (=¥ -VE|6P)) +by(—¥ V8|82 +bo(—W-V8|s?) + oy + Bok>
(A.9)
(5718n) = b1(s*18P)) + by(s*]8%) + b (7|5 (K)) + a3 + B3k (A.10)

The functional form of ; and f3; (where i = 1,2 and 3) in these statistics come from
the large scale limit of the quadratic field kernels. We can easily define them from
Eq. (A.7) as follows:

1
o = = (2bg +3b2) (363360R2 + 145318897)
50 (A.11)
B =15 (28ba+b1) (25103R;; +9902453)
o =0
g, — (561 =56b) (25103R2 +9902453) (A.12)
2T 7000
o = o= (2sz +3by) (363360R;, + 145318897)
By (56bg + by +42by) (25103R7 + 9902453) a.13)
T 1050

One can easily see that o3 = %al and op = 0 which eventually brings down the
number of counterterms to four (ay, B, B2, B3). One disadvantage of defining the



A.2 UV-sensitivity and EFT Counterterms 197

counterterms at the power spectrum rather than field level, is that it doesn’t allow for

cosmic variance cancellation.

2. At the field level: at the field level the EFT counterterms correspond to two derivative

operators:
Sn(X) = b18(X) +br8%(x) + bos*(x) + BV (X) + SV (X) +...  (A.14)
On large scales, the cross correlation of 82 with the counterterms give

%;na(Sz\Vzé‘z kz/le (q)*Wr,(q)*Wr, (q)* = k* x constant (A.15)

lim (8%/5V25) = / ¢*Pin(q)* W, (¢)*Wr, (¢)? = constant (A.16)
- q

For the three quadratic statistics, there are total of six counterterms. However, as
already shown above, two counterterms can be eliminated giving us final four coun-
terterms. The advantage of including the EFT counterterms at the field level is that
we can not only compare the magnitudes of Fourier components but also their phases.
In other words, we can obtain the constraints by minimizing (D, [8]|&5™ — §model),

If we compute the terms in Shm"del with the same phase as Sﬁim, the random fluctua-
tions (from sampling initial conditions) will be canceled and the bias constraints will

improved significantly.

A.2.3 Cubic EFT Counterterms

Exactly the same procedure can be applied to study the cubic EFT counter term. First, let us
consider the UV limits of smoothed cubic kernels ﬁgh (k,—q,q) = Wr,(q)*Wg, (k) O3 (k,—q,q),

which appear in the reducible diagrams :
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The UV limits of smoothed cubic irreducible kernels lim;_ ﬁ§ "k—q-—p,q,p) =
limy_,o W, ([k—p—q|)Wg, (p)Wr, (¢) 03(k —q—p, q, p) contain many terms and it is there-
fore not convenient to write down the full expressions here. However, we refer to [16] where
one can find a good discussion about the UV limits of the two-loop power spectrum integrals
and gravitational kernels in detail. In addition, to get an intuition of the low-k behaviour of
the orthogonality cubic correlations we refer to Fig 4.7.

Similar to quadratic statistics, the UV limits of cubic kernels require the inclusion of
two counter terms (a constant term ¢ and a k% term B) for each cubic statistic. At the field
level, these two counter terms correspond to two higher derivative bias operators, that is
82V?2§ and V2§83 for constant and k* counterterms respectively. To summarise, we need
at least two EFT counterterms for each quadratic and cubic statistics which means that to
obtain consistent halo bias constraints up to cubic order from three quadratic and seven cubic
statistics one is required to include &'(15)-&’(20) EFT counterterms. The large number of
the EFT counterterms for bias measurements is the main motivation for us to use the Taylor

expansion method described in the main text.



Fisher Information Matrix

In literature we have seen that people often use two different versions of the Fisher matrix.
One at the fields level and one at the power spectrum level. For our understanding we derive
the Fisher information matrix and compare both formulae. We use an example to measure
o(by) and 6 (Ay) from both formulae and show that they are basically the same. So at the
end we have to be careful what observational data vector we have and then we should decide
which formula to use.

The derivation and discussion in this section is based on [205]. Suppose we have an
n-dimensional data vector d = {d},d>,...,d,}. The data points x; represent measurements
in cosmology, for instance it could be temperature in the n pixels of a CMB sky or the
counts-in-cells of a galaxy redshift survey or observed galaxy density field. The data vector
d can be thought of as a random variable with some probability distribution p(d, ®), where
® vector depends on model parameters @ = {6, 6,,...,0,}. This of vector of parameters
is also a random variable. If ® represents the vector of true values of model parameters
then we would like to it to be unbiased, that is (@) = ®¢, which means the error bars on the
parameters are as small as possible. We can define Fisher information Matrix as follows

4 > (B.1)

Fap = <aeaaeﬁ

where .Z = —Inp(d, ®) and is called the likelihood function.
We now explicitly compute the Fisher matrix in eq. (B.10) for the case when the
probability distribution p(x,®) is Gaussian, that is

p(d7®) =

1 d—u)C (d—p)t
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where u is the mean of the data vector (d) = u and C is the covariance matrix. We define

the covariance matrix C and the data matrix D as

C=((d—p)(d—p)) (B.3)

and
D=(d—p)(d-u) (B.4)

respectively. We can now define the maximum likeliood function .# as (by ignoring the
constant part)
2.% =Indet(C)+ (d—u)C ' (d—p) (B.5)

In matrix form we can write eq. (B.5) as
2$:Tr[1nc+c—1D]. (B.6)

As the covariance matrix is a symmetric matrix, its derivative will also be a symmetric
matrix. Taking the first derivative of eq. (B.6) with respect to parameters 6, and after using
some matrix identities we get

oA 1 9C

D
277 —Tr|C™ —C"a—CC_lD—i—C‘]a—

6, 96, 96, 965" (B.7)

Remember that we evaluate the covariance and the mean at the data vector at the true

parameter values, which gives the following relations:
<D> =C,

JD
(30,1 =" (B.8)

< 9°D >_ ou 3,Ltt+ ou out
0046/ 96,065 96500,

Using these relations we obtain (£ ) = 0, where the comma notation represents the
derivative. Taking another derivative of eq. (B.7) we get

z L, 9C ,9C  _,/dC__,dC  9C, _, ICy
zaeaaeﬁ_Tr[_C 90,C a6, " C <aeac 265 " 965 aea>c P
0°C dC . ,9C  9C__,JD 0°C
-1 -l -1 -1 -1 ~1
€ 36g00,  © (36.€ 265 90, ° 56.) € 26500,
9°D
—1
e aeaaeﬁ]’

(B.9)
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Fig. B.1 Constraints on b; and A using combined galaxy-lensing 2-point functions. We
show results Fisher analysis at the power spectrum level, given by Eq. (B.12), and at the
fields level, given by Eq. (B.11).

Finally we substitute eq. (B.9) in eq. (B.10) and to get the final expression for Fisher matrix:

°.L > 1 [C’l oC Cla_C+C1( o out  ou dut

F°‘ﬁ:<ae&.5>e[3 =2 20,205 265 J0.)) ®10

2
If we write the Fisher matrix at the field’s level we can choose the mean of the data vector
(d) = =0 and so eq. (B.10) becomes

1

Fop = ETr [C

—18—CC—18—C]. (B.11)

whereas if the data vector comprise of power spectrum then eq. (B.10) can be simplified to

o [odd) d(d")
FaB_Tr[aeaC aeﬁ}’ (B.12)

No matter which one we use we should get the same results. In this work we will use both eq.
(B.11) and eq. (B.12). In a later section we discuss results from auto- and cross correlations
of galaxy with the CMB lensing using 2-pt, 3-pt and 2-& 3-pt functions analysis. For the
2-pt functions we use eq. (B.11) and for 3-pt we use eq. (B.12).

In Fig. B.1 we show that constraints obtained from Eq. (B.11) and Eq. (B.12) are the

same.



Limber Approximation

the derivation in this appendix is adapted from [133]. Let us think about the 2D power
spectrum in the flat sky limit (for a comparison with the angular power spectrum). For this
we use x|| as the line-of-sight direction and x the perpendicular direction. We integrate the
density field along the line of sight direction.

Sop(x,) = /dx||W(x|)5(xL,x|) (C.1)

and in Fourier space

Sa(k1) = [ deexp(—ik, -x.) [ dxyWrSiex) €2)

so the 2D power spectrum is given by

<62D(kL)62D k/ /d)/‘WA xH /deWB xH /( k|) exp( lkH(fﬁ—Xﬁ))
Pag (ko k) (2m)?8CP) (ky +K))

(C.3)

Expanding the power spectrum about k| = 0 and assuming Py p (k, k| ‘) = Pyp <, /kﬁ + ki)
gives

2x2k2 dInk dlan dlan

PzD(kL) :/dX|W(x)AW(x”)B{1 +— 11 (dlnPAB dan(xH)A dan(xH)B —|—ﬁ((ka)4)> }

" (C.4)

where the derivatives of P4p are evaluated at kH = 0. Notice that all of the P4p factors are
independent of x)|. Angular power spectrum is related to the 2D projected power spectrum as

I(I+1)C =K P(ky) (C.5)

for large /.
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Now consider two random fields A(x) and B(x). We define the angular power spectrum

in spherical harmonics as follows

Can(l) = / kdkPy (k) / dry fa(r Mg o (k) / dryfs(r)dsn p(kr)  (C6)
where j;’s are spherical Bessel functions of rank / and f’s are defined as

Wi(r)
NG

filr) = i € {A,B}. (C.7)

andkr=v=1+1/2

after some simplification (and algebraic manipulation) we get

-2
Cunlt) = [ % Banti) 1110 {1 P {‘Qlf‘“ ‘ﬂfn?sw)—p(k)} +ﬁ<v4>} ©8)
where
o_dimpl) R0k ®) o
S( )_ dlink an p( )_ 3PAB(k) ( . )

Egs. (C.8) and (C.9) show the first systematic correction to the Limber approximation
which can be used to reduce the error in the approximation from /=2 to /~*. There are some

observations:

» We see that the convergence of the Limber expansion depends on both v =1+ 1/2
and the kernels f4,fp

« If the both the kernels are peaked at the same distance 7, the 1/ v2 term is subdominant

when v > Fmax[0y, 05| where o’s are the width of the kernels.

* If the kernels are peaked at different distances, say r4 > rg + op where r4 and rp are

the location of the maxima, truncating the expansion requires v > 7(rq — rg)/040p

Now going back to Eq. (C.5), let us expand rlzP(v/ r) around r = 7 where 7 is the peak
distance of kernels W4 (r)Wp(r) and compare it with Eq. (C.4) we can see that indeed
I(1+1)C; =~k Pyp(k,) forl+1/2 =7k, .



