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Abstract

The cosmic microwave background (CMB) provides unprecedented details about the his-
tory of our universe and helps to establish the standard model in modern cosmology. With
the ongoing and future CMB observations, higher precision can be achieved and novel win-
dows will be opened for studying different phenomena. Non-Gaussianity is one of the
most exciting effects which fascinate many cosmologists. While numerous alternative infla-
tionary models predict detectable primordial non-Gaussianities generated during inflation,
the single-field slow-roll inflation of the standard model is known to produce negligible
non-Gaussianities. However, post-inflationary processes guarantee the generation of non-
Gaussianities through the nonlinear evolution of our universe after inflation, regardless of
the underlying inflationary theory. These non-Gaussianities not only may contaminate the
potential primordial non-Gaussian signals, but also may offer independent tests for late-
time physics (such as General Relativity). Therefore, it is of great interest to study them

quantitatively.

In this thesis, we will study the post-inflationary non-Gaussianities in two main aspects.
First, we calculate the CMB bispectrum imprinted by the 2nd-order perturbations during
recombination. We carry out a numerical calculation including all the dominant effects
at recombination and separate them consistently from the late-time effects. We find that
the recombination bispectrum is subdominant compared to the ISW-lensing bispectrum.
Although the effect will not be detectable for the Planck mission, its signal-to-noise is large
enough that they present themselves as systematics. Thus, it has to be taken into account
in future experiments. Second, we formulate the lensing, redshift and time-delay effects
through the Boltzmann equation. The new formalism allows us to explicitly list out all the
approximations implied in the canonical remapping approach. In particular, we quantify
the correction of the CMB temperature power spectrum from the lens-lens couplings and

confirm that the correction is small.
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Chapter 1
Review of CMB Cosmology

The origin of our universe is a question which we cannot but be lured into attempting to
comprehend. In ancient time, answers to the question were descriptive and qualitative with
various hypotheses. Although these answers provide innovative insights about the universe,
it was hard to validate them due to the lack of observations available at that time. Until the
last century, the technology became advanced enough to detect the distant signals from the
sky. Different models of our universe can then be studied with experiments. After that, the
study of universe thrives and the foundation of modern cosmology has been established.

In particular, after the discovery of the cosmic microwave background (CMB), cosmol-
ogy has entered into an era with unprecedented precision. The CMB signals was imprinted
on the sky due to the decoupling of photons from baryons when our universe was only about
380,000 years old. Even though the CMB photons traveled for 13.8 billion years before be-
ing captured by us, the contamination from foreground is acceptable. Thus, the information
of the early universe contained in the CMB signals can be preserved and restored. By an-
alyzing the CMB data, we are able to deduce the evolution history of our universe, the
abundance of different components and the origin of the large-scale structures. The CMB
temperature anisotropies observed by Planck is shown in Fig. 1.1.

The CMB data favour a model of universe which is almost perfectly homogeneous and
isotropic with very tiny fluctuations at the early stage. Since the fluctuations are so small,
the linear perturbation theory is usually sufficient for describing the dominant features of the
fluctuations embedded on the CMB. Without the nonlinear evolutions, the calculation for the
evolution of perturbations can be significantly simplified in the linear order. This facilitates
our understanding of the early universe and the development of the standard model - ACDM

(see [32, 105] for more details) in modern cosmology.
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Figure 1.1 The CMB temperature anisotropies seen by Planck [1].

The idea of inflation is by far the most popular one to describe the very beginning of
our universe. Not only it solves some puzzles in cosmology (e.g. flatness, homogeneity and
isotropy of our universe), but it also explains the origin of the tiny perturbations as quantum
fluctuations expanded to cosmological scales during inflation. Although the standard model
stays consistent with current observations, it is crucial to explore alternative models and
keep challenging the standard model with further observations. Hence, numerous inflation-
ary models containing fruitful physics are proposed in literature. Identifying our universe
among these possibilities becomes essential. In addition, new properties discovered about

the inflationary era may deepen our understanding of fundamental physics.

Depending on the inflationary model under consideration, various distinguishable fea-
tures different from the standard model can be generated. In particular, many alternative
inflationary models predict significant primordial non-Gaussianities which may be detected
by the current and future CMB experiments through the CMB bispectra. Comprehensive
studies have been done to calculate the shapes of the bispectra from different inflationary
models. These shapes can be constrained with the observational data. If any primordial non-
Gaussianities are detected, it will provide us further clues about the mechanism of inflation.
For example, single-field inflationary models do not produce significant non-Gaussianities
of the local type [72]. A detection of the local-type bispectrum can rule out all the single-
field inflationary models.

However, non-Gaussianities can also be generated through the nonlinear evolution of

some physical mechanisms after inflation. Nonlinear evolution is responsible to the complex



structure formation in the late-time universe. For instance, the nonlinearity of General Rela-
tivity (GR) guarantees post-inflationary non-Gaussianities. A rough estimation expects that
these non-Gaussianities should have a nonlinear coupling constant fyi, of order 1 at recom-
bination. Thus, these post-inflationary non-Gaussianities can potentially contaminate the
primordial non-Gaussianities from inflation. It is of importance to study the nonlinear evo-
lutions of the cosmological perturbations quantitatively. Moreover, post-inflationary non-
Gaussianities can be used as an independent test for the underlying mechanisms (e.g. GR)
on cosmological scales.

One of the ways to probe non-Gaussianities is to measure the CMB bispectra. While
power spectra are mainly dominated by Gaussian perturbations, bispectra vanish statisti-
cally with perfectly Gaussian perturbations. This property makes bispectra an ideal tool
for detecting non-Gaussianities'. Non-Gaussianities in the CMB bispectra can provide us
extra information about the Universe. With the improving sensitivities from the current and
future observations [6, 8, 16], a comprehensive study of non-Gaussianities from different
mechanisms becomes necessary. In this thesis, we will focus on two different types of non-
Gaussianities generated after inflation. The first one comes from the 2nd-order perturbations
imprinted on the CMB at recombination while the second one is sourced by the nonlinear
distortions of the CMB anisotropies due to the late-time metric perturbations, e.g. CMB

lensing effect.

Calculating the CMB bispectrum from the 2nd-order perturbations at recombination is
not a new problem. There are already some attempts to estimate the CMB bispectrum in lit-
erature, such as [57, 75, 87, 94]. However, most of these studies consider only some specific
limits of bispectrum and particular effects?. That is, a thorough calculation including the
full bispectrum and all the effects at recombination is desired. More seriously, the signal-to-
noises’ for detection of the amplitude of the intrinsic bispectrum claimed by different work
vary within a broad range — from order of 0.1 to 10. A conclusive and precise value is yet
to be obtained and a systematic calculation should be carried out to constrain the effect for
future CMB experiments. This is one of the two main objectives of this thesis and the result
has been published in [100]. There are other teams aiming at the similar goal but working
with different and independent approaches, e.g. [52, 82].

'Nevertheless, it is possible to generate non-Gaussianities without significant bispectra [24]. In these cases,
trispectra may be used to study the non-Gaussianities.

2The exception is [87] but its calculated signal-to-noise appears to be significantly larger than those calcu-
lated afterwards.

3These signal-to-noises are calculated for cosmic-variance-limited data, assuming no primordial non-
Gaussianities.
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We can split the problem into two parts: analytical and numerical part. In the analyt-
ical part, we derive all the evolution equations governing the 2nd-order perturbations and
formulate the CMB bispectrum for the 2nd-order perturbations imprinted at recombination.
Expanding the perturbations up to 2nd order is quite straightforward but there are several
techniques we need. First, we will work with both the global coordinate system on the
background manifold and the tetrad basis in the tangent planes. We have to develop a trans-
formation between them up to 2nd order. Second, to obtain the multipoles in the Boltzmann
equation, we have to decompose a product of two spherical harmonics. The decomposition
can be achieved by exploiting the Wigner 3-j symbols. Third, we will need to derive the

evolution equation of the optical depth to 1st order.

The second part is the numerical calculation. To obtain the full bispectrum and cap-
ture all the effects at recombination, numerical implementation is inevitable and it turns out
to be the most challenging part of the problem. First, the 2nd-order Einstein field equa-
tions (EFEs) are numerically unstable. It is because there exists some pairs of large terms
canceling with each other and the residuals are a few orders of magnitude smaller. This
undermines the numerical precisions achievable. By combining the EFEs, we can mitigate
the numerical instability. The result can be verified by using the constraint equations of
EFEs. Second, the original quadratic source function in 2nd order requires multipoles with
infinitely high ¢ and fails to separate the effects at recombination from the late-time effects
consistently. We will show that these two issues can be solved by performing integration by
parts to the line-of-sight (LOS) integration. We validate the result by comparing with the
analytical solution of the squeezed-limit bispectrum.

Another post-inflationary non-Gaussian effect we will study is the distortions of the
CMB anisotropies from the late-time metric perturbations, which include lensing, redshift
and time-delay effects. In particular, CMB lensing is the dominant effect among these dis-
tortions and will be our main focus. CMB lensing was first considered in 1987 [18] and,
since then (for a review, see [67]) its contributions to the power spectra [23, 46, 89, 109],
bispectra [39, 46, 69] and trispectra [27, 47] of the CMB temperature and polarizations
have been studied. Recently, the first detection of the CMB lensing was achieved by cross-
correlating the lensing potential reconstructed by the Wilkinson Microwave Anisotropy
Probe (WMAP) data and large scale structure surveys (as suggested in [42]) [41, 98]. The
detection of the power spectrum of the lensing potential was first obtained with the Atacama
Cosmology Telescope (ACT) data [31] and then with the South Pole Telescope (SPT) data
[102]. The first full-sky map of the lensing potential was reconstructed by the Planck data
[4] and the significance of the detection has been boosted to larger than 250. Planck also



detected the ISW-lensing bispectrum generated by the non-Gaussian lensed CMB tempera-
ture fluctuations with significance of 2.60 [6]. Finally, the B-mode polarization induced by
lensing was detected with the SPTpol data [40] at 7.7 ¢ significance. Driven by these sophis-
ticated experiments, the study of the CMB lensing has entered a new era with unprecedented

precision.

Furthermore, since its major contribution comes from lenses at low redshifts (z < 10),
the lensing effect is very sensitive to the late-time evolution of the universe. By using the
non-Gaussian properties of the lensing effect on the CMB temperature and polarizations,
different estimators [43, 44, 56, 77] were proposed to reconstruct the lensing power spec-
trum from the CMB data. Measuring the lensing power spectrum with high angular resolu-
tion and high sensitivity imposes constraints [55, 64] on the neutrino masses m, with & (m,)
as small as 0.035 eV [64], which are much tighter compared to the one using the CMB power
spectra alone and have fewer biasing issues compared to the constraints from the large-scale
structures. The lensing power spectrum can also break the degeneracy between the neutrino
masses and the equation of state parameter @ of the dark energy [55]. The cross-correlations
between the reconstructed lensing potential and other late-time observations* have been an-
alyzed through various experiments [4, 5, 19, 45, 96]. These cross-correlations allow us to
constrain the dynamics of the dark matter and the dark energy [48, 92].

In view of these applications of the CMB lensing, it is clear that an accurate computation
of the lensing effect is required. In particular, it remains to be articulated the approximations
involved in the usual lensing calculation. For example, in the canonical approach [23, 46],
the lensed CMB temperature anisotropies ® are expressed in terms of the unlensed CMB
temperature anisotropies ® in the remapping. The usual derivation uses a perturbed geodesic
and employs some implicit approximations. While there are assessments about the fidelity
of the corrections of the remapping approach especially in high orders [26, 33, 44], keeping
correction terms consistently in high orders is non-trivial [61, 95] and a systematic study
in arbitrarily high orders has not been undertaken. The main goal of our study is to derive
the CMB lensing (as well as redshift and time-delay) through the Liouville (free-streaming)

part of the Boltzmann equation.

The key step to derive lensing, redshift and time-delay effects through the Boltzmann
equation up to arbitrarily high order is to treat these effects as higher-order actions on the
CMB anisotropies. The effects can be expressed as a nested integral in the line-of-sight

approach. The derivation using the Boltzmann equation allows us to explicitly list out all the

4For example, the integrated Sachs-Wolfe (ISW) effect, the Sunyaev-Zeldovich (SZ) effect, the Cosmic
Infrared Background (CIB), galaxies and quasars.
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approximations implied in the canonical remapping approach. In particular, we find some
new approximations which have not been identified previously in literature. We can then
assess the significance of these approximations and justify the robustness of the remapping
approach. To facilitate the calculation, we develop a diagrammatic approach to keep track

of the couplings of different effects in arbitrarily high orders.

This thesis is organized as follows. We review the linear cosmological perturbations
and their impact on CMB in Chapter 2. We derive the Boltzmann equation and EFEs up
to 2nd order and present the details about solving the 2nd-order perturbations numerically
in Chapter 3. In Chapter 4, we single out the effects at recombination from the late-time
effects and perform the numerical calculation for the full bispectrum at recombination. In
Chapter 5, we formulate the lensing, redshift and time-delay effects through the Boltzmann
equation and study the effect of lens-lens couplings on the CMB power spectrum. We
discuss some potential extensions of the work in this thesis and draw the conclusion in
Chapter 6. Because there are many notations and symbols used, we list out all of them
in Appendix A for clarification. A table of cosmological parameters used in this thesis is
shown in Appendix B. Some useful definitions and formulae of the spin-weighted spherical
harmonics are presented in Appendix C. Details of the perturbations of tetrads and Ricci

rotation coefficients up to 2nd order can be found in Appendix D.



Chapter 2

Cosmological Perturbations and CMB
Spectra

Since the cosmic microwave background (CMB) was discovered in 1964 [79], the study
of Cosmology has entered an era with unprecedentedly high precision. Properties (such as
flatness, homogeneity and isotropy) of the CMB signals provide clues to the development of
the big bang theory with an inflationary epoch. The homogeneity and isotropy, in particular,
also support the model of a uniformly-distributed universe at early time with tiny fluctu-
ations as seeds for the late-time structure formations. These fluctuations were imprinted
in the CMB anisotropies when photons decoupled with baryons during recombination. By
studying the power spectra of these CMB anisotropies obtained from observations (such as
COBE, WMAP and Planck), we ought to develop the standard model in Cosmology which
consists of baryon (~ 5%), dark matter (~ 27%) and dark energy (~ 68%)! as the main

components of our universe.

In this chapter, we review the cosmological perturbation theory in the CMB study up
to 1st order. We will extend the study to 2nd-order perturbations in Chapter 3 and their
contribution to the CMB bispectrum at recombination in Chapter 4. First, we introduce the
coordinate system and the tetrad basis used throughout this thesis in Section 2.1. Then, we
define the CMB temperature and polarizations in Section 2.2. In Section 2.3, we review
the governing equations of the CMB study — the Einstein field equations (EFEs) and the
Boltzmann equation. We derive the background- and 1st-order governing equations for
the evolution of our universe in Section 2.4 and 2.5 respectively. Finally, we discuss how

information from the universe can be extracted through power spectra and bispectra of the

I'The values are based on the CMB data combination Planck+WP in [3].
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CMB anisotropies in Section 2.6.

2.1 Coordinate System and Tetrad Basis

In this section, we construct the coordinate system for the background manifold and the
tetrad basis for the tangent planes used in this thesis. The construction allows us to expand

the perturbations consistently to any orders.

2.1.1 Coordinate System

The homogeneity and isotropy of the universe allow us to map the physical manifold onto
a background manifold equipped with a Friedmann metric. By assuming a flat universe, we
choose the coordinate system {x'} = {n,x'} forA=0,1,2,3 and I = 1,2,3 such that

ds? = gydxtdx”
=a*(n) {—(1+2®)dn? +2Bdx'dn + [(1 — 2¥) &y + 2.4, dx'dx' } , 2.1)

where a(n) is the scale factor and @, ¥, % and .77, are metric perturbations as functions of
x4, In this thesis, capital Roman indices (A, B, C, ...) label the chosen coordinate system in
the background manifold while Greek indices (u, v, p, ...) represent abstract indices?. All
the metric perturbations in Eq. (2.1) can be considered as fields living on the background
manifold. Moreover, we can further decompose %; and .7¢7; by using the scalar-vector-

tensor (SVT) decomposition such that
By =B+B;, Ay =H11+8(151) + 0d;9s€&, (2.2)

where 20,E)) = 91€;+ ;& and 9'B; = 9'E; = 9" My = 0 and '} = 0 with Jy = 9 /9",

With the assumption of a flat Friedmann metric in the background order, the equations
above hold in general and can be expanded into perturbations of different orders in the

following manner
A [11] A [Im]

_ 1
A_A[]+7+T+"" (2.3)

2 A more familiar notation would be to write the metric in Eq. (2.1) as gAdeAde. That is, the indices A
and B do double duty as coordinate labels and abstract indices.
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where the Roman numbers inside the square brackets of the superscripts denote the orders

of perturbations.

2.1.2 Tetrad Basis

At each point on the physical manifold, we construct the tangent basis to decompose the
photon momenta. It is convenient to introduce the tetrad fields €, which satisfy the or-

thonormality conditions

A \%
€. €p :guveaueb = Nabs
&1.80 =ghve?,eb, =, (2.4)

where 1, =diag(—1, 1, 1, 1) is the Minkowski metric, and indices a and b are equal to 0 to 3
labeling the four tetrad vectors and forms. Since photons have null 4-momenta (p* p,, = 0),

their momenta can be written as
p=p"(&+h), (2.5)

where p° is the photon energy measured by an observer with the velocity &, and f is a
spacelike vector on the hypersurface “screen” denoting the direction of the photon as seen
by the observer, such that nueo“ =0 and n“nu — 1. Furthermore, it is useful to define the

screen projector

Suv(&,p) = guv + %€’y —nuny. (2.6)

By foliating spacetime into hypersurfaces threaded through by the orbit defined by the ob-
server’s velocity €y, we can describe radiations by a screen-projected rank-2 tensor — the
intensity matrix which lives on these hypersurfaces. We will discuss the intensity matrix in
detail in Section 2.2.1.

We note that the tetrad fields €, lie on the physical manifold. Thus, we have to pull
them back onto the background manifold in order to study the Boltzmann equation on the
background manifold. This is achieved [21] through the pullback ¢* with a gauge field &
defined by

¢&a = lim ¢7 (&) = lim Z LY, (2.7)

where A denotes the foliations M, of an embedding (4+1)-dimensional manifold N =
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M x[0,1] and L is the Lie derivative. The pulled-back tetrads £€, lie on the background
manifold. Using the following natural background basis for vectors and forms on the back-

ground manifold

1 9 o
S = o & = a(n)dx*, (2.8)

we can express the tetrads in the natural background basis
A — Xb— ad __ Ya—b 29
tea=cXa €, g€ =¢Ype (2.9)
where the coefficients can be expanded into perturbations as

v oW v I oW
Xp=Y mgxib], Y=Y Wygbl. (2.10)

After fixing the residual freedoms of the transformation, we can determine éX a[];)/] and éYa[g}

order by order. The details and the coefficients in 1st and 2nd order are shown in Appendix
D.1. In Fig. 2.1, we illustrate the pullback of tetrad bases onto the background manifold
M.

A

[ LT

=]

Ao

Figure 2.1 The illustration of the pullback ¢, from the physical manifold M onto the
background manifold M. The dashed gray grids represent the tetrad bases. Due to the
existing perturbations, the pulled-back tetrad bases on the background manifold do not align
with the bases of the coordinate system (the misalignment is exaggerated in the graph).

3We define the background manifold as M and the physical manifold as M; with A € [0, 1].
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2.2 CMB Temperature and Polarization

Here, we define the intensity matrix which describes the intensity and the polarizations of
the CMB photons.

2.2.1 Intensity Matrix

To encode all the information about the intensity and the polarization of the CMB photons,

we define the screen-projected intensity matrix t@“v(xA, p?) which satisfies*
eg@“v(f,pa) =nt @“v(f,pa) = p“;@”v(xA,pa) =0. (2.11)
The intensity matrix of the CMB radiation can be decomposed into
1

where 7 denotes the photon intensity and the symmetric traceless polarization tensor Py
encodes the linear polarizations of the CMB photons. Here, we ignore the circular polar-
ization because it is not induced by Compton scattering and thus is usually neglected in the
CMB studies. The polarization tensor can be further decomposed into two scalar fields [67]
— E-mode Pg and B-mode Pp, i.e.

Puv =V, Vi Pe+€", V) ViP5, (2.13)

where V u = Su"Vy is the screen-projected covariant derivative, (...) denotes the symmetric
part, (...) denotes the symmetric traceless part and e* = —i(e/! e’} —e/¥ ') /2 with €/, =
Al A5

e e,

The normalized energy-integrated photon intensity and polarization tensor are defined

as

B A) = 14— /IxA 20.8)(p0)3dpY, (2.14)

27r21
- 0 531030
27:21‘(,7) /PuV( M) (p7) dp”, (2.15)

By (ot h)

4For details about how to construct the intensity matrix, see [101].
> & and é;, which are orthogonal to each other, lie on the plane perpendicular to the direction fi of the light
path and the observer’s velocity €.
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where
I n, p dp 2.16
27132 / ’ ( )

with Z(n, p®) as the homogeneous and isotropic black-body spectrum in the background
order. Up to 1st order, the CMB temperature can be related to the photon intensity by

I(x*h) = 1440(x*, h), (2.17)

where ® = (T — T) /T with the background CMB temperature 7. More details on defining
the CMB temperature can be found in Section 4.1.

2.2.2 Stokes’ Parameters

We define the normalized energy-integrated Stokes’ parameters Q and U such that

(0 +i0)(h) = & ¢ P,y (R),
(O—i0)(h) = &’ Py(h), (2.18)

where €/, are defined below Eq. (2.13)°. We can decompose the Stokes’ parameters into

spin-2 spherical harmonics

(Q£iU)(h Zaiz tm +2Yem (1), (2.19)

Im

where the spin-weighted spherical harmonics Y,,s are defined in Appendix C.1. By acting
the raising (9) and lowering (3) operators’ twice and making use of Eq. (C.7) and Eq. (C.8),
the decompositions become

= A2 g Yo (1), (2.20)

%We remark that e, and e;, are not the same as €, and €, in Eq. (C.25). In this work, we choose €, and €, to
be orthogonal to the wave vector k of the 2nd-order perturbations.
"The raising and lowering operators are defined in Eq. (C.5) and (C.6) respectively.
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The multipoles of the normalized energy-integrated £-mode and B-mode polarizations are
defined

ag o (az,om+a—2.m) » ag om = % (az,om —a—2.m) - (2.21)

| =

One of the advantages to decompose the CMB polarizations into E- and B-mode is that

scalar perturbations do not produce B-mode polarization [54, 108]. Thus, the B-mode po-

larization is a crucial probe for primordial gravitational waves?.

2.3 Governing Equations

In this section, we review the governing equations which are essential in studying CMB — the
Boltzmann equation and the EFEs. In Section 2.4 and 2.5, we will expand the perturbations
to establish the evolution equations in background and 1st order respectively. Furthermore,

we will derive the 2nd-order Boltzmann equation and EFEs in Chapter 3.

2.3.1 Einstein Field Equations

To derive the governing equations, we need the EFEs
G‘uv + Ag’uv — KT[J.V? (2.22)

where Gy is the Einstein tensor, A is the cosmological constant, g,y is the metric tensor,
Tyv is the stress-energy tensor and k = 871G/ ¢* with Newton’s gravitational constant G
and the speed of light c. We set the gravitational constant and the speed of light as unity
throughout this thesis. Moreover, the Einstein tensor is defined as

R
Guv =Ryy — 58uv; (2.23)

where the Ricci scalar R = g"VR,;y and the Ricci tensor’

Rap =TS —Tacs+THcl s — Toslic, (2.24)

8We remark that vector perturbations generate B-mode polarization as well but the power spectrum pro-
duced is expected to be distinguishable from that of primordial gravitational waves.

9In this thesis, we use Greek letters for abstract indices and Roman alphabets for coordinates of the back-
ground Manifold.
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with the Christoffel symbols

FSBE 8

1
5 v [gAD,B +8BDA — gAB,D] . (2.25)
The commas in subscripts denote partial derivatives such that g4p c = dgaB/ 9x€. In general,

the stress-energy tensor for a fluid can be expressed as
THV :puuuv+7j(guv+u“uv)+7r“v, (226)

where p and P are the energy density and the pressure of the fluid respectively, uy, is the
fluid velocity, and 7y is the anisotropic stress. The velocity and the anisotropic stress of
fluids are defined such that

dxcH

u
u [ —
ds’

uuuu - _1, uvn‘uv - ﬂ:u'u — O, (2.27)
where the proper distance s is an affine parameter. Under the chosen coordinate system of
the background manifold specified in Eq. (2.1), we can apply the SVT decomposition on
spatial components u; and 777 so that

1

Uy = a(n) (811) —+ 'l)]) , (2.28)

_ 1 1
1y = pa(n)* |ory— 5511071(’[{ t3 (org+o051)+o01|. (2.29)

where the vector modes (v; and o7) and the tensor modes (0yy) satisfy
dluy=0, dloy=0, ol;j=0. (2.30)
Because of the Bianchi identity, we have the conservation of energy and momentum
VT =0, (2.31)

where V is the covariant derivative.

2.3.2 Boltzmann Equation

To formulate the Boltzmann equation, we stay with the tetrad basis (denoted by indices

a,b,c,...)and elaborate all the relevant equations onto the background manifold as what we
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have done for the EFEs. The Boltzmann equation consists of two operators, the Liouville
operator £ describing the free-streaming of photons and the collision operator € describing

Compton scattering. That is,
[P (0% )] = Cap (x*, p° 1), (2.32)
where we have switched to the tetrad basis via
Papy = Puvedey” , Capy=Cuvetep’, Sap=Suvedep’. (2.33)
We remark that the Boltzmann equation as a whole is gauge-invariant.

We begin with the Liouville operator, which is defined as

_—_¢gcgd d cod| A dpe
L£=85—=8.5"|p"Va+ ape , (2.34)
ds ds

where the screen projector S,? is defined in Eq. (2.6), V4 is the covariant derivative with
respect to x4, d,c = d/dp° and p* = dx? /ds. The covariant derivative acting on the intensity

matrix can be expanded into
VA gzcd = 8,4 gzcd - ecDefBFgA ngd - edDefBFgA ﬂcf, (235)

where the Christoffel symbols FgB are defined in Eq. (2.25) and coefficients e, are shown
in Appendix D.1. In this thesis, we use the conformal time 7 instead of the proper distance s.
We can do so by multiplying Eq. (2.32) with the Jacobian ds/dn. Linearity of the Liouville
operator preserves the decomposition of &, in Eq. (2.12), i.e.

8P = 5 LTI+ LlPus). (2.36)

That means we can write down the evolution equations of the intensity and polarizations of

photons separately'©.

To elaborate the Boltzmann equation, we need to know the photon trajectory, which is

given by the geodesic equation

a

P w0 pPpe =0, (2.37)
ds

19However, the equations are coupled through Compton scattering.
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where the Ricci rotation coefficients are defined as
. = e“yep  Vyet = FgKebKecjeal +eple 0re,’ (2.38)

which are determined completely by the metric g4z and the tetrads e,*. The perturbations
of the Ricci rotation coefficients in 1st and 2nd order can be found in Appendix D.2. Mean-

while, the momentum p” can be expressed in the tetrad basis

P = ples. (2.39)

2.4 Cosmology in Background Order

Because of the homogeneity and isotropy, the evolution of our universe in background order
is determined by the scale factor a(1), which quantifies the expansion of our universe and

depends on the abundances of different components.

2.4.1 Friedmann-Lemaitre—Robertson—Walker Metric

The homogeneity and isotropy of our universe suggest that the background-order spacetime
has a Friedmann—Lemaitre—Robertson—Walker (FLRW) metric, i.e.

ds? = guyditdx¥ = a*(n) | —dn? +ti et r2dQ?| (2.40)

k 2
where the Greek letters label numbers from O to 3, g,y is the background-order metric
1" a(m) is the scale factor with the conformal time 17, dQ? = d#> + sin®> 6d¢? and
k= —1, 0 or 1 indicates an open, flat or close universe respectively.

tensor

24.2 ACDM Cosmology

In standard model, the universe consists of baryons, cold dark matter (CDM), dark energy,
neutrinos and photons'2. All these components interact with the spacetime metric through

gravity while baryons and photons also couple with each other through Compton scatterings.

"TWe use bar to denote the background-order quantities.
12We denote them by the subscripts b, ¢, A, n and r respectively.
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The background energy density and pressure are related by the equation of state (EOS)
P =wp, (2.41)
where
0o~0, ©=0wy=-1, woy=1/3, o=1/3. (2.42)

The pressure of baryons can be neglected because baryons are non-relativistic at the times
of interest. In contrast, neutrinos are approximately massless because they are relativistic at

early time.

Due to the homogeneity and isotropy, there exist preferable coordinate systems which
appreciate the symmetries, e.g. (1,r,0,¢) used in Eq. (2.40). Under the coordinate system
(n,r,0,¢), we can find that the quantities of the stress-energy tensor defined in Eq. (2.26)
are

Fuy =0, (2.43)
1

i = —{1,0,0,0 2.44

a(n){ } (2.44)

for all components in background order.

2.4.3 Friedmann Equations

By expanding the EFEs in background order, we obtain the well-known Friedmann equa-

tions
1 2 Sﬂﬁtot A k
a_ZH = T + g - a—2 (2.45)
R S\ LA
SH === (Po+3Pa) + 3 (2.46)

where the dot denotes derivatives with respect to the conformal time n'3, H = d/a is the
conformal Hubble parameter and pyo; and Py are the total energy density and pressure of
baryons, CDM, neutrinos and photons respectively. Throughout this thesis, we assume a
flat universe, i.e. k = 0. In particular, we have H = 1/7 in radiation-dominated era.

13The physical time is related to the conformal time by t = [ a(n)dn.
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2.5 Cosmological Perturbations in First Order

Linear cosmological perturbation theory has been widely studied and provides us tremen-
dous information through the CMB power spectra. A complete calculation of the linear
theory requires thorough understanding of numerous physical processes, such as the nucle-
osynthesis, Compton scattering at recombination and reionization, General Relativity and

so on. The details can be found in many textbooks (e.g. [32, 105]).

The cosmological perturbations are imprinted in the CMB anisotropies. Although these
anisotropies are very tiny (of order 107>), they are detectable and are used to study the early
evolution of our universe. In this section, we will review the cosmological perturbations
in linear order and develop the corresponding governing equations. Apart from extending
the EFEs to 1st order, we will also need the 1st-order Boltzmann equation which describes

Compton scatterings between photons and baryons.

2.5.1 Einstein Field Equations

To derive the 1st-order EFEs, we keep all the perturbations in Eq. (2.1) up to Ist order,
i.e. A~ AW for any perturbation A'*. Moreover, we fix the gauge freedom by choosing
Newtonian gauge in 1st order. Thus, we have

E=B=&=0. (2.47)
Under the standard model, we ignore the 1st-order vector and tensor perturbations, i.e.
By =H;; =0. (2.48)

In other words, we have only two metric perturbations in Ist order, i.e. ® and . However,
it is important to emphasize that the vector and tensor perturbations in 2nd order cannot
be neglected even they vanish in 1st order. This is because 2nd-order vector and tensor
perturbations can be generated by 1st-order scalar perturbations due to the nonlinear effect
of General Relativity (GR). We will discuss this in detail in Chapter 3. Using the conditions

4Without confusion, we ignore the superscript [I] in the following.
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in Eq. (2.27), we can find that the Ist-order quantities of the stress-energy tensor obey

1
ul = —~@, (2.49)
a

00—o, n%=0, rl;=0. (2.50)

There are four EFEs for 1st-order scalar perturbations:
Time-time: G
2

. K N
SHY+ PP +3H20+ (¥ pxdx+ ¥ Prlxoo) =0, 2.51)
X=b,c X=nr

Trace space-space: G';

Ka*

i} . . : 1
P4 2HY +HD+ (H2+2H)D + gkz(\{f—cp) 5

Y cixpxlxoo=0, (252

X=n,r

Traceless space-space: (3A72970y— A~187;) (3G, — 65 GXk)

Ka® A
el 75 Y. pPxix20=0, (2.53)
X=nr
Time-space: N~19'G9
. Ka® ] Ka® R
Y+HO+— Y px(I+ox)ox—— Y, pxixi0=0, (2.54)
2 X=b,c 6k X=n,r

where /A = 9/9;, the dots over symbols denote derivatives with respect to the conformal
time 17, 8 = 8p/p, ¢ = /P /8p is the speed of sound and the subscripts b, ¢, n and
r represent baryons, CDM, neutrinos and photons respectively. We have transformed the
quantities of stress-energy tensors into multipoles for neutrinos and photons'>. We remark
that two of the four EFEs are redundant due to the gauge freedom. Only two EFEs are
adequate for determining the evolution of the two scalar metric perturbations, which are ¢

and . However, in practice, they are useful for numerical validation.

Furthermore, we need the evolution equations for energy densities and velocities of
baryons and CDM. These can be obtained by perturbing the conservation of energy and

5The details of the transformation will be presented in Section 3.1.2.
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momentum in Eq. (2.31). Thus, we have the continuity and Euler equation

Sy — kK>vy — 3% =0, (2.55)
kvy + kHvox +k® = €2, (2.56)

where X = b,c denotes baryons and CDM respectively and the collision term €Y = 0 for
CDM and €¢? = —R7 (f19/4 + kvy) for baryons'.

2.5.2 Boltzmann Equation

The Boltzmann equation describes the evolution of the multipoles of photons and neutri-
nos. To derive the Boltzmann equation, we need to know the differential optical depth of

Compton scattering, which is defined as
t = or a x, ne, (2.57)

where or is the Thomson cross-section, x, is the fraction of free electrons and n, is the
number density of total electrons. In 1st order, we need only the background-order differ-
ential optical depth. i.e. 7(n). In the following, we will present the 1st-order Boltzmann

equations for photon intensity and E-mode polarization!”:

Tro +k (oUsplr1.0 — 0Dfolr—10) — 48)F — 45/ kd = €[], (2.58)
Ew+k (2UpEri1.0—2DhEr-10) = CwlE], (2.59)

where the coefficients (Dy, , 7, and (U}, are defined in Appendix C.3 and the collision

terms are

Cooll] = T (—fo+ 8 foo + 48, Dy (o) + 5711 , (2.60)
Cplf] = (—Eg() - \/86,32ﬁ> : 2.61)

with if)(o) = 'Uié?([)) and

1. )
fi=_— (120 _ \/EEQO) . (2.62)

16The density ratio is defined as R = (4/3)p;/pp. More discussions of the collision term can be found in
Section 3.2.3.
"The detailed derivation can be found in [32, 105].
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For neutrinos, we only need to consider the intensity as in Eq. (2.58) but the collision term
equals to zero. We remark that only the m = 0 modes are required for solving 1st-order
perturbations. This is because we align the wavenumber k with the azimuthal direction of
the multipoles.

2.5.3 Adiabatic Initial Conditions

Throughout this thesis, we assume single-field slow-roll inflation. With the single field,

the initial conditions of perturbations are expected to be adiabatic. This implies two condi-

13 1/3 _1/4 /

tions!8: the ratios between Py > P, pn’ and prl 4 at each spatial point remain constant

and

Vp = Ve = Uy = V. (2.63)
In 1st order, the conditions become
1 1 1. 1.
0 ==0.= 1,00 = - 2.64
35b 3% = ;00 = 700, (2.64)
—dkvy = —4kve = Iy 10 = I 10- (2.65)

That means we only need to solve for the initial energy density and velocity of one compo-
nent. The adiabatic initial conditions can be determined by the comoving curvature pertur-
bation, which is expressed in 1st order as

2 .
R=Y+_———— (Y+HD), 2.66
3(1+o)H ( ) (2.66)
where o is the equation of state of the total fluid. The comoving curvature perturbation is

conserved up to 2nd order for superhorizon scales [103].

To fix the initial conditions, we consider the initial conformal time 7; deep in the
radiation-dominated era such that the cosmological scales are out of horizon (kn; < 1).
Therefore, the conformal Hubble parameter H = 1/7; and the energy density of the total
fluid is dominated by neutrinos and photons, i.e. Py ~ Py + ;. By ignoring ¥!° and terms

8 These two conditions of adiabaticity also hold in 2nd order.
9By expanding the perturbations into powers of k7;, we can show that the leading term of W is a constant
and thus ¥ =~ 0.
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with higher powers of kn;, the initial conditions satisfy

1 A 2k .

R=Y+ E‘b, Ih20 = ?In,lm (2.67)
2 Ka2 _ A _ A

P =—- (Pnn.00 + Prlr.00) (2.68)
Ka® ,_ . .

HP = ok (Pnn, 10+ prlr,10) (2.69)
Ka* ,_ . .

Y-o= 52 (Pnn,20 + Prli.20) (2.70)

and fng() = EAMO =0 for ¢ > 2 due to the tight coupling of Compton scattering. Moreover,
higher-order moments of neutrinos are suppressed, i.e. fn,zo =0 for £ > 3. This is because
moments with ¢ are suppressed by (kn)’. By making use of 31> = ka*(py + pr), Eq. (2.64)
and Eq. (2.65), the initial perturbations are related to the comoving curvature perturbation
by

1 2
P = —OR, Y= (1 +§fn> P, 2.71)

N - 2
Inoo = 2@,  Inio=2(kn)®, o0 §<kni>2c1>, (2.72)

2.6 Statistics of CMB

In this section, we construct power spectra and bispectra of the CMB anisotropies. In stan-
dard model, the quantum fluctuations generated during inflation have the primordial power
spectrum, which is in form of

kn574
Py (k) = 2m°Ay—— (2.73)

ng—1~’
k*y

where Aj is the initial amplitude, k, is the pivot wavenumber and 7, is the spectral index. The
power spectrum becomes scale-invariant when ny; = 1. Here, we assume that the spectral
index is independent of k and ignore the higher-order Taylor expansion of the primordial
power spectrum, such as the running index ¢. The quantum fluctuations set the initial
conditions for perturbations. Then, the perturbations evolve and are imprinted on the CMB

anisotropies. By studying the evolution history, we can infer the parameters in Eq. (2.73)
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by fitting the predicted CMB power spectrum with the observed one. From Planck mission
[3], Ay = 2.215 x 10~ and ny = 0.9619 for k, = 0.05/Mpc.

2.6.1 CMB Power Spectrum
Unlensed Power Spectrum

First of all, we express the Boltzmann equation in 1st order as

[ kud — 4 + ik = & | 1+ loo —4iptvy + 25 (1 -31%) (120—\@1520)}, (2.74)

where the overhead dots denote the derivatives with respect to the conformal time 1, u =
k- and /(n,k,7) = I/T is defined in Eq. (2.14)2°. With the line of sight approach as
shown in [91], we find that the photon brightness defined as /A = [/4 can be expressed as

an integral

_ n o == . .
AU(n Kk, h) :efm)/ dﬁel"”m")f(’?){\y—ikucbw {Aoo—iuvw%(l—wz)ﬂu
0

_ n oo ~
= (T / AR A-M 5 (71 K, ), (2.75)
0

where the optical depth T = f#o 7(n")dn’, Ao is the monopole of the fractional brightness
and IT = (hy — v/6E») /40. Here, we make use of the fact that T — oo when 7 — 0.

For any function X of 1, we can perform the integration by parts such that

Mo . o x 1Mo Mo X
/ dne*tnyx = {e’k“n ,—} — / dneHn = (2.76)
0 ik |, 0 ik

By applying the integration by parts to Eq. (2.75), we can simplify the photon brightness at
present 1o and obtain

n . -
Aok, d) = [ e WS (7,6)D(K). @.77)

where ®(K) is the primordial fluctuation of the gravitational potential and the new source

20We perform the Fourier transformation to the perturbations, i.e. X (1,X) = [ (2‘5)'3‘ 7 e**X(n,k).
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function is defined as

Ly v I3[\ (v, 301\ 3gI1 ., . .
Sr(n,k)—g<Aoo+<I>+ R +2k2) +g(k + k2)+ Sz te T (oY),
(2.78)

with g = e~ 7.
With the temperature definition in Eq. (2.17), the temperature anisotropies observed

today is

A L AL
o) - | Gy a1e S ) (2.79)

where the conformal distance 7 = 19 — 7]. The exponential function in Eq. (2.79) can be
expanded by

e M =Y (=) (20 + 1) jo(kr)Po(p), (2.80)
14

where jy(kr) is the spherical Bessel function of the first kind and Py(u) is the Legendre
polynomial. Using this, we can rewrite the temperature anisotropies as

d’k
N Y
O(f) = ()20 +1) / BraP A R209), (2.81)
with the transfer function
o
2= [ dnsr(n.0)juen). (2.82)

Moreover, we can decompose the temperature anisotropies into spherical harmonics
U = / &4 O(R) Y/, (). (2.83)
With Eq. (2.81) and Eq. (C.11), we can find that
) 2 . e
agm = (i)’ \/; / &k ¥, (K) A (k) P(K). (2.84)
By assuming the statistical isotropy of the CMB signals, we have the correlation

(atmapm) = (—=1)"Ce84p 6y (2.85)
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where (...) denotes the ensemble average and Cy is the power spectrum. Using (®(k)®(k')) =
O (k+K')Pyp(k), the CMB power spectrum can be expressed as

= % / dk 2Py (K) [A(R)]. (2.86)

In Fig. 2.2, we plot the CMB power spectrum with the best-fit parameters from Planck as

shown in Appendix B.
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Figure 2.2 The full-sky unlensed power spectra of the CMB temperature from our code
(black line) and CAMB (dashed orange line) against /. A perfect match is achieved. Our
code uses Newtonian gauge while CAMB uses synchronous gauge.

CMB Lensing Effect

It is known that the CMB lensing has a significant contribution to the CMB anisotropies
and thus their correlations. In the canonical approach [67], the lensed CMB temperature
anisotropies © are expressed in terms of the unlensed CMB temperature anisotropies ® in

the remapping?!
O(h) = O(h+ a). (2.87)

2'When similar approaches apply to CMB polarizations, geometric corrections on the spherical sky have to
be considered to maintain statistical isotropy of the lensed fields [22].
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The deflection angle @ is a perturbation defined as

a(h) = Vay(h) =2 / M TS o (), (2.88)
0 rrLss

where y(ii) is known as the lensing potential, Pw = (® + ¥)/2 is the Weyl potential, r

is the conformal distance between the gravitational potential and the observer, rgg 1s the

conformal distance between the LSS and the observer and Vj is the covariant derivative on

the sphere. We refer to [23, 46] and Chapter 5 for details about how lensing effects distort

the CMB power spectrum.

2.6.2 CMB Bispectrum

If the CMB signals are not perfectly Gaussian, non-Gaussianities exist and may induce CMB
bispectra. These non-Gaussianities can be produced during and after inflation and the treat-
ments can be very different. In this section, we discuss the CMB bispectra from the primor-
dial non-Gaussianities generated during inflation. The post-inflationary non-Gaussianities
will be studied in Chapter 4. We remark that although the bispectra involve non-linear

perturbations, the bispectra from different non-Gaussianities are separable®?.

For the primordial non-Gaussianities, the leading-order effect to the CMB anisotropies

can be expressed as

O(h) = / Lk dfjeH (=m0 57 (7, k) DN (k) (2.89)
(2m)3/2 Jo i, ’ '
where ®NC (k) denotes the non-Gaussian fluctuation of the gravitational potential. We note
that the 1st-order source function defined in Eq. (2.78) is used. That is, the leading order
captures how the primordial non-Gaussianities evolve linearly over time after inflation. In
Chapter 4, we will see that the nonlinear source function is necessary for studying the post-

inflationary non-Gaussianities.

By decomposing the temperature anisotropies into spherical harmonics, the CMB bis-

pectrum is the ensemble average of three coefficients ay,s

mimoms __
B€11€2€23 > = (A, my Atymy Atyms) - (2.90)

21t is true at least for the leading terms of the bispectra.
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The CMB angular-averaged bispectrum By, y,¢, can then be defined as

b by 43
Bglg2g3E Z ( Bz%':£23m3, (2.91)

mpmomz \ M1 M2 M3

0 by A3
mp mp mj
conditions |¢; — {;| < ¢; < £+ for any permutations of the indices i, j,k = 1,2,3. More-

where the Wigner 3j-symbol ) guarantees the satisfaction of the triangle

over, it is convenient to use the reduced bispectrum by, ,¢,, which is related to the angular-

averaged bispectrum by

. (2€1+1)(2£2—|—1)(2€3—|—1) by by U3
Bflfzf'j - \/ 4T 0 0 0 bflfzfj;' (292)
Using Eq. (C.24), we have the relation

BZIZ’;%”” = ngg;’lgém3bglgzgs, (2.93)

where the Gaunt integral is defined in Eq. (C.14).

By expressing the coefficients using Eq. (2.84), the CMB bispectrum can be written as

(@(k1)P(k2)P(k3)), (2.94)

3
Ny < (R
B [H<—z>f’\/ 2 [, ) 20
i=1

where (®(k;)P(ky)P(ks)) is the P(k)-field bispectrum. For our interest, it is enough to
define the ®(k)-field bispectrum in form of

(D(k;)D(ky)D(k3)) = (27) /28 (k| + ko +K3)B(k1, k2, k3), (2.95)
where the Dirac delta function 8* ensures the conservation of momentum and B(kq, ks, k3)
specifies the shape of the bispectrum.

Since the source function S7 is independent on the direction of k (i.e. St = S7(n,k)),

we can simplify the bispectrum further by using Eq. (2.80), Eq. (C.11) and

/ PxeCiketks)x — 21383 (k) +k; +k3). (2.96)
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In particular, the reduced bispectrum can be simplified as

8 . ) .
be,ty0, = P / r2dr (kikoks)? dkydkadks jip, (ki) jie, (kor) jiey (Kar)
Ag, (k1) Doy (ko) Dy (k3)Blk ko k). (2.97)

In Chapter 4, we will see that the 2nd-order source function S[TH] has more dependences other

than 1 and k. Hence, the corresponding reduced bispectrum becomes more complicated.

We separate the temperature anisotropies into the Gaussian (G) and non-Gaussian (NG)

parts, i.e.
G NG
aum = Ay, +ap,’, (2.98)
where aynf’ can come from primordial non-Gaussianities or post-inflationary nonlinear evo-

lution. Since the Gaussian signals do not contribute to the bispectrum, the leading-order
CMB bispectrum is

mymoyms __ s G G NG
By i = (g m, AoymyQeymy) 2 perm. (2.99)

In the standard model, the primordial fluctuations were originated from the Bunch-
Davies vacuum state and are thus Gaussian. It can be shown that significant non-Gaussianities
would not be produced from the single-field slow-roll inflation [72]. However, the question
of having primordial non-Gaussianities is still open and has long been studied. Numerous
mechanisms have been proposed to generate measurable non-Gaussianities [10]. The de-
tection of these non-Gaussianities will facilitate our understanding of the very early uni-
verse and even the fundamental physics taken place in that era. The CMB bispectrum
is of importance to probe the primordial non-Gaussianities from inflation. In particular,
non-Gaussianities generated from different mechanisms have distinguishable features in the
CMB bispectrum which can be classified into different types. Here, we review some of the

most popular types of bispectrum templates — local, equilateral and orthogonal type.
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Local-type Bispectrum

The primordial non-Gaussianity of the local type is a correction to the primordial Gaussian
Newtonian potential g (x) expressed in real space as

D(x) = Bg(x) + A [PG(x) — (PE(x))] (2.100)

where fll\?f is the nonlinear coupling constant of the local type and the ensemble average

(@g(x)) =0.

In Fourier space, we decompose ®(k) = &g (k) + Png(k) with the non-Gaussian part

_ loc d’q . 3/2 53 2
Do) = A | [ GrPallcra)sta) - 2n) 80050 . @100

where the superscript * denotes the complex conjugate and 83 (k) is the Dirac delta function
23

in three dimension®-.
If the Newtonian potential is purely Gaussian with mean zero, the ®(k)-field bispectrum
will simply vanish. However, due to the non-Gaussian part in Eq. (2.101), the bispectrum is

non-vanishing and the leading components are**

(DG (k| ) DG (ka)Png(K3)) +2 perm. = (27) /283 (k; + ko +k3)B(k1, kr, k3), (2.102)
where

B(ky,kp,k3) = ZfIl\?If [Pp(k1)Po(kz) + Po(kz)Po(k3) + Po (k) Po(k3)] . (2.103)

The bispectrum of the local type peaks at the squeezed-limit triangle for which one of
the three modes k;s in Fourier space is much smaller than the other two. Significant local-
type bispectrum can be generated by multifield inflationary models [60], inhomogeneous
reheating scenario [34] and etc. However, single-field inflationary models do not produce
any measurable non-Gaussianity of the local type. For example, £i5¢ = (5/12)(1 —n,) < 1
for the single-field slow-roll inflation [72]. A convincing detection of fﬁf’f from inflation

will thus rule out the single-field inflationary models, regardless of their dynamics [30].

23We make use of the fact that ®(x) is a real quantity so that ®* (k) = ®(—Kk).
24Because of the second term in Eq. (2.101), Eq. (2.102) is only valid for k; # 0.



30 Cosmological Perturbations and CMB Spectra

The constraint on the local type from Planck 2013 [6] is
o —2745.8, (2.104)

at 68% confidence level (CL).

Equilateral-type Bispectrum

Similar to the local type, the equilateral type is specified by Eq. (2.102) with

B(ky, ka, k3) = 65 {— [P (ki )P (k2) + 2 perm.] — 2 [Pa (k1 ) Po (k) P (k3 )|/

+ [P¢(k1)l/3P¢(k2)2/ 3Pp(ks) + 5 perm.} } . (2.105)

Inflationary models, such as the Dirac-Born-Infeld (DBI) inflation, can generate significant
non-Gaussianity of this type [97]. The constraint on the equilateral type from Planck 2013
[6] is

N = 42475, (2.106)

at 68% CL.

Orthogonal-type Bispectrum

The ®(k)-field bispectrum for the orthogonal type is specified by

B(ky,k»,k3) = 63 {—3 [Po (k1) Po(ka) + 2 perm.] — 8 [Po (k1 ) P (ko) P (k3)] >/

+3 [Pcp(kl)l/ 3Pp (ko) Py (ks) + 5 perm.} } . (2.107)

Significant non-Gaussianity of the orthogonal type can be produced by single-field infla-
tionary models [25]. The constraint on the orthogonal type from Planck 2013 [6] is

oth — _ 25439, (2.108)

at 68% CL.



Chapter 3

Cosmological Perturbations in Second
Order

The perturbation theory is essential for studying Cosmology. For example, linear pertur-
bations have been studied in depth for understanding the linear evolution of cosmological
perturbations and their imprint on the observations. With improving precisions of measure-
ments, higher-order perturbations from different mechanisms become important and can

play a crucial role in Cosmology.

Nonlinear evolution can occur during and after inflation. Usually, non-Gaussianities are
produced and can be probed by 3-point correlations of various observations, e.g. cosmic
microwave background (CMB) and large-scale surveys. Although the single-field slow-
roll inflation in standard Cosmology is known to have negligible non-Gaussianities [72],
alternative inflationary models can generate detectable non-Gaussianities as clues about the
underlying theory of inflation!. Nevertheless, whether these primordial non-Gaussianities
exist or not has to be verified by observations. In contrast, post-inflationary era guarantees
the existence of nonlinear evolution through some well-known processes. In particular, the
nonlinearity of General Relativity (GR) promotes the growth of nonlinear perturbations and

is responsible for the formation of complex structures at late time.

Nonlinear perturbations can have profound impacts on the CMB statistics, especially
bispectra and trispectra. They can contain fruitful information about the universe and thus
deserve a thorough study. In this chapter, we establish all the governing equations necessary

for solving the cosmological perturbations up to 2nd order, including the Boltzmann equa-

ISee [24] for a review.
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tion (BE) and the Einstein field equations (EFEs). Fig. 3.1 outlines the relations between
different perturbations and their corresponding evolution equations. As the leading non-
linear order, 2nd-order perturbations are enough for understanding the nonlinear evolution
around recombination when the perturbations in cosmological scales are still tiny compared
to the background quantities and higher-order perturbations are highly suppressed. We will
find that the derivation here is indispensable when we calculate the CMB bispectrum gen-
erated at recombination in the next chapter. In principle, the canonical perturbation theory
breaks down at low redshifts. Thus, other approaches, such as N-body simulation and ef-

fective field theory [14], are adopted when we study the late-time large-scale evolution.

Cold dark

matter Baryons

(CDM) Ob, Vb
6Ca Uc (Vva”v - Q:{;L)
VT =0)

Photons
Cosmological Lt om

Neutrinos

In,fm
(Collisionless
BE)

Constant (BE)
A

Figure 3.1 The diagrammatic outline of relations between different perturbations. The corre-
sponding evolution equations are shown in the brackets. The waved lines denotes couplings
through GR while the two headed arrow denotes the Compton scattering. We remark that
the Ist-order perturbed optical depth (87) is needed for the 2nd-order Compton scattering.

This chapter is organized as follows. In Section 3.1, we extend the discussion about
the coordinate system (see also Section 2.1.1) and fix the 2nd-order gauge choice to the
Newtonian gauge. We then derive the EFEs, continuity equation and Euler equation in
2nd order. In Section 3.2, we derive the hierarchy of the 2nd-order Boltzmann equation,

including the Liouville and collision parts. We also formulate the evolution equation of the
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1st-order optical depth which is essential for the 2nd-order Compton scattering. Finally, we
present the numerical calculation of the 2nd-order perturbations in Section 3.3. In particular,
we set the initial conditions, apply the tight-coupling approximation (TCA) and validate the

numerical results with the constraint equations.

3.1 Second-order Einstein Field Equations

Deriving the 2nd-order EFEs is rather straightforward but messy. For simplicity, we will
first fix the gauge choice. Throughout this chapter, we use Newtonian gauge in both 1st and
2nd order?. Then, we expand the Einstein tensor and stress-energy tensor up to 2nd order
based on the equations in Section 2.3.1. The derivation is similar to what we have done in
Section 2.5.1 for the 1st-order EFEs. However, there is a subtlety worth being emphasized.
That is, the scalar-vector-tensor decomposition does not hold in 2nd order. For example,
Ist-order scalar perturbations can induce 2nd-order vector and tensor perturbations. This is
because of the existing cross terms of two 1st-order perturbations in the 2nd-order EFEs.

3.1.1 Gauge Choices
We begin with the metric in Eq. (2.1) and expand it up to 2nd order, i.e.
ds? =a*(n) {—(1+2®@)dn? +2Z,dx dn + [(1 - 2¥) &y + 244, ) d'dx ), (3.1)
where perturbations ®, ¥, % and .77, can be expanded in form of
A(n.«) =A“](n,x’)+%A[H](n,x’>- (3.2)

With the decompositions of % and .7¢7; in Eq. (2.2), we fix the gauge freedom to Newtonian
gauge up to 2nd order so that

E=B=&=0. (3.3)

Different gauge choices are physically equivalent. We choose Newtonian gauge up to 2nd
order mainly because this allows us to cross-check the derivation of 2nd-order evolution

equations directly with other work in literature [52, 82, 87] which used Newtonian gauge

21t is possible to choose different gauges in different orders. See Section 2.1.1 for more discussions.
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as well. However, different gauge choices might be different when we solve the evolution
equations numerically. It turns out that the 2nd-order EFEs in Newtonian gauge are numer-
ically unstable but the instability can be tackled by some tricks (see Section 3.3.3 for more
details).

Moreover, we assume no 1st-order vector and tensor perturbations, i.e. B}H = 7_41]] =

0. Any initial vector modes will decay due to the expansion of our universe unless there
exist supports in the matters, such as cosmological defects [104], to continuously source
the vector modes. Hence, vector perturbations are usually negligible. Recently, BICEP
team detects B-mode polarization[2] which may originate from the primordial gravitational
waves. If it is confirmed, the 1st-order tensor perturbations should be taken into account in
our calculation. However, the 2nd-order vector and tensor perturbations are generally non-
negligible because they can be generated by the 1st-order scalar perturbations nonlinearly.

3.1.2 Multipole Decomposition of Stress-Energy Tensor

To derive the 2nd-order EFEs, we need to calculate the stress-energy tensors of different
components. For relativistic components like neutrinos and photons, we study their distri-
bution functions and corresponding multipoles through the Boltzmann equation, instead of
their stress-energy tensors through the continuity and Euler equations. That means we have
to relate the stress-energy tensor with the multipoles to elaborate the EFEs.

While the EFEs and thus the stress-energy tensors are constructed under the coordinate
system (1, x') of the background manifold, the multipoles in the Boltzmann equation are
naturally expressed under the tetrad basis (€,) defined in the tangent planes of the physi-
cal manifold. When we relate the stress-energy tensor with the corresponding multipoles,
we work on the background manifold consistently and pull the tetrad basis back onto the
background manifold. Since the pulled-back tetrad basis does not necessarily align with the
basis of the coordinate system (1], x'), we have to take into account the perturbations of the
pulled-back tetrad>. In other words, we need to establish the following relations

TAB « 1% 5 ], . (3.4)

For relativistic component with an intensity distribution Z(7,x, p°, fi), the stress-energy

3Details of the pullback are discussed in Section 2.1.2.
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tensor can be expressed as
1 . .
T, = W/dn/podeI(n,x,pO,n)p“pv. (3.5)

The normalized energy-integrated photon intensity defined in Eq. (2.14) can be expanded

into multipoles of spherical harmonics

N 1.
I(0) =Y —IpYim(B), (3.6)

Im Ny
where Ny is defined in Eq. (C.2). First of all, we relate the stress-energy tensor with its
corresponding multipoles, both in tetrad basis. By using the fact that p' = p®n’ in tetrad

basis as shown in Eq. (2.5) and the decomposition developed in Appendix C.3, we have*

T% = —T"; = —p I, 3.7)
v i i,
é(,ln)TlO = _§P L, (3.8)
[n'n’], (T — Lsirh ) = 3p b (3.9)
2\ 37 157 "

where p = I(n) is the background-order energy density of the radiation.

Now, we are ready to pull stress-energy tensors back onto the background manifold

using the transformation of tetrad basis discussed in Section 2.1.2, i.e.
Tab = TAB 56“/4 éebB, (310)

where we simply write ¢ 7" as T for the pulled-back stress-energy tensors and the perturba-

tions of ge“ 4 and 5ebB can be found in Eq. (D.2) to (D.12). In 2nd order, we obtain

Togll _ Togll = —8pM —2(p +P)vlvy, (3.11)

rtt = 0 — 2 5P, 1 2(p + P)vlv, — 4%y, (3.12)

T"EH] Ty~ (p +P)BM 12(5 + P)(@ + ¥)v!
— (p+P)(2"oM oM 4 M _ oy Yy _2(5p + 5P)v ! — 21 0
—(p+P)™M _2(5p+6P)v! — 21! 07, (3.13)

“In tetrad basis, the upper and lower indices for spatial components are related trivially by &; ; and 84,
Thus, we treat them as the same set of indices.
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where the fluid quantities defined in Eq. (2.26) are expanded up to 2nd order. i.e.

p=ﬁ+8p[”+%5p“”, (3.14)
P :75+57>[”+%67>““, (3.15)
s =a 30A+u£f]+%u““, (3.16)
Tap = Typ + %”/[41113]7 G-17)

with the overhead bar denoting the background quantities and the superscript O denoting
the index corresponding to the conformal time 1.

3.1.3 Einstein Field Equations

With the metric defined and the gauge fixed, the 2nd-order Einstein tensor can be calculated
straightforwardly by expanding Eq. (2.23). For the stress-energy tensor, we define the sound
speed c; of a fluid as

sp]

2 _

;= ——, 3.18
VI®s =75 p] (3.18)
where [N] indicates the perturbation order. The reference frame is chosen so that the ob-
server’s velocity is orthonormal to the hypersurfaces of constant time (see Appendix D.1 for
the explicit definition of the reference frame). Using the conditions in Eq. (2.27), we find

that, for all components,5

1

yom _ o (_q)[II] +30P + 8,1)&’1)), (3.19)
a

gOOM g glOMW _pplig .y, glll_ g (3.20)

where the scalar mode v is defined in Eq. (2.28).

By substituting all these perturbations into Eq. (2.22), we can obtain the 2nd-order

EFEs. Before doing so, we can expect that the 2nd-order EFEs must be in form of

7x[x"™, X] = ex[xW, X1, (3.21)

SHenceforth, we omit the superscripts [I] denoting the 1st-order perturbations whenever it is clear in the
context.
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where 2 is a linear differential operator on any 2nd-order perturbations X!l and the op-
erator ¢ contains only terms with products of two 1st-order perturbations. Clearly, these
are the only two ways to obtain terms in 2nd order. In particular, the linear operator & has
exactly the same form as the corresponding equations in 1st order. Mathematically, we can
consider the 2nd-order equations as differential equations sourced by the cross terms in the

operator ¢ (or the inhomogeneous part).

Moreover, it is more convenient to express the perturbations in Fourier space by the

transformation

.
Xm("”‘):/ e XM, k). (3.22)

In particular, we define the kernel X!!!l(n, k;, k) of any 2nd-order perturbations as

d’*k;d*k,

xM(n,k) = /Wé(k_kl — ko)X (1, k1, k), (3.23)
and the convolution operator .7 as
d’k;d’k
T K.} = / 13/225k ki —ks).... (3.24)

Scalar Modes

There are four EFEs for the 2nd-order scalar perturbations:®

Time-time: G
2

. K
3H\y+k2\p+37{2q>+7“( Y oxdc+ Y Pxxoo) = Ty (k) {1 (0,1, ko),
X=b,c X=n,r

(3.25)

Trace space-space: G';

. . . . 1
P4 2HY +HD+ (H2+2H) D+ §k2(\y—c1>)

Ka?

5= Y mexPxlx o0 = T oK) {G(n. ki k), (3.26)

X=nr

®For simplicity, we omit the label [II] for the 2nd-order quantities.
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Traceless space-space: (3&‘28J81 — A_15]1) (3G1J - &l GKK)

2
K _ A
Y- 5—22 Y Pxlx20 = Tk ko (k) {€3(n, k1, k) } (3.27)

X=nr
Time-space: N~'9'G9;

. Ka? _ Ka? A
YrHP+—- Y pAx(1+ox)v ~ Y. pxlx 10 = Tk ko (k) {%a(n . ki, ko) }
X=b,c X=nr

(3.28)

where A = 979;, the dots over symbols denote derivatives with respect to the conformal
time 1, § = 8p/p and the subscripts b, ¢, n and r represent baryons, CDM, neutrinos and
photons respectively. Two of the four EFEs are redundant and can be used for consistency
checks. We will discuss this further in Section 3.3.3. %;s for i = 1 to 4 contain only cross

terms of two 1st-order perturbations and are defined as’

€ =— [4(kf +K3) + 3K ko] W1 W + 12H2D Dy + 12H(D) — ¥))P2

+ 3‘1’1‘1’2 + K'azkl-kz Z ﬁx(l + wx)UXJDX,z, (3.29)
X=b,c

4 ) .
6 =— g(k%-l—k%)-l—kl-kz} W, 4 (47—[2+8H—§k1-k2) oD, — V¥,

.. . . . 4
+2&, W, + 8HD by + (87—1,‘1’1 F4P — §k%cpl) () — W)

2 Ka? -
— 3k k@ P - ——kiky Y px(1+0x)vx 10k, (3.30)

3 X=Db,c
(53 =— 4‘{]111’2 — Zq)lq)z

1
-3 [kl-kz(cpl + W) (D + W) + 2k3F Py

+ka’k; ky Y ﬁx(1+wx)vx711)x72]
X=Db,c

3
+ =

2 (k-kp) (k- ko) (P + ) (P24 W) 4 2(k- ko )2 ¥ Py

-l-K'aZ(lA{.kl)(lA{-kz) Z ﬁX(l-l-(L)X)DXJUXQ], 3.3
X=b,c

7 Again, we remove the superscript [1] from the Ist-order perturbations, e.g. ®U is replaced by simply ®.
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k-k; k-k
Ch = 4HD @y — AW Wy 127 W1 By + 4
k-k _
+ k_22 Ka’ Y px [(1+ox) (@ +%)— (1 +[1]C?,x) 8x,1] Vx 2
X=b,c
i
3k Y px (@1 +¥1)ix,10(k2), (3.32)
X=n,r

where k = k/k and the subscripts 1 and 2 on the 1st-order quantities indicate the k;- and
k;-dependence, e.g. @ = ®(k;). In Eq. (3.32), we make use of the 1st-order relation that

i (K') = 3(1 + @)k, v(K), (3.33)
with kéo) — —k K. Throughout the thesis, we align z-axis with the direction of —k whenever
the decomposition of spherical harmonics is performed, i.e. k1) =0 and ko) = —k. To

derive Eq. (3.27), it is useful to know that the inverse

(30'9,— A8')) " = %Azafa, = éAlsf,, (3.34)

which corresponds to, in Fourier space,

(=3klky+ k281 ;)7 = 2]1€4k]k1+ @5’ (3.35)

Alternatively, the time-space EFE in Eq. (3.28) can be obtained by A~'9;G/) such that

2

. Ka
P+HO+— ) PX(1+COX)UX—— Y. Pxixi0= Gk x (k) {€i(n.k k) },
X=b,c X n,r
(3.36)
where
,  kk . . .
%4 = k2 47—[(@1 ‘PI)CI>2+2‘P1<I)2—4‘I’1‘P2—8‘I’1‘P2
k‘k2 _ 2
_ 7 K‘a Z Ox [(1 + wx) ((1)1 -l-‘Pl) + (1 + [I]CS,X> 5)(71} Vx 2
X=b,c
Z px (P1 +¥1)lx 10(ka). (3.37)
3k X=n,r

It can be shown that Eq. (3.32) and Eq. (3.37) are equivalent. Throughout this thesis, we
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assume that ¢2 = 0 and 748 = 0 for baryons® and CDM, which are valid for the cosmological

scales we work on. Furthermore, we assume that ¢Z = 1/3 for neutrinos and photons.

Vector Modes

There are two sets of EFEs for the two divergenceless vector perturbations in 2nd order:

Time-space:

ST < Ka? _ N
He—H+ — B(i1)+_X_Zb PX(1+COX)UX,(i1)

2
K _ A
+ g Z pXIleil = ‘?kl,kz(k) {Cg(l,:tl)(nukth)}a (3.38)
X=nr

Space-space:

k 2Ka
\/g(B(j:I)"f’zHB il) Z xlx 241 = T, ko (K) { G011 (0, K1,K2) |, (3.39)
=n,r

where il’;’(il) =By = Bléz‘il), D) = V() = vléz‘rln) form = —1,0, land
G121y = ki (1) [ @122 — 4HY,) — 4¥ W, |

— ki (41) {Ka2 Y pxvx [(1+ox) (P2+W2) + (1 +mcrx) Sx 2] }
X=b,c

Ka? A Ka? . 3
—5 Y lex,lil(kl)(q’z-F‘Pz)-FT Y, pAx(14+wx)Byy, (3.40)
X=n,r X=b,c,n,r

%(Z,j:l) =2 [klkZ]Zil (I)lq)z — 2(1)1‘{’2 + 3‘1’1‘{’2 — Z K’asz (1 + wx) UX,IDX,ZI

X=b,c
—|—4[k1k1]2i1 [(I)]sz—q)]lpz—i—ZlP]‘Pg], (3.41)
with ky (1) = Kt éz‘il ) and [K'k"],,, = [n'n/], ki K} which are decomposed based on Eq. (C.31)

and Eq. (C.34) respectively. Similar to scalar modes, one set of the EFEs for vector modes

is redundant and can be used for consistency checks.

8Because of baryon pressure, the sound speed of baryons deviates from zero but the correction should be
tiny. See Section 5.6 of [71] for more details.
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Tensor Modes

There is only one set of EFEs for the two tensor perturbations in 2nd order:

Space-space:

.. . 2Kka?
H(iz) + 2HH(¢2) +k2H(i2) BT

Y, Pxix2+2 = Tk ko (K) {Ga12)(0,k1,K2) },

X=n,r

(3.42)

where H 49y = [ninj} H;y and

242

%(2712) =2 [klkZ]ziz DD, — 2CI)1\P2 + 3‘1’1‘{’2 — Z K'azﬁx (1 + G)X) Ux,1Vx 2
X=b,c

—|—4[k1k1]2i2 [@1@2—@1‘1’24—2‘1’1\{‘2] . (343)

For tensor modes, there is no redundant equation for consistency checks.

The EFEs derived above are used to determine the evolutions of the 2nd-order metric
perturbations (see the rectangular block in Fig. 3.1). In the next subsection, we derive the
continuity and Euler equations governing the energy density (J) and velocity (v) of non-
relativistic fluids, e.g. baryons and CDM. In contrast, multipole moments are required to
completely describe the relativistic fluids, e.g. neutrinos and photons. We will study them

comprehensively in Section 3.2 when we formulate the Boltzmann equation.

3.1.4 Continuity and Euler Equations

Baryons and CDM are non-relativistic and have only the first two moments, i.e. the en-
ergy density and velocity. The corresponding evolution equations can be derived from the

conservation of stress—energy
VWY =Ty | +To I + T, T = ¢, (3.44)

where X =b and c stand for baryons and CDM respectively, V denotes the covariant deriva-
tive and € is the collision term. Since CDM is collisionless (i.e. €& = 0), its energy and
momentum are conserved. In contrast, baryons couple with photons through the Compton

scattering so we expect exchanges of energy and momentum between baryons and photons.

Working under the coordinate system (refer to Eq. (2.1)) of the background manifold,
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we can derive the continuity equation for the 2nd-order energy density from the time com-
ponent of Eq. (3.44)°

€8 = 2yl _ i

+ ,71(171(2 (k){ — 6(2‘P1 + 6X71)1P2 — 2(k~k2)5x71 Ux2— 2k%(q)1 —i—lP])'Ux’z

—|—2k1'k2(2q’1 — 2P, —/HDXJ —21'))(71)1))(72}, (3.45)

where the collision term Q:f( vanishes for CDM and is expressed as in Eq. (3.91) for baryons.

Similarly, we obtain the Euler equations for the 2nd-order scalar and vector velocities

(11] ) 10

(i.e. v and Vs

respectively) from the spatial components of Eq. (3.44

€Y = ko' + Hkoy "+ kel (3.46)

+2% x, (k){f('kz [(8x,1 — D1 +W1)Ux 2+ 8x,1 D2+ 2(¥) — 1) D2

— (ki-ko)Ux,1Ux 2 + H(8x,1 — @1 +P1)vx 2 — Pivx ] },

_ &[] ~ [11]
€Y a1y = Oy (x1) THOy () (3.47)

+2%, x, (K) {kz,(il) [(8x,1 — @1 +P1)Vx 2+ 8x,1 P2+ 2(¥1 — D) D>
— (ki ko) vx,1Ux 2+ H(8x,1 — 1+ P1)vx o — Pivx o] },

where the collision term Q:}é vanishes for CDM and is shown as in Eq. (3.92) and Eq. (3.93)
for baryons. The discussion about the collision part of baryons will be postponed to Sec-
tion 3.2.3 after we study the Compton scattering through the Boltzmann equation in Sec-
tion 3.2.2. In the next section, we will develop the evolution equations for the multipoles of

neutrinos and photons using the Boltzmann equation.

3.2 Second-order Boltzmann Equation

Similar to the case in 1st order, the 2nd-order Boltzmann equation is needed for two main

purposes. First, we derive the governing equations of the 2nd-order multipoles from the

9Without confusion, we omit the notations for the Ist-order perturbations.
10For scalar mode, we elaborate A~19; (VAT}{A) under the coordinate system in Eq. (2.1).
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Boltzmann equation and use these equations to solve the evolution of the multipoles of neu-
trinos and photons'!. Second, we construct the evolution equation of the photon intensity
matrix from the Boltzmann equation and perform the line-of-sight approach to calculate the
2nd-order CMB anisotropies during recombination. We will focus on the former in this
section and discuss the latter in Section 4.2. To begin, we classify terms in the 2nd-order

Boltzmann equation into four categories
gllll | qllll _ @lil] 4 (LI (3.48)

where £ is the Liouville operator, € is the collision operator, the superscripts [II] and [LI]
denote linear terms of purely 2nd-order perturbations and quadratic terms of two 1st-order
perturbations respectively. The Liouville operator conserves the phase-space distribution
function along the trajectories if there are no collisions while the collision operator specifies

how photons and electrons interact through the Compton scattering.

There are some subtleties when we study the 2nd-order Boltzmann equation. The
quadratic terms in Eq. (3.48) contain couplings between two multipoles. The Wigner 3-]
symbols or Clebsch—Gordan coefficients are thus required when we decompose multipoles
of spherical harmonics in the Boltzmann equation'?. Moreover, when we solve the multi-
poles and perform the line-of-sight integration in Boltzmann equation, we choose the con-
formal time 7 as the unit of time. Thus, it is more convenient to redefine the Liouville and

collision operator such that

£— (d_n) £, < — (d_n) ¢. (3.49)
ds ds

This transformation is equivalent to the transformation with simply the background-order
(dn /ds)1. When we consider Nth-order Boltzmann equation, (dn/ds)!! will multiply
with (N — L)th-order Boltzmann equation, which vanishes[83] due to the lower-order Boltz-
mann equation. From now on, we will adopt this transformation in the derivation of the 2nd-
order Boltzmann equation. Throughout this section, we will derive the Boltzmann equation

in the tetrad basis.

"For neutrinos, the Boltzmann equation is collisionless and we are interested in its intensity only.
12Some useful formulae for the multipole decomposition can be found in Appendix C.
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3.2.1 Liouville Operator

The Liouville (free-streaming) operator acting on the intensity matrix &2, can be expressed

asl3

0 i
dx? dp’ o dn' o «@cd), (3.50)

(P =SS | —=VaPoat+ —— 5 Pea+ =
[Pab] = Sa“Sp (dn A cd+dn 20 °d+dn8nl
where the covariant derivative V4 can be elaborated by using Eq. (2.35) and S, is the screen
projector defined in Eq. (2.6). In Tetrad basis, the screen projector contains no perturbations

and is written as
Sab = Nap + %48 — nany, (3.51)
where the Minkowski metric 1,5, = diag(—1,1,1,1), n9 = 0 and n;n’ = 1.

Before we continue the derivation, we want to emphasize one thing. When we perform
the perturbation expansion, we decompose the photon momentum p into p® and n’ under the
tetrad basis as the momentum lives on the tangent plane. Similarly, the screen projector is
represented in tetrad basis, i.e. SV instead of S/. In contrast, we express everything else in
the coordinate system {x*} of the background manifold, such as metric perturbations (3;,
Hyy, ...) and the spatial derivatives (d/ dx"). We do so because of the following reason:
The photon momentum p at a point of the physical manifold is measured as the quanti-
ties p¥ and n’ under a chosen basis (tetrad basis in our case) of the tangent plane. These
quantities are unperturbed. On the other hand, the metric perturbations are expanded on
the background manifold. We perform all the calculations consistently on the background
manifold and thus we need to pull back the tetrad fields €, onto the background manifold
as shown in Eq. (2.7). Due to the existing perturbations, we do not expect the pulled-back
tetrads £&, to be perfectly aligned with the natural background basis €4 (see Fig. 2.1 for an
illustration). Therefore, géaA, which are the coefficients of the pulled-back tetrads under
the natural background basis &, are perturbative. After the perturbation expansion, implicit

summations S¥9; and n'd; stand for ge jJ S79; and ééil n'd; with the alignment g€ = €,.

To expand the 2nd-order Liouville terms, we need to solve the geodesic equation Eq. (2.37)

up to 2nd-order and obtain the following useful terms'*

3Note that we multiply the Boltzmann equation with the Jacobian ds/dn.
14We ignore both vector and tensor perturbations in 1st order.
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Background order:

(%’) " " (3.52)
3_’;) " 0. (3.53)
(d_l::) ' =-Hp’, (3.54)

Ist order:
<%n > v i (qJ[I] _|_q)[1]) | (3.55)

dni\ 1V N

(ﬁ) —siia (w1 4 alt). (3.56)
(d—I;O> 1] _ 0 (q;[l] _nial(p[I]) 7 (3.57)

2nd order:

d o\ 1] ) ‘ ' o
(L) =p’ [‘P[H] —n'op@l + (81391] — ’HPJH> n'n/

+2 (cpm . ‘Pm) il + 4\1'[11\11[1@ . (3.58)

Using Eq. (2.36), we can separate Liouville parts of photon intensity and polarizations

and expand them in 2nd order such that

o7 <dx’>[O] o7 N (dpo)[o] 971 . (dpo)[ll] o7

on dn ox! dn dp0 dn ) 9pd
de (1] Byall dx! (1] YAl dn' (1] o7l
(@) Ge2(a) See(a) G 55
[0] I [0] I
(Vi Pap) + de (973ng+ 4p"\ 0P
n’ab dn ox! dn ap

40N\ [ g pll a\ 1 gl dni\ M 9Pl
(o) o a) T () G oo

where 7 = Z(n, po) and P,;, = 0 are homogeneous and isotropic. The covariant derivative

of polarizations in the first term of Eq. (3.60) can be expanded using Eq. (2.35). We do
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not consider the terms with the Christoffel symbols in this thesis. However, they should
be taken into account in the future. We can interpret physically the terms in Eq. (3.59) as
follows. The first two terms in the first line corresponds to the 2nd-order photon intensity
propagating through the spacetime on the background metric. The third term is responsible
to the redshifting due to the Hubble expansion while the forth term is responsible to the
redshifting (nonlinear Sachs-Wolfe and integrated Sachs-Wolfe effects) due to the 2nd-order
metric perturbations on the background-order photon intensity. Similarly, the first term in
the second line is the redshifting (Sachs-Wolfe and integrated Sachs-Wolfe effects) of the
1st-order metric perturbations on the 1st-order photon intensity. The second term generates
to time delay effect while the third one generates lensing effect. Similar interpretation works
for polarization in Eq. (3.60). We will discuss these effects, especially the lensing effect, in
greater details in Chapter 5.

By using the decomposition of spherical harmonics in Appendix C.3 and the coefficients
in Appendix D, we can derive the 2nd-order Liouville operators of different multipoles as

follows:

Pure Second-order Liouville Operator £

The pure 2nd-order Liouville operators have exactly the same form as the Ist-order ones
without neglecting the 1st-order vector and tensor perturbations

NI = Tom Ak (Uspfe 1 m — 0DYud—1.m) — 48080 — 48] SOk D

Ak " o . h .
+ %662 (8,8(1)+ 8, ' B_1)) +487 (8;H (2)+ 8, "M () , (3.61)
SME) = g+ k QU Erc1m— 2D Er 1 m— 2T Bim) (3.62)
CMB) = Bk (UYL Bt m— 20 B 1 m 2T Em) (3.63)

where the coefficients Dy, , 7, and (U, are defined in Appendix C.3.

Quadratic Second-order Liouville Operator £ (k)

We define the kernel operator £I°0(ky,ky) as

SMR)(K) = R, () { €0 1 K ) (3.64
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where X stands for [, £ and B. The quadratic 2nd-order Liouville operators for photon

intensity and polarizations are

1
S =8 Y ko) (Uil 1 mn — 0Dl 01 mn) B2

n=—1

-8 [fl P2+ 28DV 1 + 8 ky () @1 (P2 — F2)] + [Tl?m[ﬂ + S[LI o1, (3.65)

R =8 Z ko () (2UpEr 41 m—n — 2Dt 0= 1 m—n) P2
n=—1
—SEI,em‘Pz%%iLJ |+ 0 mlE], (3.66)
1
SOVBI =8 Y ko) 2 TiErem—n®2+ S50 [B] + £ 18], (3.67)
n=—1
where
LI ! N .
2'[F é]m[j] =—2 Z kl,(n) (Ouglmll,f—i—lm—n - OD?mII,Z—Lm—n) (@2 +lP2), (3.68)
n=-—1

|
’SE;]m =2 ko [oUe(C+2)]1 o1 m—n+ 0D (€ — D gt nn] (P24 ¥2),

n=—1

(3.69)

£[TI N IE)=-2 Z k() Ut o1 m—n = 2Dt =1 m—n) (P2 + W), (3.70)

n=—1

1
LB =2 Y ko oy Uy (0+2)Er g1 mn + 2Dy (L= DE 4—1 ] (@2 +F2),

n=-—1
(3.71)
1
Bl =2 Y ki) 2 TiEr tmn(®2+P2), (3.72)
n=—1
Sl mlB] =—2 Zlkz ) 2 TimEr (P2 4+ ¥2), (3.73)

with & (,) = kfet! () k2, (n ) = kééz‘l) and the subscript 1 on /, E and B denoting the k-
dependence, e.g. I Im = Tom (k1). Since we align the azimuthal direction of the multipoles
with the direction of -k, we need to rotate multipoles of any 1st-order quantity X corre-

spondingly such that

X (k' in

(&) =) 5 Vi (KXo (K) (3.74)
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where k' stands for k; or ky and X é[(l)] (k') is calculated with the azimuthal direction aligning
with the direction of -k’!°.

3.2.2 Collision Operator

To complete the derivation of the 2nd-order Boltzmann equation, we need to study the

Compton scattering between baryons and photons

Y(p) +e(q) <— ¥(p') +e(q), (3.75)

where a photon with momentum p scatters with an electron with momentum q and the
outcome is a photon with momentum p’ and an electron with momentum q’. We note that
photons interact with protons as well through Compton scattering. However, the mass ratio
of electron to proton (i.e. m,/m, ~ 10~3) suppresses this type of scattering. Therefore,
we can safely ignore protons in the collision operator. Furthermore, the strong Coulomb
interaction between electrons and protons allows us to treat them as a single fluid. We will
only list out the 2nd-order collision terms in the following and refer to [15, 83] for detailed

derivations and discussions.

Pure Second-Order Collision Operator ¢!l

Again, the pure 2nd-order collision terms have the same forms as the corresponding colli-

sion terms in 1st-order

A = £ (—ym + 8280000 + 4 By, () + 5711, (3.76)

ellig) = £ (—Egm — /687 Hm> , (3.77)

¢l [B] = — By, (3.78)
where 7(1) is the differential optical depth in the background order, 0y = vf e‘% ) and

= (12m NG E2m>. (3.79)

15 As mentioned in Section 2.5.2, only m = 0 multipoles of 1st-order quantities are needed.
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Quadratic Second-order Collision Operator ¢! (k)

We define the kernel operator ¢!M(k; k) as
EMIIR)K) = T, g, (6) (IR Ko} 350

where X stands for /, £ and B. The quadratic 2nd-order collision operators for photon

intensity and polarizations become

I
e =21 [ Y. (—olhiudr i1 m—n+ Db Tt 11 men) k2, (n) V.2

n=—1

4 = g

n=—1

I
+38) Y 0DVd10mn ko () Vb2
n=—1

1
1.
+87 Z 0D, (—511.,1,;"” +7k1,(mn)vb,l> k2 (1) Vb2

n=-—1

1
+5553 Z nglmHLm_n k27(n)‘l)b72]

n=—1

+2(8t +P1) o pmll], (3.81)

1
CIE] =21 [ Y, (—UpEr it m—n+2DhEr 01 m—n) ko, (n) Vb2
n=—1

1

1.

+V657 Y oD5,, (511,1,m—n —kl,(m—n)”b,1> k2,(n) Vb2
n=—1

1
—5v65; Y 2 D51 nn k2,(n)vb,2]

n=—1
+2(8% +P1) € m[E], (3.82)
1
Q:EIm’I] [B] = 2f [ Z 27—51,"" (El!,m—n - 2\/65£2H1,m7n> k2,(n) Ubg] 5 (383)
n=—1

where 87 is the fraction of the 1st-order differential optical depth defined in Eq. (3.95).
It is worth pointing out that there are energy exchanges (the terms in the second line of
Eq. (3.81)) between electrons and photons in 2nd order, i.e. the Compton scattering is in-

elastic in 2nd order.
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3.2.3 Collision Terms for Baryons

Here, we formulate the collision terms for baryons as shown in Eq. (3.45) to (3.47). Al-
though there can be exchanges of energy and momentum between baryons and photons
due to the Compton scattering, the stress-energy of baryons and photons as a whole has to

conserve, 1.e.
VY + VT =0, (3.84)

where the subscripts b and r denote baryons and photons respectively. Since the continuity
and Euler equations of baryons are derived under the coordinate system (1, x!), the follow-

ing transformations are useful

a (VA1) W (9,70 i (v, 7e0) (3.85)

a(Va TAI)[H] (Vo)™ 29l (v, ey (3.86)

In tetrad basis, the covariant derivative of the stress-energy tensor of photons is related to
the collision term [93] by16

1
VI = ®

A / pPdp°pPpieCe(T], (3.87)

where Z = Z(n,x, p°,fi) is the intensity distribution and e, is defined in Section 2.1.2. In

second order, it can be shown that

~elhy (Var) "M = (6““ 1]+ €] —2<I>[”¢EI,L[H) , (3.89)
where
1
= a7 [ €@ . (3.90)

16We have used the redefinition in Eq. (3.49) so that our €[Z] is equal to p°C][f] in [93].



3.2 Second-order Boltzmann Equation 51

With the equations above, we can find that the collision terms are

1

= _1 n"

& E—ZRT%I,kZ(k){ Y ( 4> 11,1nk2,(n)vb,2—(k1~k2)vb,1vb,z}, (3.91)
n=—1

v (f0 _ o 2 b

AL 1
—11,000p2,(0) "‘ Z Oumllz —n0p2,(n )} (3.92)

n——l

oY = pi i 511 RETE 50 g (2 s
b.om) =R 57— Dy | +2RT Tk ko (K) (871 +F1) { == = Doz (m)

— 100002, (m + Z U1 2.m-n D2, (n )} (3.93)

n*—l
where m = -1, the density ratio R = (4/3)p:/py, U, [H 0) = = —kvy and Ty, 5 (o) = k- kyUp .

The formalism of the Boltzmann equation is almost finished. In the next subsection, we

will discuss the evolution equation of the 1st-order optical depth to complete the derivation.

3.2.4 Perturbed Optical Depth

In order to elaborate the 2nd-order Compton scattering, we need to know the evolution
of the optical depth up to 1st order as discussed in Section 3.2.2. Here, we will outline
the formalism of the evolution equation of the 1st-order optical depth!”. For what we are
interested in, the perturbed optical depth is crucial for studying recombination era of the

CMB. However, it can also be used to study the 21cm absorption[68].

To start with, we expand the differential optical depth up to 1st order
= t(1+8¢M). (3.94)

With the definition of differential optical depth in Eq. (2.57), its 1st-order perturbation can
be written as

iy x[] '
St ==+ == =gl + 8xlll, (3.95)

7 xe

17See [65, 76, 93] for more details.
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where &xl = ! /Xe and the second equality holds due to the tight coupling between elec-

trons and baryons through Coulomb scattering. That means, we need to solve the fraction
of free electrons in Ist order. In principle, this can be done by formulating the Boltzmann
equation of free electrons. Practically, it is not straightforward at all because many atomic
transitions between many different states are involved during recombination. It was shown
in [78] that hydrogen atoms during recombination can be approximated as atoms with ef-

fectively 3 levels!®, i.e. ground state, first excited state and continuum state.
In the background order, the fraction of free electrons satisfies

ox. a - .

— = —Q|ftge, 1y, Tm, IR, H], 3.96

o ﬁeQ[febMR ] (3.96)
where the overhead bar denotes the background-order quantities, ng = nexe is the number
density of free electrons, ny, is the number density of total protons, Ty is the kinetic tem-
perature of the electrons, 7R is the radiation temperature and H is the physical-time Hubble
parameter. The function Q is defined as [93]

0=- OCB(TM)n%e — ﬁB(TR)(nb — nfe)eiBn/(kBTR) Cy, (3.97)

where kg is the Boltzmann constant and B, = E| — E; with E; as the ionization energy of
the i-th level. The function og is defined as

b
ay 3.1
3.98
H—cydmS ’ (3.98)

OB (x) = 10_19FH

where a = 4.309, b = —0.6166, c = 0.6703, d = 0.5300, y = x/lO4K and the fudge factor
Fy = 1.14 accounts for non-equilibrium populations of the excited states [88]. The function
Bg is defined as

2rmekpTr \ /2
By (1) = aB(TR)e_EZ/(kBTR) (%) ’ (3.99)
p
where m, is the electron mass and /p is the Planck constant. The function Cy is
Be(TR)
Cu=1- , (3.100)
3PA21 + Aos—1s+ BB(TR)

8The approximation can be extended to Helium atoms. However, we consider only Hydrogen throughout
this thesis.
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where Ays 15 = 8.2245809s ! and

StHV;
3PAy ~ ——2 o, (3.101)
(ny — nge)c
with v, as the frequency of the Ly photons and ¢ as the speed of light.
In 1st order, we have
A [(®—6x.)0+60Q)] (3.102)
an e — ]’_lfe (] 9 .
where
Q+ 60=0 [ﬁfe(l + 5xe),ﬁb(1 + 5b>7 Tv + 0Tm, Tr + 5TR,I‘_I(1 + 5[-1)] , (3.103)
with
foo 5
0T = — oy=—-Y——. 3.104
R 4 ) H 3N ( )

If we are interested in recombination only, we can treat the temperatures of baryons and
photons as the same, i.e. Tyy = Tr. The evolutions of the 1st-order differential optical depth
St are shown in Fig. 3.2 for different scales. It can be shown [93] that the 1st-order
differential optical depth for large scales is well approximated by

st ~ &, (1 _ 3326); ) . (3.105)

We remark that the 1st-order optical depth here is obtained by perturbing the fitting
function of the background-order optical depth, which contains some fudge factors. This
will undermine the accuracy of the calculated optical depth in 1st order, especially for small
scales when the details of the underlying dynamics become important. For calculating the
CMB bispectrum, the problem can be ignored in the squeezed limit where the contribu-
tion from the 1st-order optical depth with small scales is suppressed. To understand this,
we note that the term in Boltzmann equation with the Ist-order optical depth is in form
of 87(k1)€(ky). In squeezed limit, the term is highly suppressed if k; > k, because the
collision term €(k,) is negligible in large scales due to causality. However, this is not nec-
essarily true for non-squeezed configurations. Therefore, a more sophisticated calculation

for the perturbed optical depth should be considered in the future.
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Figure 3.2 The graphs of transfer functions of the Ist-order differential optical depth ¢!
against the scale factor a for k =2 x 10> Mpc ™! (upper panel) and k = 0.045Mpc~! (lower
panel). Here, we ignore Helium atoms.
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3.2.5 Truncation Scheme for the Boltzmann Hierarchy

In principle, we need infinite multipoles (¢ — o) for solving the Boltzmann equation but
this is numerically infeasible. Instead, we truncate the hierarchy and solve the Boltzmann
equation up to {iax. However, this will induce some errors. To mitigate the truncation error,

we exploit the following scheme at ¢ = ¢, according to Appendix D of [87]

; [ e+ m|20+1, O+ 1+ |m|,
i —k 1/ iy SR L ¥, 3.106
Im |m| 2W_1 {—1,m kn Im| ( )
2 LA f-l— 2041 A
Epy+iBy, =k \/ 26—1( /— 1,m+lB€—1,m)

(43 , R
+ (—in+z£> (Egm—i-iBgm)] . (3.107)

3.3 Numerical Implementation

In Section 3.1 and 3.2, we have derived the 2nd-order EFEs (Egs. (3.25)-(3.28), (3.38)-
(3.39) and (3.42)), continuity and Euler equations (Egs. (3.45)-(3.47)) and Boltzmann equa-
tion (Egs. (3.61)-(3.63), (3.65)-(3.67), (3.76)-(3.78) and (3.81)-(3.83)), which govern the
evolution of the 2nd-order perturbations. In this section, we will present the details of how
to solve these evolution equations numerically. First of all, we will set the initial conditions
of the 2nd-order perturbations in Section 3.3.1. Then, we generalize the TCA to 2nd order
in Section 3.3.2. Finally, we discuss the numerical stability and convergence checking in
Section 3.3.3.

Numerically, we solve the kernels of 2nd-order perturbations defined in Eq. (3.23) for
different values of ky, k; and k; - k,!°. Moreover, we rewrite all the governing equations so
that they are symmetric on k; and kj, i.e.

1
F(kl,kz) — E[F(kl,kz)—l—F(kz,kl)], (3.108)

where F is any kernel depending on k; and k;. With this symmetry, we only need to solve
the cases when k; > k,. For the decomposition of 2nd-order multipoles, we align the az-
imuthal direction with the direction of -k. However, unlike solving 1st-order perturbations,

9For our interest in the CMB bispectrum, other dependences of k; and k, can be integrated out. We will
discuss this further in Section 4.2.
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we need to solve the multipoles with m # 0 in 2nd order. As we will see in Section 4.2, mul-
tipoles with m up to 2 are enough when we calculate the CMB bispectrum using the line-
of-sight approach. However, the main contribution should come from the scalar (m = 0)
modes. Therefore, in our numerical calculation, we skip the 2nd-order vector and tensor
perturbations which correspond to m = 1 and m = 2 modes respectively?’. We point out
that evolution equations of 2nd-order perturbations with different m modes are decoupled

and can be solved separately.

3.3.1 Initial Conditions

We have established all the governing equations of the 2nd-order perturbations in Section
3.1 and 3.2. To solve the equations, we need to fix the initial conditions of the perturbations
up to 2nd order. The derivation of 2nd-order initial conditions is similar to that in 1st order,
which is discussed in Section 2.5.3 and [71].

Non-Gaussianities can be generated during inflation as the primordial non-Gaussianities>!
and after inflation through non-linear evolutions of the cosmological perturbations. The ini-
tial conditions in 2nd order will depend on what non-Gaussianities we consider. In this
section, we consider the latter only. In particular, we assume the single-field slow-roll in-
flation in standard Cosmology. That is, we assume there are negligible primordial non-
Gaussianities in the non-perturbative { [72]. The primordial non-Gaussianities of alterna-
tive inflationary models, if exist, evolve with the linear transfer function and their bispectra

can be added linearly afterwards.

With the single field, the initial conditions are adiabatic and satisfy Eq. (2.64) and

Eq. (2.65). In 2nd order, the energy densities and velocities of different components??

om e Lo 1o\ lgg (1, \?
gab = §6C = Z Il,OO — ZIH’OO = Z 1‘,00 - ZII-/O() 5 (3.109)
1 1 . R

— i = 200 = ko + 2(k ka) 8y 1vp2 = kol 4 2(R Ko)Be 0o (B110)

201t has been found [52] that the vector and tensor perturbations have negligible effects on CMB bispectrum.
2lSee [24] for a review on primordial non-Gaussianities.
22We express the initial conditions for the kernels of 2nd-order perturbations.
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Moreover, the 2nd-order comoving curvature perturbation can be written as?3 [73, 87, 103]

. P2 .
RUW gl = {‘P[H] oM _4HP? — — —4(>—P)W¥
30T o)A +H H 7 )
2
49§
1 2 111
+( +3cs)[3(1+w)] +3(1+w>, (3.111)

where ®, ¢y and 0 are the equation of state, the speed of sound and the perturbed fractional
energy density of the total fluid respectively. We consider the initial conformal time 7; such
that k1n; < 1. That is, the universe is initially deep in the radiation-dominated era so that
0= C% = 1/3 and Prot = Pn + Pr-

By ignoring ¥ up to 2nd order and terms with higher powers of km;, the initial kernels
of 2nd-order perturbations fulfill?*

1 1
R —plll ECI>[H] — 2%+ §32 + WS, (3.112)
2 4 [10] Ka® (1 [11]
@ = 31D —|—T<pl W+ pdl)) (3.113)
Ka
% =il — ol 25 (pnf[lzo +pd%)). (3.114)
[11] Ka* AT |
6 = Holll - - (Bulll+5d11)) (3.115)
. 2k
(] _ AI1] [L I]
Lo =l i+ L2 5], (3.116)

where €1, €3 and €} are defined in Eq. (3.29), (3.31) and (3.32) respectively and Qg;? 1]
can be inferred by Eq. (3.65). Multipoles of neutrinos with ¢ > 3 are highly suppressed
by kn; and thus negligible. Due to the tight coupling of Compton scattering, multipoles of
photons with ¢ > 2 are neglected except the quadrupoles of photon intensity and E-mode

polarization
1 .
i), = =5 (1), —VeER)) + &5l 7] (3.117)
pm _ V6 ) |, gl
£ = -2 (11, - V6E} o)+ e ], (3.118)

where €21 [7] and €1 [£] can be deduced by (3.81) and (3.82) respectively. Using these

Z3Due to the nonlinear relation of R to the non-perturbative ¢, there are 2nd-order contributions to the initial
value of R. Hence, even with subsequent linear evolution only, there is a non-zero bispectrum.
24Here, we use the 2nd-order EFEs and Boltzmann equations derived in Section 3.1 and 3.2.
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two equations, we can find that the quadrupoles of photons are

I:‘[Ign = Z ODZmll 1(m— n)IZ In, (3.119)
n——l
E;, =0. (3.120)

Furthermore, the solutions of Eq. (3.112) to (3.116) are

o= ﬁoétfn {R[m th (2111 ot 10k2n Sl “]> - 35(gk:11§;)i£}52’
—%3+2¢1q>2—§5.52—w1521, (3.121)
o= el s s [l + (1= )] + %, (3.122)
iy = 20+ 271, (3.123)
I = 2km(<1>““ —06s), (3.124)
= (kni)2(<1>“” — M%)~ h 5% [h] (3.125)

where R ~ —2R2 [72].

3.3.2 Tight-coupling Approximation

We develop the 2nd-order code based on CAMB[70] and use DVERK for solving the gov-
erning equations up to 2nd order?. Since DVERK is a non-stiff ODE solver, it breaks down
when the evolution equations are stiff. Physically, this happens when baryons and photons
are tightly coupled at early time, i.e. T > 1. To tackle this numerical instability, we rewrite
and solve the equations with the TCA at early time and then switch back to the full equations
afterwards. In this subsection, we formulate the TCA for 1st- and 2nd-order perturbations26.
The key idea of TCA is to expand the Boltzmann equations into powers of the inverse 1/7

up to a certain order depending on the precision required.

We start with the 1st-order perturbations. For energy densities of baryons and photons,
we keep the corresponding evolution equations unchanged because the collision is elastic

Z3We develop our own code for solving background- and 1st-order perturbations as well. In st order, we
use Newtonian gauge instead of synchronous gauge in CAMB.
26More details can be found in [71, 84].
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and thus no terms with T are involved. That is, we have from Eq. (2.55) and Eq. (2.58)

&, — kv, —3¥ =0, (3.126)
A k ~ .
lopo + 5110 —4¥ =0. (3.127)
For velocities of baryons and photons, we combine Eq. (2.56) with Eq. (2.58) and eliminate
their collision terms to obtain two exact equations?’
o = — H R 1I 1I +R 1I+ — P, (3.128)
Ub—l+R Up 2100~ 7120 a5 10 Oy .
5 4k 4k(1+R . 2.
Lo = E(Ub—i—HUb)—F%(D—I—k(Ioo—glzo) , (3.129)

where we approximate Eq. (3.128) by expanding the term

s 2RH (1 ; 1 Jd s .
—1 ~ —— | —1 _— —I b)) — -] (0] .
1 10+ Vp =~ TR (4k 10+Ub) (1R { Vp — H( 00 + ) 1 00]4- ()

(3.130)
The quadrupoles of photons can be estimated by
. 8k .
bo ~ —o, (3.131)
97
6.
by~ —%120, (3.132)

while higher multipoles are neglected due to the suppression of tight coupling.

For 2nd-order perturbations, we apply the TCA up to the leading order which is enough

[84] for our purpose. The evolution equations of the first two moments are

0= " — 2o -39l 4 ell5 ] (3.133)
0=14 ’3‘ AN — 4ttt olB0 ), (3.134)

o= {_vaﬂ R (%ggl - %IE}]) 252 (S0, 15,0,
—%s[l’“ [op) + £l ﬂ} — ol (3.135)

?7We assume the speed of sound for baryons as zero, i.e. ¢Z = 0 in Section 5.7 of [71].
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; 4k 1 . 4k(1+R 2 4
iH)I] =2 <vt[)n] +HD&H}) n (R )q)[n] Tk (f([)g] _ gj%ﬂ) _£[1161]m _|_]_€£[I,I][Ub]7

(3.136)
where S([)I(’)H 1] and S[II(’)H [1] can be evaluated by using Eq. (3.65) and

ClI§] = —6(2%) + 8x.1 )W — 2(k-ky) Sy, x 2 — 2k3 (@) + W) vx 2
+ 2k -ky (W) — 21 — Hux | — 20x.1)Ux 2, (3.137)
ety = ke ko [(8x,1 — @1 +W1)Vx 2 + 8y, 1 P2 +2(¥) — @) D2
— (ki-ko)vx 1 Ux 2+ H(8x,1 — P+ 1) vx, — WPivxp].  (3.138)

While higher multipoles are negligible, the quadrupoles of photons in 2nd order are

5 & A
IE)I] :Z Z O,Dgoll,l,nlll,fny (3.139)

n=-—1

ElN =o0. (3.140)

3.3.3 Numerical Stability and Convergence

Technically, solving the 2nd-order perturbations is very similar to the case in 1st order,
except two main differences. First, the quadratic terms in EFEs and Boltzmann equation
require the solutions of Ist-order perturbations. Thus, we need to numerically evolve 1st-
order perturbations and store the values in memory. When we elaborate the quadratic terms
at a specific conformal time, we perform interpolation with the pre-calculated perturbations
in 1st order. Second, since we have to solve the kernels of 2nd-order perturbations for a
set of (k;, kp, lA(I 'RQ, n) with k; > ko, it is much more time-consuming compared to the
Ist-order calculation with a set of (k, n).

We will work with Newtonian gauge in the numerical calculation. However, a cru-
cial trick is required when we solve the perturbations in Newtonian gauge, in both 1st and
2nd order. In the following, we present the trick for 2nd-order perturbations only but it
is straightforward to apply the trick to 1st-order study. Instead of using either two of the
2nd-order EFEs in Eq. (3.25) to (3.28) directlyzg, we use Eq. (3.27) and a combination of

Z8For 1st order, the corresponding equations are Eq. (2.51) to (2.54).
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Eq. (3.25) and Eq. (3.26) in form of G/; + G% /3, which is rewritten as

. . .k Ka> N Ka? Ka? 4Aa?
Y4 3N P+ HDO+ =W+ — Y pxi — VY px& —VYp @
HIHY+HP+ W+ ;pXXQO"‘ ; bz;,PX X+< 3 bz;,Px+ 3
1 ! / 4 2 = 2
= T ko (k) 361+ 65+ 3 a*) px +4Aa” | 1D, b, (3.141)
b,c
where
€ =6 — 121D D, (3.142)
Cy =6 — (4H? + 8H) D Ds. (3.143)

The reason why the trick is essential is that either Eq. (3.25) or Eq. (3.26) contains some
pairs of terms with large numerical values. However, the sum of each pair can be several
orders of magnitude smaller. The cancellations boost up the numerical errors such that the
solutions become unstable. Eq. (3.141) works well in the radiation-dominated era because
it replaces the sums of these pairs with small quantities explicitly. To understand this phys-
ically, we notice that quantities, such as 74 and #, are determined by p, and p; exclusively
during radiation-dominated era. Nevertheless, the sum H? + # is of order ka®(pp + pc)
which can be a few orders of magnitude smaller. Since we are interested in the evolution
of 2nd-order perturbations up to recombination, Eq. (3.141) is sufficient over the time cov-
ered. For matter-dominated era, Eq. (3.26) and Eq. (3.27) can be used directly with the

replacement

Ka2 2

H2+2H = ——= (P +pe) + A, (3.144)

to tackle the large-value cancellations.

Solving the 2nd-order perturbations is numerically non-trivial. It is thus important to
verify the calculation. One way to do so is to make use of the redundant EFEs to check if
numerical errors are well controlled. In Fig. 3.3 to 3.5, we show the absolute numerical dif-
ference by elaborating the unused constraint equation Eq. (3.28). We can see that the differ-
ences are within percentage level for different configurations of k1, k, and ki - k. Moreover,
there are two leaps of the differences in each plot. The one at a ~ 1.5 x 10~ corresponds
to the turning-off of TCA in 1st-order equations while the other one at a ~ 5 x 107> comes

from the turning-off of TCA in 2nd-order equations. We remark that we apply the TCA up
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to the leading order only for 2nd-order perturbations?®. Therefore, we can expect the errors
to be reduced by at least a factor of 100 if we include the next-to-leading-order correction
of the TCA. This can be done in the future if higher precision is needed. However, the
leading-order TCA is sufficient for calculating the CMB bispectrum at recombination. Fi-
nally, we point out that although a significant deviation of the constraint equation is shown
for a < 107 in Fig. 5.8 of [80], we manage to reproduce their curvature potential derivative

for @ > 107>, We confirm that the deviation does not affect the bispectrum calculation.

0.001¢
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1x105  5x1051x10°%  5x10 0001 0005 r
a(n)
Figure 3.3 The graph of the absolute 2nd-order kernel of ¥ (solid line) against the scale fac-

tor a with kg = 0.199Mpc !, k; = 0.2Mpc !, k» = 0.002Mpc ! and k; -k, = —0.684. The
dashed line shows the absolute numerical difference in the constraint equation Eq. (3.28).

298ee Section 3.3.2 for more details about the TCA.
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Figure 3.4 The graph of the absolute 2nd-order kernel of ¥ (solid line) against the scale
factor a with kg = 0.159Mpc !, k; = 0.2Mpc~!, k» = 0.2Mpc—! and k;-k, = —0.684. The
dashed line shows the absolute numerical difference in the constraint equation Eq. (3.28).
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Figure 3.5 The graph of the absolute 2nd-order kernel of ¥ (solid line) against the scale
factor a with kg = O.4Mpc*1, k= 0.2Mpc*1, ky = 0.2Mpc*1 and RI-RZ = 1. The dashed
line shows the absolute numerical difference in the constraint equation Eq. (3.28).






Chapter 4
CMB Bispectrum during Recombination

Even if the quantum fluctuations from inflation are perfectly Gaussian, non-Gaussianities
can exist through the nonlinear evolution afterwards. These post-inflationary non-Gaussianities
can have significant impacts on cosmic microwave background (CMB) study. Depending on
when they are generated, we can classify them into two categories: recombination bispectra
if they are produced during the recombination and late-time bispectra if they are imprinted
from the late-time large-scale structures. Understanding the shapes of these bispectra is cru-
cial for eliminating their contaminations to the primordial non-Gaussianities and verifying
the gravitational theory in cosmological scales. While the late-time ISW-lensing' bispectra
are known to be important [39, 46, 69], there are still discrepancies about the significance
of the recombination bispectra>. A complete analysis is thus desired for resolving those
discrepancies and predicts the detectability of the recombination bispectra for the upcoming
CMB experiments.

To study the recombination bispectra, it is necessary to calculate the cosmological per-
turbations up to 2nd order, which has been discussed in details in Chapter 3. In this chapter,
we will focus on how these perturbations are linked to the observation — CMB tempera-
ture bispectrum. We present the numerical calculation of the bispectrum produced around
recombination. More precisely, we include all the effects due to the Compton collision at
recombination and the early-time ISW-related couplings around recombination. In order to
do so, we have to distinguish the physics at recombination from the late-time mechanisms.
This separation leads to a 2nd-order line-of-sight (LOS) integrand which is different from
the one used in [52, 82] and provides an alternative way to calculate the CMB bispectrum

'ISW stands for the integrated Sachs-Wolfe effect.
2See, for example, [11, 13, 20, 29, 57, 58, 66, 75, 86, 87, 94].
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around recombination. Our approach interprets the quadratic 2nd-order effects as couplings
of two well-known 1st-order effects in Newtonian gauge >. This provides a clear physical

picture about what effects are taken into account.

We start with several definitions of the CMB temperature in 2nd order in Section 4.1.
Then, we calculate the 2nd-order CMB temperature anisotropies through the LOS approach
and formulate the recombination bispectrum under the flat-sky and thin-shell approxima-
tions in Section 4.2. In particular, we present the trick to separate the effects during re-
combination from the late-time effects in 2nd-order in Section 4.2.2. This trick also solves
the hierarchy problem of 2nd-order LOS approach. In Section 4.3, the details about the
numerical calculations are given. We present the calculated bispectrum at recombination
and validate it with the analytical solution in squeezed limit. Moreover, we constrain fnps
for different templates and forecast the signal-to-noise for the recombination bispectrum.
Finally, we discuss some potential further studies and draw the conclusion in Section 4.4.

4.1 Definition of CMB Temperature in Second Order

Since the inelastic 2nd-order Compton scattering induces the CMB spectral distortions [85],
there does not exist a unique way of defining the CMB temperature in 2nd order. In this
section, we will discuss several possible definitions. First, we assume that the CMB tem-
perature 7' can be related to the distribution function of the CMB photons in form of the
black-body spectrum

R -1
Z(n,x,p",0) = [/ T02"8) ] (.0
where the CMB temperature anisotropies ® can be expanded into perturbations as

_ 1
T(n,x,p%n) =T(n) [1 + 0 (n,x,n) + EG[I‘](n,x,pO,ﬁ)} , 4.2)

with the background CMB temperature 7. We note that ®!l depends on the photon mo-

mentum p° due to the spectral distortion. By applying Taylor expansion at ® = 0, we obtain

0 m_
I(n,x,p°h)=T—p 7 0® > 9090 TP 3,0 2o

3See Section 4.2.2 for more details,
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where Z(n, p°) is the photon intensity in background order. After performing the energy

integration as in Eq. (2.14), we have

Y
41(n) ) 350

e (n,x,p%,n) (1°)* dp’.

4.4)

I =1+40(n,x,1)+6 [01(n,x,1)]°

Depending on details of the spectral distortion, ®l in the last integral of Eq. (4.4) can have

different dependences on p°.

4.1.1 Brightness Temperature

Because of the spectral distortion, we cannot simply fit the perturbed CMB photon spectrum
with black-body spectrum to define the CMB temperature. Instead of using Eq. (4.2), we
define the brightness temperature 7; = T [1 + ©;(n,x, f1)] such that

I .
Q= 1 [i(n,x,h)—1]. 4.5)
In particular, we have (**)EI] = OW and
1 2 1 01

A . . 4
ol — 41[11] —3[0l(n,x,n)] O (n,x,p% ) (p°) dp’.  (4.6)

- 8n2(n) ) Ip°

4.1.2 Bolometric Temperature

We define the bolometric temperature Tz = T [1 4+ Og(n, x, 1) by
(1+0g)* =1(n,x,0). 4.7)

In 1st order, bolometric temperature is identical to brightness temperature, i.e. G)g] = @EI].

However, they are not the same in 2nd order

ol — @ 3 (@}”)2

1., 3 2
_ D 2, 48
4 16( ) (4.8)

It can be proven that the black-body radiation with the bolometric temperature has the same

energy density as the actual distribution [87]. In other words, we define the CMB tem-
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perature such that the energy density of the actual distribution matches with that of the
black-body radiation with the bolometric temperature. It is worth pointing out that the
CMB bispectra calculated will be different when different definitions of temperature are
adopted. However, these bispectra are related analytically and can be transformed from one

into another straightforwardly. We will discuss this further in Section 4.2.

4.2 Formulating Second-order Bispectrum

In this section, we first extend the LOS approach to calculate the 2nd-order CMB temper-
ature anisotropies. Then, we apply the integration by parts (IBPs) to the LOS integrand in
order to separate the recombination effects from the late-time ones. Finally, we establish the

formalism for the temperature bispectrum generated from 2nd-order perturbations.

4.2.1 Second-order Line-of-sight Approach

To calculate the 2nd-order temperature anisotropies, we first rewrite the 2nd-order Boltz-
mann equation using Eq. (3.48), (3.61) and (3.76) such that

. . 1 -/ ~

A4 ikean M 2AM =Y Dt (St + S) YonB). (4.9)
m

where 4\ = [ is the fractional brightness, T = 1;70 7(7)d1 is the optical depth, Ny is defined

in Eq. (C.2) and multipoles of the purely 2nd-order and quadratic source functions (S and

S respectively) are defined as*

= ~ . k = 5 . .
"SI =550 + 5} 5k — %55 (80B1y+ 8, ' B 1)) — 87 (82 H ) + 8 H ()
. 1 ha
+7 (5,95,%00 + 8} Dy () + Zagnm) , (4.10)
TSI = %s%l ]+ %%H 1. (4.11)

4We omit [II] denoting the 2nd-order perturbations.
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After integrating over the conformal time and wavenumbers, the 2nd-order fractional bright-

ness can be expressed as

A o —ik-ar 1 ol ] ~
A“”(no,km):%,,kz(k){ | ane Z—(E%SE;“)YM(M}, @.12)
0 ZmNE

where r = 19— 1.

As expected, the 2nd-order source function consists of two parts: purely 2nd-order part
and quadratic part. The purely 2nd-order part has the same form as the 1st-order source
function [50] and requires solutions of 2nd-order perturbations. However, purely 2nd-order
source terms exist up to £ = 2. In contrast, the quadratic part requires solutions of 1st-order
perturbations only but the source terms extend to infinitely high ¢ modes. Thus, there is a
hierarchy problem when we perform the LOS approach to the quadratic source. Moreover,
since we are interested in the 2nd-order effects imprinted during recombination, we have to
distinguish these effects from the late-time effects (e.g. CMB lensing) consistently. In the
next subsection, we will show how performing IBPs can resolve the hierarchy problem and
identify the effects during recombination.

4.2.2 Separation between Recombination and Late Time

In this subsection, we demonstrate a trick to distinguish between the effects during recom-
bination and late times. The trick also mitigates the hierarchy problem so that it is enough
to truncate the multipoles of the quadratic source function at low ¢s. Before we work on the
2nd-order source function, it is useful to review how we separate the early-time and late-
time ISW effect in 1st order. The 1st-order fractional brightness at time 1] can be expressed

in Fourier space as Eq. (2.75) with the Ist-order source function in form of’

~ - (. . ¢

S =e" <‘P—ik-ﬁ<1>+fA+Z). (4.13)
The first two terms generate redshift effects on the background CMB due to the linear per-
turbations of the metric while the last two terms contain all the effects generated at recom-
bination due to the Compton scattering®. As shown in Section 2.6.1, we can use the IBPs

SFor simplicity, we have omitted the superscript [I] on the right-hand side of the equation.
©We ignore the reionization and other late-time scatterings throughout this thesis.
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on the second term of Eq. (4.13) such that the source term becomes

_ . L ¢
e’ (—6(ﬁ—n)<1>+f<1>+<1>+‘P+fA+Z)7 (4.14)
where 6(n) is the Dirac delta function. The first two terms encode the Sachs-Wolfe (SW)
effect while the next two terms are the ISW effect.

Integration by parts are not merely mathematical tricks. Since we are replacing deriva-
tive terms in the integrand with non-zero boundary terms, this means that it is important
where we evaluate the boundary terms at. Physically, performing the IBPs “re-distributes”
the physical effects along the LOS integration. In this case, Eq. (4.14) separates the red-
shift effects occurring at different times physically as follows. The first two terms are the
SW effect due to the difference of the gravitational potential between recombination and
time 1, i.e. the SW effect measured by an observer at time 1. In particular, ® in the first
term is a constant when 1 = 1g. The third and fourth terms (i.e. ® + W) include the early-
time ISW effect from the time-varying gravitational potential due to the transition from
radiation-dominated to matter-dominated era and the late-time ISW effect from the time-
varying gravitational potential due to the domination of dark energy. In this paper, we cal-
culate the bispectrum at and around recombination. Explicitly, it means that we include SW
and early-time ISW but exclude late-time ISW. In the following, we extend the separation

to the redshift-related couplings in 2nd order.

The quadratic part of the 2nd-order source function can be read in configuration space

as’

S = 207 | 70y (@ + W) 07 — (@ + WAL+ 4(-1'DjD +¥)A
n

. . 1 -
+(® —¥)n' 9@ + 29¥ +Ze—fe:[“]m, (4.15)

where S/ is the screen projector defined in Eq. (2.6) and ¢ is the quadratic collision
operator expressed in Eq. (3.81). The first three terms in Eq. (4.15), which contain frac-
tional brightness A, are numerically problematic. It is because the contributions of the LOS
approach from these terms extend to late times at which high multipoles of the brightness
are generated through propagation and projection onto the spherical harmonics. This means

that solving these terms is numerically expensive since truncating at low multipoles is not

"The notation for Ist-order perturbations is omitted for simplicity.
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enough. Because we focus on the contributions at and around recombination, we ignore
the first and second terms in Eq. (4.15) which correspond to the lensing and time-delay
effects respectively and contribute at late times. The third term in Eq. (4.15) is responsi-
ble for the 1st-order redshift effects, including the SW and ISW effects, on the 1st-order
temperature anisotropies. Intuitively, it includes contributions at and around recombination
(i.e. couplings with SW and early-time ISW effect) as well as late-time contributions (i.e.
couplings with late-time ISW effect). The key issue here is to physically distinguish be-
tween the early-time and late-time effects for those redshift-related couplings. Although the
quadratic collision operator M contains high ¢ multipoles, its contribution is concentrated

at recombination when high ¢ multipoles are still highly suppressed®.

From now on, we focus on the third term of Eq. (4.15). We can express its contribution

(denoted by the subscript R) to the 2nd-order fractional brightness as

Al (1o, k1) = 8.5, 1, (k " dn e RN (R) (B, — iko B D 4.1
R (M0, k,A) = 8T k, (k) , dne 1(0) (W2 — ik -0 D) o, (4.16)

where the subscripts 1 and 2 denote the dependence on k; and k; respectively. As mentioned
in Section 4.2 of [82], if we perform IBPs on the term with k; - fi in Eq. (4.16), we will get
a time integration whose integrand contains the time derivative of the 1st-order fractional
brightness . We can iteratively apply IBPs on that time integration but this approach
fails to single out a unique recombination contribution. More seriously, contributions from
higher multipoles grow when we integrate over the time further after recombination. That
is, the hierarchy problem remains unsolved.

However, there exists a unique way to separate the early-time and late-time redshift
effects which is physically reasonable and allows us to calculate the bispectrum around
recombination with a truncation at low ¢s. The key is to realize that Eq. (4.16) contains a
double time integration by substituting A with Eq. (2.75). We can then exchange the inner
and outer time integrations such that Eq. (4.16) is rewritten as

[11] M KRS (L A
AR :8%{1,1(2(1() /O dne ST(Thkl,n)

Mo —ikyBr [\ 0o
i dn e~ [l}lz(n)—lkz-nq>2(n)}}. (4.17)

8In Section 4.3, we find that £ up to about 10 is sufficient for getting a converging bispectrum for the
quadratic collision terms.
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Now, we perform IBPs on the integration over 17 and obtain

Mo oY
Algl] = 8‘71(1,1(2 (k){/() dﬁ e_lk.anT(ﬁaklaﬁ){
Mo N Ao . .
(1)2(17’)_’_/17’ dn elk2~n(r—”) [CI)ZO’])—F\PZ(T])} }} (4.18)

We make use of the fact that k = k; + k, to get the exponential with k in the first line of
Eq. (4.18). By doing so, we do not produce the problematic term with A through IBPs. Note
that we can ignore & evaluated at present 19 because it is a constant and does not contribute
to the bispectrum. The physical meaning of Eq. (4.18) is clear. Analogous to 1st-order
redshift effects which come from the background-order CMB signals redshifted by the 1st-
order perturbed metric, we have the 1st-order temperature anisotropies redshifted by the 1st-
order SW and ISW effects to generate 2nd-order temperature anisotropies, corresponding
to the first and second terms in Eq. (4.18) respectively. This trick allows us to distinguish
between the early-time and late-time redshift effects similar to what we have done typically

in 1st-order.

We now consistently separate the early-time and late-time redshift effects of the Ist-
order source function S7. For the first term of Eq. (4.18), we apply the IBPs on the term
with —ik; - id; from the source function S and obtain

M o kAF-Tg o Moo ka7 4
— dne ik -A PPy = / dne DD, + ECDICI)Z , (4.19)
0 0

for which we make use of the symmetry between the dummy variables k; and kj in the
convolution and ignore the constant boundary term evaluated at present 1. For the second
term of Eq. (4.18), we exchange the inner and outer time integrations and substitute the
integration over 7] with Eq. (2.75). Putting all these together, we rewrite Eq. (4.16) as

Mo oA . .
AEI] — 8%171(2(1(){/(; dn e*lk-nrff |:(Al +(I)1> (CI)2 —|—lI12)
7 . ¢
PP+ TAI+ - | Do o, (4.20)

where
i) (" 4i ki A-D-F) (i 4 b 4y 4 i 4 O
AN dfj e~ O b+ HEA L) @21
0

Eq. (4.20) contains all possible 2nd-order couplings involving Ist-order redshift effects: the
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first term includes couplings between ISW and any 1st-order CMB effects (e.g. Doppler-
ISW, SW-ISW and even ISW-ISW couplings); the second term is the SW-SW coupling; the
third term corresponds to couplings between CMB signals generated by Compton scattering
and SW effect (e.g. Doppler-SW coupling).

At 2nd order, performing IBPs becomes tricky as mentioned in [82]. However, the ap-
proach we take uniquely separates SW, early-time ISW and late-time ISW effects along the
LOS integration, as the coupling terms shown in Eq. (4.20). In contrast, [87] also performs
IBPs to the third term of Eq. (4.15) but the integrand they obtained is different from that in
Eq. (4.20). Since different IBPs re-distribute the redshift effects differently along the time
integration, the SW and ISW effects are not manifestly separated in [87]. For example, any
residual couplings between the photon brightness and k - id® in the LOS integrand do not
damp out well after recombination because the term k - Ad mixes up SW and ISW effects
throughout the LOS integration. In particular, it is problematic when a cutoff is used to
the time integration because early-time effects may be re-distributed to late times and vice
versa. In other words, integrating over the early-time regime does not necessarily calculate
the physical early-time effects. We speculate that this could be one of the reasons why [87]

concludes a much larger signal-to-noise.

Although we perform a similar cutoff to the time integration (explicitly from n = 230
to 1050 Mpc), it is numerically stable using Eq. (4.20). Indeed, the cutoff allows us to
capture the SW-related and early-time ISW-related couplings but exclude the late-time ISW-
related couplings. To understand how this works, we point out that only the first term in
Eq. (4.20) has non-negligible contribution (ignoring reionization) outside the chosen time
range because of the ISW term (& +W¥). However, ISW effect is highly suppressed after
n = 1050 Mpc when our universe is matter-dominated and only becomes significant again
when the dark energy dominates at late time. Indeed, the early-time ISW is suppressed well
before 1 = 1050 Mpc and thus we find it safe to simply use a sharp cutoff at n = 1050
Mpc with negligible impact to the bispectrum. However, the extended time integration
may raise some uncertainties on the early-time ISW-related couplings due to the thin-shell
approximation. We will discuss about this in details in Section 4.3.

With Eq. (4.20), we can replace the quadratic part ST with SI'U which is defined in
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configuration space as

QL] — 5yt Sijaj(quP)% (@B A+ 4D+ W) (A + D)

+ (D —W)n' D+ 2PF + (47A + C)D + 2707 | + ¢ TeMf).  (4.22)

B -

Here, we emphasize that Eq. (4.22) uniquely separates the SW effect, the early-time and
late-time ISW effect and allows us to have a early-time cutoff on the time integration to
include the 2nd-order effects generated at and around recombination. Physically, the two
terms in the first line of Eq. (4.22) are the lensing and time-delay effects respectively and
will be ignored in our calculation. The IBPs performed help to distinguish SW effect from
ISW effect and clarify the physical meaning of each term. For example, we can interpret
(4TA + €)® and 27P? as the photon-SW and SW-SW couplings respectively. The term
(® — P)n'd;® + 2PV is the quadratic part of the evolution equation of photon energy p°
in 2nd order, i.e. (dp®/dn)b. We will discuss the contributions of these effects on the

bispectrum in Section 4.3.

4.2.3 Bispectrum from Second-order Perturbations

By using the 2nd-order LOS approach in Eq. (4.12) with the purely (Eq. (4.10)) and quadratic
(Eq. (4.22)) 2nd-order source functions, we can calculate the 2nd-order temperature anisotropies
generated at recombination. Here, we formulate the bispectrum from the 2nd-order temper-

ature anisotropies at recombination under the flat-sky and thin-shell approximations®.

First of all, we define the new coefficients which are related to the reduced bispectrum
by

6 b b b b 4
=) 2L b , 4.23
Sevt,m %3 3 ( VoM 0 ) ( 0 0 0 > 01005 (4.23)

where 2L = 2/ + 1. Using Eq. (C.22), it can be shown that

6o o) 06 b

1 £ £3 1 £ 4
b = . 4.24
010503 ( 0 0 0 > ME (M M 0 )5@1@1\4 (4.24)

Moreover, with Eq. (C.20) and Eq. (C.21), we can find that the new coefficients obey the

9The derivation here is based on [17].
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following properties

éfzflM = §€1€2M = §£1£2—M' (425)

Due to the statistical isotropy of the CMB, the 3-point correlation function of the bright-
ness temperature ®; defined in Eq. (4.5) depends merely on the relative angles with respect
to f3, e.g. (01,01,0;,¢). Thus, we can align fiz with the azimuthal direction and expand

the 3-point correlation function into

vLiL

<®(ﬁ1>®(ﬁ2>®(ﬁ3>> = Z ﬁ€]£2m1m27yhm| (917¢1)Y£2WI2(927¢2)
Z]szlmz
v LiL
=Y O, o~ Y, 11 (81, 0)Ye, a1 (62, 921). (4.26)
(1M 2

In the second equality of Eq. (4.26), we make use of the fact that the rotational invariance
guarantees the 3-point correlation function to be dependent on the relative phase ¢p; =

¢ — ¢ instead of the absolute phases.

Now, we want to show that coefficients & and ¥ are identical. To do so, we perform a
rotation R to the two spherical harmonics in Eq. (4.26) so that fi3 points to (6, ¢) instead of
the azimuthal direction, i.e.

You(R™0) = Y Y40 (R)D),,,(R), (4.27)
where the rotation matrices ng, ., €an be expressed as
14 m 4m —imy
Dm’m((paGaIV) = (_1) ZmYK—m/(97¢)e ) (428)

with Euler angles ¢, 6 and y. Therefore, we have by using Eq. (C.13)

3 2L LoLs [ 0y U 3 2] 0y U3
m)y =1 _ _— . 4.29
(ga& i) = Vnom-m\| — PR oy my (4.29)

Applying Eq. (2.93), we can show that the reduced bispectrum becomes

—1
gl 52 63 61 52 £3
b = (%) M- 4.30
01005 ( 0 0 0 ) ;( M —-M 0 > 01 oM —M ( )
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By comparing with Eq. (4.24), we deduce

Eo,0om = Bt MM 4.31)

Making use of (®(k;)®(ky)®(k3)) = (27)3/28% (ki +k, + k3)B(k;, k), we obtain

d’*k,d%k,

() dridrodr3B(ky,k2)S7(n1,k1)S7(n2,k2)S7 (13, k3)

e,i[kl.r1+k2-r2—(k1+k2)-r3]7 (4.32)

(©(1)©(i)0(i)) = [

where r; = r;fi; for i = 1, 2, 3. We emphasize that Eq. (4.32) is valid for both primordial and

110

post-inflationary non-Gaussianities. In flat-sky limit, 6;, 6, < and thus the argument of

the exponential in Eq. (4.32) can be approximated as
—i [kf (r1—r3) +k5(ra —r3) + ki r101 cos B + ky 1265 cos(Bo — ¢21) |, (4.33)
where we align fi3 with z-axis and decompose
k; = (k- cos B, ki sin B, k5), (4.34)

fori =1, 2, 3. With Eq. (4.26) and (4.31), the coefficients &y, ¢, are

/ 6,d6, / 6,46 / 921 Y0, _11(8,0) Y1, (62, 621 (O )O (1) O(R3)).  (435)

\/LlL
By employing Bessel functions of the first kind Jj,
I (x) = (=D)MI_y(x) / dy e~ {(My—xsiny) (4.36)
S(L—k*r
/ 040y, (k*r0)Jy (LO) = % (4.37)

and the flat-sky limit of spherical harmonics

Yiu(6,0) — i—i(—l)MJM(Le)e"M‘P, (4.38)

ORoughly speaking, this is the condition when the three directions of the 3-point correlation are close to
each other so that the sphere of sky can be approximated by a flat plane.
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we can derive the coefficients in the flat-sky limit!!

B(ki,k
oM = /dBIZ e’Mﬁ”/dkzde/dmdrzdm B( 1’ 2)
r 2
St(11,k1)S7(M2, k) S1 (M3, k3)e K773 7kana=rs) = (4 39)
where ﬁlZ = ﬂl — ﬁz, kf‘ = Ll/rl and ké‘ = Lz/l’z.

To derive the reduced bispectrum, we notice that [17]

2w 4
émm—/ ﬁummb@@ (4.40)

where we use the approximation

b0 b 0 b b 4
M 441
(M M 0 ) —>< 0 0 0 )COS( Bi2), (4.41)

and the Ponzano-Regge limit

2
b b b :;,_ (4.42)
0O 0 O nLyL, sin By

The reduced bispectrum can then be written in the flat-sky limit as

1
b tyes = W/dkfdké/drldrzd'?ST(m,h)ST(le,kz)ST(m,ks)

e n—rs) =ik —ry LKD) (4.43)

r
So far, the bispectrum formulae developed are generic for both primordial and post-

inflationary non-Gaussianities. For the recombination bispectrum, we replace one of the
source functions by the 2nd-order source function as in Eq. (4.12) and keep the other two in

1st order
bty /dkzdkz/drld”deSST(rll k1)S7(M2,k2) ST (13, K1 ko, )
e—iki(rl—r3)—ik§("2—”3)Pq)(kl) Pq)(zkz) +2 perm., (444)

"'"This imposes a requirement that B(k;,k>) depends solely on the relative phase i, but not the absolute
ones.
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where 1 = Rl ~ﬁ2, S%ND contains both the purely (Eq. (4.10)) and quadratic (Eq. (4.22)) parts
of the 2nd-order source function. We emphasize that although the 2nd-order source function
has more complicated dependences, the derivation in this subsection still holds. Moreover,
the source function does not depend on all freedoms of (kj,k;,fi) but we express so in
Eq. (4.44) for simplicity. We will explicitly write down its dependences in Section 4.2.4.

Additionally, with the thin-shell approximation, the recombination bispectrum becomes

1 —ikr —iksr
bty = W/dkfdki [/drlST(Th,kl)e i ‘} {/d"ZST(TIZJQ)e a2

Py (k1) Py (k2)
4
LSS

{/ dr3STP (03, ki, ko, i) ki HR)Ts +2perm., (4.45)

where kiL = V{;/rLss for i = 1, 2, 3 with the distance ri_ss from the last scattering surface.

The bispectrum formulae above are measured under the brightness temperature ®; while
the bispectra in literature are commonly based on the bolometric temperature ®r. However,
the bispectra of these two temperature definitions can be linked straightforwardly by

bY% . =bp . —3(Co,Cp, +Ci,Cr, +Ci,Cy), (4.46)
where the extra term comes from the second term in Eq. (4.8).

The flat-sky approximation avoids the use of the spherical Bessel function of the first
kind jy(x) which fluctuates rapidly for high ¢s Thus, lower resolutions of ks are sufficient
and this significantly reduces the computational power required. On the other hand, the thin-
shell approximation decouples the nested integrals and simplifies the numerical integrations.
However, there are drawbacks using these approximations. We expect that the bispectrum
in flat-sky limit will deviate from the exact one for low ¢s. Furthermore, since we include
the early-time (but not late-time) ISW-related effects by extending the LOS integration right
after recombination, the thin-shell approximation may break down for these effects. We will
discuss these problems further when we compare our numerically-calculated bispectrum

with the analytical one in Section 4.3.2.

Our ultimate goal is to calculate the bispectrum as observed foday, which means that all
the effects post recombination till today are ideally included in the calculation. However,
since non-perturbative effects complicate the study at low redshifts (z < 10), an appropri-
ate milestone towards this goal is the computation of the bispectrum around recombination

which is what we undertake in this thesis. This means that we cut off the LOS integration
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early after recombination'?, allowing us to make a definite statement about the amplitude
of the bispectrum at this time clearly. In particular, we ignore contributions from lensing,
time-delay and late-time ISW-related effects. The lensing and time-delay effects on bis-
pectra have been studied elsewhere [49, 69]. The effects from the 2nd-order vector and
tensor perturbations and the late-time ISW-related effects are studied in [52, 82] and are

sub-dominant.

4.2.4 Quadratic Source Function with m £ 0

When we decompose the purely 2nd-order source function, we need multipoles up to £ =2
only to include all scalar, vector and tensor modes. In contrast, the decomposition of the
quadratic 2nd-order source function extends to arbitrarily high ¢. This becomes a hierarchy
problem. With the trick discussed in Section 4.2.2, ¢ up to about 10 is sufficient for effects at
recombination. Even so, elaborating the quadratic source function is still subtle, especially
for multipoles with m # 0.

The quadratic 2nd-order source function contains many terms. Here, we work only with

the term

1 ! R

LI . n

S[Eg}m = — Yy (R) Z] 0Dl 01—k () P2, (4.47)
ne——

where Ny is defined in Eq. (C.2) and ¢Dj,, can be found in Appendix C.3. We note that the

azimuthal direction is aligned with k3. By using Eq. (3.74) and the fact that k; fori =1, 2

and 3 are in the same plane, the term becomes

LI ¢ [({—m)! i
Stz =1\ [ (i (cosBr)e™ (4.48)
1
At PN AT, & & .
Y. oDi, —2€_1Y6717m7n<k1'k370) ?Yln(kz'k3,7f)1£—1,o(k1)k2¢2,
n=—1

where P"(x) is the associated Legendre polynomial, cos 6,3 = fi- ks and Onik; = O — Px, 1
the relative phase between fi and k;. In particular, we can find that

cos 6,1 +cos 0y3co0s 0,3
= 4.49
€08 ¢nk1 sin 913 sin 9n3 ’ ( )

12See Section 4.2.2 for more details about how we separate the effects around recombination from the
late-time ones.
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where the subscript n denotes the observation direction fi and the numbers i = 1, 2 and 3

denote k;. In the flat-sky limit, we have

ke Kz k2 +k2 . k2
cos B, = k—i, cos 6,3 = k—z, cosB13 = W (4.50)

Although we elaborate the term Sl[alg,]zm only, the result is generic for the quadratic source
function. Indeed, all terms in the quadratic source function have the same form as the
first line of Eq. (4.48), which can thus be singled out. When we calculate the 2nd-order
perturbations as in Chapter 3, we need to consider merely the second line of Eq. (4.48). This

explains why it is sufficient to solve the 2nd-order perturbations in a set of (ki,k», k; ~ﬁ2).

4.3 Numerical Results

To calculate the bispectrum in Eq. (4.45), we solve the 1st- and 2nd-order perturbations
numerically. For both cases, we use the Newtonian gauge as discussed in Section 2.5 and
Chapter 3 respectively. In this section, we first describe the numerical implementations of
calculating the recombination bispectrum. Then, we verify the numerical result with the
analytical bispectrum in the squeezed limit. Finally, we present the constraints on fnps and
the signal-to-noise of the recombination bispectrum.

4.3.1 Numerical Implementation

There are two points worth being emphasized when solving the 2nd-order perturbations
numerically. First, we solve and store the kernels of the 2nd-order perturbations as functions
of k1, kp, ﬁl . ﬁz and 7 as we explained in Section 4.2.4. For conservative convergence, the
numbers of sampling points are chosen to be 180, 10, 120 for ks, u and 7 respectively.
In particular, making use of the flat-sky approximation allows us to simplify the numerical
samplings in k-space'>. We sample Ink uniformly with k from 2.4 x 107 to 0.86/Mpc and
Inn uniformly with 1 from 230 to 1050 Mpc. Moreover, we confirm the convergences of
the bispectra within a few percent of errors by varying the sample sizes of ks, tt and 1 as
well as the ranges of ks and integrated 7).

3Because the highly-fluctuating Bessel functions are missing when calculating the bispectra with flat-sky
approximation.
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Second, there exist numerical instabilities in Newtonian gauge for both 1st and 2nd or-
der arising from two large terms canceling almost perfectly with each other with the residual
a few orders of magnitude smaller. This undermines the accuracies available in the numer-
ical calculation. To tackle this problem, we use two evolution equations which are linear
combinations!* of the original four scalar Einstein field equations (EFEs) as discussed in
Section 3.3.3.

2
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Figure 4.1 The graphs of the bispectra generated from the quadratic source function S
against ¢ for equilateral (upper) and squeezed (lower) limit. The curves correspond to dif-
ferent ¢ truncations of the multipoles Sgn’ﬂ. We can see that the convergence occurs when ¢
goes up to 10.

14This technique is first employed in the CMBQuick code introduced by Pitrou [87].
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The solved 2nd-order perturbations are then fed into the purely 2nd-order source func-
tion U Although only 1st-order perturbations are needed to compute the quadratic source
function S™!, it has to be decomposed into multipoles Sg;g. In principle, closing the hier-
archy requires multipoles up to infinite ¢, but this is numerically not tractable. Hence, the
usual prescription is to truncate the hierarchy once convergence is reached. The LOS inte-
grand in Eq. (4.22) facilitates the convergence such that ¢ up to 10 is sufficient as shown in
Fig. 4.1. We include all the m # 0 modes consistently up to ¢ = 10 for the quadratic source
function.

Numerical Results for Linear Perturbations

In order to calculate the 2nd-order perturbations and the corresponding CMB bispectrum,
we need the linear perturbations as sources. The idea is to store all the Ist-order perturba-
tions needed as functions of k£ and 7 into an huge array. Then, the values of those quadratic
terms at different ki, ky and 7 are evaluated through the cubic spline interpolation with the
array. Unfortunately, many of the 1st-order quantities, such as multipoles of photons and
neutrinos, oscillate rapidly for small scales. Thus, high resolutions are required to make
sure that the oscillations are captured properly. Besides, we need the 1st-order quantities all

over the range of time from the initial time to the recombination.

Although the calculations on the linear perturbations have been well established in some
LOS solvers, such as CAMB [70] and CLASS [63], we reproduce the calculations with our
own code. One of the main reasons is that the sampling of k and 7 in these 1st-order
quantities for evaluating the 2nd-order equations is different from those used for calculating
the CMB power spectrum in these LOS solvers. For instance, the LOS solvers do not store
the 1st-order quantities well before the recombination because they have negligible effects
on the CMB power spectra'®. In contrast, we need to store the Ist-order quantities from the
initial time to the recombination when we evaluate the 2nd-order Boltzmann equation and
EFEs. Thus, it is more efficient to develop our own code to control the sampling. Another
reason is that the 1st-order evolution equations are simply the homogeneous parts of the
2nd-order evolution equations (see Eq. (3.21)) and provide a decent check for the linear

parts of 2nd-order equations.

We developed our own code to calculate the full-sky CMB power spectrum with and

without the lensing effect!6. The full-sky result without the lensing effect is shown in

SPhotons are tightly coupled with baryons well before the recombination and any patterns of photons at
that time will be washed away by collisions.
16We also include the calculation of the unlensed power spectrum with the flat-sky approximation.
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Fig. 2.2 along with that from CAMB. We obtain a very nice agreement. Although the
calculation of the power spectrum is not necessary for studying the CMB bispectrum, the
calculation provides us some useful guides about how high the resolutions of k£ and 1 should
be used in bispectra.

Numerical Calculations of Second-Order Perturbations

Once the 1st-order perturbations are ready, the kernels of the 2nd-order perturbations can be
solved by the 2nd-order EFEs and Boltzmann equations. However, there are many quadratic
terms of 1st-order perturbations in these equations and it is not trivial to keep track of these
terms. Besides, the solutions obtained may subject to the issue of numerical instabilities.

Thus, it is important to establish a systematic check for the numerical 2nd-order solutions.

For the scalar perturbations, the verification can be achieved by using the redundancy
of the EFEs. There are four EFEs for the scalar perturbations and we only need to use two
of them to evolve the 2nd-order scalar metric perturbations, i.e. !l and ¥l in Newtonian
gauge. However, the two redundant EFEs are consistent with the other two EFEs and can
thus be used to verify the numerical solutions. For example, if a term is missing in the EFEs
or the numerical instabilities grow significantly, the constraint equations will not be satisfied
well (see Figs. 3.3 to 3.5). We emphasize that the verification does not work well for the
collision terms of Boltzmann equation because the EFE:s is sensitive only to the total energy
and momentum of all components. A missing collision term may change the energies and

momenta of baryons and photons but not the sum of their energies and momenta.

The 2nd-order perturbations were solved previously in [87]. However, there are some
typos for the quadratic terms in the EFEs. The third term 8 (® — W)W of the first line in
Eq. (A.6) should be 8H®®. The first term Jy (¥ +¥)d! (¥ + P) in the square bracket of the
second line in Eq. (A.7) should be 9 (¥ +®)d’ (¥ +®). Moreover, the quadratic terms with
o3 in the EFEs are missing. These missing terms do not have overwhelming amplitudes
compared to all the other quadratic terms'”. Thus, we do not expect that the large deviation

of the non-Gaussianities calculated in [87] comes from these terms.

7For example, the stress anisotropy ¢>l!l is usually subdominant except for very small scales.
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Figure 4.2 The 3D plot of the reduced bispectrum generated around recombination. The
bispectrum is normalized by the coefficient D(¢;,¢,,¢3) defined in Eq. (4.51) to remove

an overall /~* scaling. The red regions represent positive values while the blue regions
represent negative values of the recombination bispectrum.
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Recombination Bispectrum

We present the full recombination bispectrum in Fig. 4.2, showing isosurfaces of the bis-

pectrum density with the normalization factor [36]

1 1 1

DU B) = g an T )26+ 1) (61 b3 Gt +£3) @b
Although the main contribution to the recombination bispectrum is concentrated towards
the edges of the tetrahedron, the bispectrum fluctuates around zero in the squeezed limit
and hence its correlation with the local-type template is somewhat suppressed. Clearly from
Fig. 4.2, the bispectrum does not correlate particularly well with the popular templates —
local, equilateral or orthogonal. It possesses its own distinct shape. In Fig. 4.3, we show dif-
ferent tetrahedral cross-sections through the full recombination bispectrum taken at different
summations ¢; 4+ ¢, + ¢3 = const. On the other hand, it contains features in the squeezed
limit and along the edges which reflect those appearing in the ISW-lensing bispectrum - the
fluctuations along the edges of the tetrahedron. For the squeezed limit with ¢; < ¢5, /3,
this is because they both contain a term with d(ﬁ%Cg2) /d¢; (see Eq. (12) and (14) in [66])
which comes from modulations of large-scale fields. However, the ISW-lensing bispectrum
possesses an extra term which fluctuates according to the angle between the small ¢; and
the large /. More precisely, they have similar shapes when ¢, = ¢3 but look very different
when ¢ + ¢, = ¢3. This extra feature weakens the correlation between the ISW-lensing and

the recombination bispectra, which is only ~ 30%.

4.3.2 Validation with Analytical Bispectrum

To verify the numerical bispectrum we calculated, we compare it with the analytical solu-
tion available in the squeezed limit. In the squeezed limit (/; < ¢, and ¢3), the reduced
bispectrum in the bolometric temperature has the simple form [12, 29]

I8
Cfl 1 d(ﬁ%ng) i 1 dw%c@)
2 |6 dinty 43 dinds |’

b2%2£3 = Célcfz + Célcég + szcég _ (452)

g

where CE? is the correlation between the temperature anisotropies and the curvature per-
turbation { = Agg — ¥ at recombination. Our bispectrum is in good agreement with the
analytical bispectrum as shown in Fig. 4.4. We note that the flat-sky approximation per-

forms well in the squeezed limit. The approximation breaks down only when ¢; < 200.
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The breakdown occurs earlier than mentioned in [17] for the flat-sky approximation. We
believe this is because the cutoff of the LOS integration is extended to 1 = 1050 Mpc in
order to include the couplings with the early-time ISW effect. In this case, the thin-shell
approximation may break down while the flat-sky approximation is still valid. However,
these ISW-related couplings should contribute mildly to the total bispectrum!8.

4
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Figure 4.4 The recombination bispectrum (gray solid line) calculated numerically using
Eq. (4.45) and the analytical bispectrum (black solid line) are plotted in the squeezed limit.
We can see that they match with each other very well. Here, we measure the bispectrum in
bolometric temperature which can be converted from the bispectrum in brightness temper-
ature by Eq. (4.46). The “All L.T.” curve contains all the purely 2nd-order perturbations of
the source function as shown in Eq. (4.10) while the “All Q.T.” curve contains all the cross
products of two 1st-order perturbations of the source function as shown in Eq. (4.11).

In addition, we remark that the numerical accuracy of the multipoles SEI;E with m # 0

cannot be checked with the analytical solution as they contribute negligibly in the squeezed
limit. The reason is as follows. In 1st-order perturbation theory, the source function
S[TI](n,k,ﬁ) can be expressed as S[TI](n,k,,u)CID(k) where = fi-k and ®(k) is the pri-
mordial perturbation of the Newtonian potential. Since S’[TI] is a function of U, it can be
decomposed into spherical harmonics with only m = 0 modes. On the other hand, in 2nd-
order perturbation theory, the kernel of quadratic source function S is a function of 1 and
n as well as k| and k, which come from the couplings between two 1st-order perturbations.
The decomposition of S into spherical harmonics will contain modes with m # 0 because
k; and k; do not necessarily align with each other. In other words, the couplings break the
symmetry with m = 0. However, in the squeezed limit (e.g. k; < Kkj,k3), the conservation

18See Fig. 1 in [66], and the SW-ISW and y-ISW effects in the lower panel of Fig. 4.5.
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law of momenta (k3 = k| 4+ Kk>) implies that k; is almost parallel to k3. Thus, modes with
m # 0 are suppressed because of the much smaller k;. In this case, we have only m = 0
modes when k3 is chosen to align with the azimuthal direction of the multipole decomposi-
tion. Similarly, the 2nd-order vector and tensor perturbations are negligible in the squeezed
limit as they are m = 1 and m = 2 modes respectively. Having said all these, we emphasize

that m # 0 modes have to be considered for non-squeezed configurations.

In Fig. 4.5, we plot the bispectra of the terms in the 2nd-order source function. We
can see that the main contributions come from the effects of the Photon-SW, SW-SW and
quadratic Collisions as well as the purely 2nd-order SW, Doppler and anisotropic stress
effects. The sum of the Photon-SW and the SW-SW effects is roughly constant in the plot —
the total bispectrum from these two effects is approximately proportional to the product of
the power spectra of the long (¢) and short (£s) wavelength modes, i.e. Cy;,Cy,. Moreover,
this constant offset also appears in Fig. 1 of [82]. This verifies that our IBPs approach

is consistent!?

with the change-of-variables approach first introduced by [52]. Since we
decompose the quadratic source term S into different physical couplings, the physical
explanation of the offset is clear: the power spectrum of the short wavelength mode comes
mainly from intrinsic intensity, SW and Doppler effects while the power spectrum of the
long wavelength mode is proportional to the square of the initial gravitational potential ®
(SW effect). The offset shifts the bispectrum of the purely 2nd-order source terms up and

suppresses the correlation between the recombination bispectrum and that of the local type.

9The late-time ISW-related couplings are sub-dominant as expected.
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4.3.3 fnr, and Signal-to-noise

In Table 4.1, we summarize the effective fnis, the normalized Fnis [35] and the signal-to-
noise ratios S/N which are defined as

Z,
A A rec
4.53
NL Fan (4.53)
FAA
Ry = 2R (4.54)
NE fgﬁloclocfNL
(S/N)a=+/Fana (4.55)
where
h%éﬂ
_ A B
Zan =L, e, Pt (4.56)
2004+1)(20, +-1)(203+1) (61 ¢, ¢
théaE\/( 1 DEENEEYD (0 f ) 4.57)
4w 0O 0 O

Physically, fléL measures the bias in estimating the amplitude of the A bispectrum due to the
CMB bispectrum during recombination. The Fny. renormalizes fni, with respect to the local-
type bispectrum such that equitable comparisons among different templates are possible.
The signal-to-noise ratio (S/N)a measures the detectability of the A bispectrum for unit
JNL. The local-type Fﬁﬁf is small because of the fluctuating bispectrum in squeezed limit
as we explained previously. The equilateral-type Flﬁ%u is small due to the lack of support in
the interior of the recombination bispectrum. Thus, the recombination bispectrum does not
correlate well with local and equilateral templates.

Model INL J2N (S/N)
Equilateral 5.11 0.66 0.028
Local 0.88 0.88 0.22
ISW-Lensing 7.36
Auto-correlation — 3.19 0.69

Table 4.1 The table of the effective fnrs, Fnrs and S/Ns of the local and equilateral
templates correlated to the recombination bispectrum, as well as its total signal (auto-
correlation). For ISW-lensing bispectrum, we found that its correlation with the recom-
bination bispectrum is ~ 30%. For ease of comparison, the Fni. quantities normalize the
integrated bispectrum signal for any shape relative to the fni. = 1 local model. We have
used /max = 2000 throughout.
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These results are consistent in the squeezed limit with [12, 29]. Moreover, we find that

the equilateral type fIfI%u =5.11 (Ff{u = (0.66) which is modest but consistent with [13].
Table 4.2 compares all the codes which are capable of implementing the full recombination
bispectrum. While there is a relatively good agreement on the values of f;%u, the values of
Il\?f and S/N from different codes appear to be quite different. As we mentioned, the LOS
integrand used in [87] may mix up early-time and late-time redshift couplings and fail to
converge at low-/ truncation. This can result in the larger S/N and fﬁf}f in their calculation.
Although we have made some approximations, we do not think that they lead to significant
uncertainties. The flat-sky approximation is validated by matching with the analytical solu-
tion in the squeezed limit as shown in Fig. 4.4. Although the thin-shell approximation may
add uncertainties on the bispectrum generated by the couplings with the early-time ISW
effect, these couplings are sub-dominant. The cutoff on the LOS integration allows us to
separate the early-time and late-time effects consistently. In particular, we confirm that the
m # 0 modes, which are included in our calculation but not in [52, 82], increase the S/N

from 0.65 to 0.69. Their contribution to the bispectrum is mild.

Since the numerical calculation for the recombination bispectrum is very complicated
and can depend on the details of the implementations, a comparison between different codes
is essential to resolve the discrepancies among different teams in the future. This will be
important for the quantitative analysis of the Planck data where this contribution should be
incorporated in debiasing local and equilateral signals and in determining whether there is an
overall primordial non-Gaussian signature in the data. The recombination bispectrum will
combine with the ISW-lensing bispectrum at about 10% level and its correlation can affect
the significance of this determination in the Planck data (recall that ISW-lensing effect can
bias the local signal by as much as fnp = 9.5 [69]). For this reason, we shall continue
to incorporate more physical effects in our numerical pipeline to improve this quantitative
analysis further.

This work Pitrou [87] Huang [52]  Pettinari [82]

S/N 0.69 ~1 0.47 0.47
N 5.11 ~5 - 4.3
loc 0.88 ~5 0.82 0.5

Table 4.2 The table for comparisons among the results from all the codes implementing the
full recombination bispectrum.
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4.4 Conclusions and Discussion

In this chapter, we focus on the bispectrum generated around recombination across the full
range of multipole combinations. We find that the effective fnis of the equilateral and local
types are 5.11 and 0.88 respectively, while the overall signal-to-noise is (S/N)rec = 0.69, all
calculated using /n,x = 2000. We note from Fig. 4.2 that the bispectrum possesses its own
distinct features differentiating it from well-known templates, such as local, equilateral and
ISW-lensing. To complete the full calculation of this bispectrum will require the inclusion
of the time-delay and lensing effects [49, 69], the addition of the 2nd-order vector and tensor
perturbationszo, the late-time ISW effects, and finally the terms with the Christoffel symbols
in Eq. (2.35). With improving precision, this recombination bispectrum should be included

in the analysis of future CMB experiments.

20The 2nd-order vector and tensor perturbations have been included in [52, 82]. Their contributions are
believed to be subdominant.



Chapter 5
Weak Lensing in Boltzmann Equation

Cosmic microwave background (CMB) anisotropies generated at the last scattering surface
(LSS) propagating towards the present observer are inevitably distorted by the perturbed
metric of the intervening spacetime. Such distortions generate higher-order fluctuations
which include lensing, redshift and time-delay effects. Among these nonlinear effects, weak
lensing has the most significant impact on the CMB.

The Planck mission has conclusively detected lensing of the CMB radiation from fore-
ground sources to an overall significance of greater than 250 [4]. The high precision of this
measurement motivates the development of a more complete formulation of the calculation
of this effect. While most effects on the CMB anisotropies are widely studied through di-
rect solutions of the Boltzmann equation, the nonlinear effect of CMB lensing is formulated
through the solutions of the geodesic equation. For the theoretical completeness, it is thus
of interest to include CMB lensing in the framework of the Boltzmann equation. Practi-
cally, the new formalism can be used as a consistency checking of the canonical remapping

approach'.

In this chapter, we aim to fill this gap. We present a new formalism to the calculation
of the lensing effect by directly solving the Boltzmann equation, as we did in the calcula-
tion of the CMB anisotropies at recombination. In addition to encoding the geometrical
information implicit in the use of the geodesic equations, our approach using the Boltzmann
equation also manifestly contains additional interactions, such as redshift effects and Comp-
ton scattering. We will discuss how these effects couple with lensing in high orders. From

our formalism, we explicitly re-derive the remapping approach in Eq. (2.88) and identify

ISee Section 2.6.1 for a brief review or [67] for details.
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the implicit approximations used in the remapping approach. Moreover, we developed a
diagrammatic approach to efficiently keep track of all the interaction terms and calculate all
possible non-trivial correlations to arbitrarily high orders. One of the primary benefits of our
approach is that the meaning of each physical term is clear and unambiguous. This allows
us to point out additional unexplored corrections implied in the remapping approach. To
demonstrate the formalism, we calculate explicitly the corrections to the temperature power
spectrum from lens-lens couplings, which are neglected in standard calculations. Without
going through the quantitative calculations of other approximations, we assess their contri-

butions to the CMB power spectrum. The work in this chapter is mainly based on [99].

This chapter is organized as follows. In section 5.1, we first derive the CMB weak
lensing effect from the 2nd-order Boltzmann equation. Then, we generalize the derivation
to arbitrarily high orders to establish the complete formalism and recover the remapping
approach in literature from our formalism by identifying the approximations required. After
that, we show how to express the lensing effect in form of Dyson Series and represent
the formalism through a diagrammatic approach. Finally, we discuss how the formalism
can be extended to study time-delay and redshift effects. In Section 5.2, we extend the
diagrammatic approach to calculations of the lensed CMB power spectrum. Focusing on
the corrections from lens-lens couplings, we illustrate how these diagrams can facilitate the
calculation of the lensing effects on the CMB power spectrum. We find that the correction
is < 0.1% of the CMB temperature power spectrum for £ up to 3000 and thus is comparable

to the cosmic variance.

5.1 Formalism

To study the CMB lensing effect, we start with the Boltzmann equation as in Eq. (2.32)?
'g[gab(xA?pO?ﬁ)] = €ab(x47p07ﬁ)7 (51)

with the Liouville operator £, the collision operator € and the screen-projected intensity
matrix #,,. The Liouville operator, which describes the free-streaming of the CMB pho-

tons, can be expressed under the chosen coordinate system and tetrad basis® as Eq. (2.34),

2See Section 2.3.2 for a brief review on Boltzmann equation.
3See Section 2.1 for how we choose the coordinate system and the tetrad basis.
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1.€.

0 i

L[ Pap) = 548" (%VA Pea+ ccliinaipo‘@“l + 3—?’% 3%1) ; (5.2)
where the screen projector S,” is defined in Eq. (2.6). As we will soon see, the first term
contains time-delay effect and Born approximation, the second term corresponds to redshift
effects including Sachs-Wolfe (SW) and integrated Sachs-Wolfe (ISW) effects and the third
term corresponds to lensing effect. To elaborate these terms, we need to know the geodesic
equation given in Eq. (2.37) and the metric of spacetime in Eq. (2.1). Hereafter, we use the

conformal time 7 instead of the affine parameter s by redefining the Liouville and collision

dn dn
£— (E) £, ¢ — (E) C. (5.3)

That means, we restrict the calculation to the particular choice of coordinate system. How-

operators

ever, this transformation is found convenient when we perform the line of sight integration
over the conformal time, e.g. in Eq. (5.14). As mentioned in Section 3.2.1, the transforma-

tion is equivalent to the transformation with simply the background-order (dn /ds)!].

To solve the dynamics of the CMB photons, we perturb the Boltzmann equation and
the Einstein field equations (EFEs), and then solve these differential equations. As demon-
strated in Chapter 3 for the 2nd-order perturbations, quantities in lower orders are treated as
sources (or inhomogeneous parts) of the higher-order differential equations. That is, we can
start from the lowest (background) order and iteratively solve the equations order by order

until we get the precision required. Explicitly, we expand the quantities into perturbations

as
dX  [dx [°]+ dx [I]+1 dx ““+1 dx [HH+ (5.4
ds \ds ds 21\ ds 3!\ ds ’
_ 1 1
Pav =P+ P+ 5P+ 5P+ (5.5)

where X denotes 7, X, po orn'.

The same expansion can be done for the collision terms €, but we will focus on the

damping term —7.%,, in Compton scattering with the residual terms collected in D ,, i.e.

Cap(xh, PP 1) = —1(0) Py (x*, PO, 1) + D o (x4, p°, 1), (5.6)
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where 7(1) is the differential optical depth in the background order. The term —7.2,,
is responsible for the damping effect on the CMB anisotropies. The Nth-order residual

term i)[alz]

contains only contributions from the low multipoles (at most ¢ = 2) of the Nth-
order intensity matrix and cross terms of lower-order perturbations. For example, the low
multipoles contribute to intrinsic intensity and Doppler effect in Nth order. Pragmatically,
these low multipoles are calculated through the Boltzmann equation and the EFEs in Nth
order with a truncated value of ¢. Then, they are fed back into the Boltzmann equation,
which we will then solve using the line of sight approach. Moreover, the residual term @g}?
also contains the perturbed differential optical depth §%(x). This is only important when
we care about the nonlinear dynamics of Compton scattering. Since our focus is the CMB
weak lensing, the linear-order @([llg is sufficient. See Approximation 1 in Section 5.1.2 for a

]

more detailed discussion. Nevertheless, we emphasize that there is no dependence of f@‘[f;’
inside the residual term @gZ]

N
of Wib].

so it can be treated as a source term in the evolution equations

Putting together both the Liouville terms Eq. (5.2) and the collision terms Eq. (5.6), we

can formulate the solution of the Nth-order intensity matrix @LZZ] by using the line of sight

approach as follows. The Boltzmann equation in Nth order can be written as

g egd i N % L] agc[g’*ﬂ . dp? (L] agzc[i}/*u .\ % (L] a@g}/*L]
@b = \L dn ax! dn op° dn on'

+(Vy Pp)M = —3. 201 4 oI (5.7)

N
L

using Eq. (2.35). Here, we make an approximation by ignoring the terms with the Christoffel

where ( ) is the Binomial coefficient. The covariant derivative in Eq. (5.7) can be expanded

symbols in Eq. (2.35) as Approximation 0, i.e. Vi) Py, = d P,/ IN. We rearrange Eq. (5.7)
by putting all the terms with L@gZ} on the left-hand side, such that

N N
a‘@[b] iagzc[zb]

a

[N]
an ax!

—Hpoa—#)+%<@£§] = 5,8, (5.8)

where we have collected all the source terms in QEZ] which is defined as

N /N
@gf_ Z (L)

L=1

dil [L] agzc[j;’—u . dp” (L] a@gZ—L] . d_nl (L] a(gng—L]
dn ox! dn apl dn '

on'
(5.9)
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Henceforth, the term gé’ ; will be omitted in all contractions between i and I, e.g. n'd /dx! in
the second term of Eq. (5.8). Performing the Fourier transform such that any function of x

transforms as

d3k ik-x
= | ) (5.10)
we obtain
PN SNl e )
otk adN 4 2 pM _ gc5,40M (5.11)

where 2, and Q,, are defined as

n 1

Pap(n,k,h) = ) / dp’(p°)? P (n,k, P, 1), (5.12)
A 1

Qab(nakaﬁ) = I-(—n>/dPO(PO)3Qab(7”I,k7PO»ﬁ); (513)

with the background-order energy-integrated photon intensity (1) defined in Eq. (2.16).
Strictly speaking, we note that k - fi = n'k; éél ; and contains no perturbations.

By integrating Eq. (5.11) over the line of sight, the Nth-order intensity matrix at present
(n = no) can be expressed as

. 1 o .
Pap Mok ) = /o Cdne -t c5,1 0N (. k. ), (5.14)

with the background-order optical depth 7(n) and the conformal distance r = 19 — 1. We
remark that all the quantities in Qg}? can be determined either by solving the Einstein field
equations and the Boltzmann equation with a low truncated ¢ for up to Nth order or by per-
forming the line of sight integral for @gg] with M < N [83]. In other words, we can extend
the calculation to any orders we want iteratively, limited only by computational power and

human frailty.

5.1.1 Lensing in Second Order

In this subsection, we warm up by deriving the weak lensing effect on the CMB from the
2nd-order Boltzmann equation. We will match our result with the previous approach using

the remapping approach, i.e. Eq. (2.87), explicitly stating the assumptions needed for the
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matching, and explaining their physical meanings. We will generalize the derivation to
arbitrarily high orders in the next subsection. For an alternative approach at formulating the

2nd-order lensing effect through the 2nd-order Boltzmann equation, see [53].

First of all, we expand the 2nd-order source term Qgg of Eq. (5.9) into

o, (N 7y (Mo,  (a\Vaz,  (a\Waz,
ab dn op° dn op° dn ax! dn ont

(5.15)

The first term in Eq. (5.15) corresponds to Compton scattering, the second and third terms
are related to the redshifts due to the perturbed metric along the light path, the fourth term
is responsible with the time-delay effect, and the last term is the weak lensing effect. Phys-
ically, the second and third terms can be interpreted as redshift effects of the 1st-order
perturbed metric on the 1st-order CMB anisotropies and the 2nd-order perturbed metric on
the background-order CMB respectively.

Dropping all the other terms except the weak lensing term, considering only the 1st-
order Compton scattering®, and after performing Fourier transformation and energy integra-
tion, we have’

A

. . d
O (n.k,h) = T 4y (K) {ZiSUkl,j (1, ki) +¥(1.k))] ﬁ%b(n,kz,m}, (5.16)

where .7 is the convolution operator defined in Eq. (3.24) and S is the screen projector in
tetrad basis. Here, we express (dn’ /dn)W with Eq. (3.56) and replace the background-order
kiy= ;;éj Jkl, j with ky ;. We refer to Section 2.1 for a general review on coordinate system,
tetrad basis and manipulations of their corresponding indices.

From now on, we focus on the photon intensity only. This can be done by the contraction
i(m,k, /) = 5% 2,(n,k,n). (5.17)
Moreover, we define the CMB temperature anisotropies ® as

1+40(n,k,n) = I(n,k,n). (5.18)

4The correction of the direction f in the Doppler term fi - vy, is neglected when we ignore the 2nd-order
Compton scattering.

>From now on, we omit the superscript [I] denoting Ist-order perturbations whenever it is clear in the
context.
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In general, the definition of temperature is not unique, especially in nonlinear order with ex-
isting CMB spectral distortions. However, if we care about only lensing effects in nonlinear
order, there are no spectral distortions induced and thus the lensed CMB temperature can
be defined as usual in linear order. For more discussions on the temperature definition, see
Section 4.1.

With the 1st-order expression of ® in Eq. (2.75), and after several integration by parts,

we obtain
(1] i} n o
ki) = {e’“” | anet a1 (5 —mysy (7K oI, (519)

where the source term St is defined in Eq. (2.78).

To solve the 2nd-order lensed temperature anisotropies @ (n), we substitute Eq. (5.16)
into Eq. (5.14) and replace P 4, with temperature anisotropies ®. Then, by using Eq. (5.19),
the lensed temperature anisotropies can be written as

- d’k,d’k
O (@) = [ HE [ ar dhika (= ) 0. )+ P K e
x { / dfe_ikZ“ZF(f—r)ST(ﬁ,kz)—%e‘”‘z“ﬂg(n)ﬂ(n,kz) , (5.20)
r 2
where
n=k -k, w=h-ki, io=h-ky, r=n-n,F=n-1. (5.21)

We will now re-derive the remapping formula Eq. (2.87) and Eq. (2.88) of the weak
lensing from the Boltzmann equation. Unlike the familiar approach [23] where the lensing
deflection is calculated via solving the geodesic equations given the metric perturbations,
we explicitly solve the 2nd-order Boltzmann equation using Green’s function method. This
means that we have full control over the entire evolution of the photon distribution from
the LSS to today, allowing us to make clear the exact approximations required to recover
Eq. (2.87) and Eq. (2.88) as follows:

1. We neglect the term with IT in Eq. (5.20) and re-write the equation as

[II] i d3k1 o~ ki-Ar
o (3) = 257 ["ar2. (D ki) + P ki)

A Pl 8 d’ks —ikyAF @[
. r ar i odn/ [/ (2@3/26 ST(’”l,kz)}- (5.22)
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From the integration limits of the double integral, we can see that the lenses at r
can only distort the signals of sources further away, i.e. from r to 1ng, as expected.
The neglected term here comes from the boundary condition when we perform the
integration by parts in Eq. (5.19). In general, these boundary terms appear only for
those terms with modes ¢ > 2 in the source function S7 defined in Eq. (2.75).

. Then, we replace (7—r)/# with (rLss —r)/rLss, contract [, dr to [ dr and extend

[0 dF to fono d7 (i.e. effectively uncoupling the two integrals). We get

<7 0 .. 0 R . N
6" (a) = 25 ﬁw(n)ﬁ(a(n) =2Vay(n)-Va0(n), (5.23)
where y(i) is the lensing potential defined in Eq. (2.88) and we have used the fact

that the screen-projected directional derivative

S % = (V4) (5.24)
in the second equality. This approximation implies that we first integrate all the un-
lensed CMB signals — including late-time effects, such as the ISW effect and Compton
scattering at reionization — and then we treat those unlensed signals as a single source
at the LSS and distort them by lenses between the LSS and the observer. This ap-
proximation is motivated by the fact that most unlensed CMB signals are generated
at recombination and thus can be treated as a single source. Moreover, the lensing on
the late-time effects can be ignored. For example, the ISW effect is dominant at low

¢ where the lensing effect is negligible.

If we do not perform the integration by parts to replace S7(1,k,f) with S7(n,k), the

first approximation will not be needed®. In other words, the first approximation can be

folded into the second approximation. Here, we separate them in order to compare our

result to previous studies. This “single-source approximation” has been evaluated in [107]

for the weak lensing effect on the CMB power spectra. At 2nd order, their equation (Eq. (7))

for redshift-varying sources is exactly the same as Eq. (5.22). However, the term with IT is

missing in their study. In principle, we have to take into account the missing boundary terms

when we assume the single-source approximation.

6See the generalized derivation for high orders in Section 5.1.2.
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5.1.2 Lensing in Arbitrarily High Orders

We will now extend the calculation of the lensing effect to arbitrarily high orders and com-
plete the formalism. At 3rd and higher orders, the lensing effect can couple with other
effects non-trivially. For example, the 2nd-order lensed photons can be redshifted by linear

metric perturbations included in the term

(d_po) e (5.25)
dn apY .

Thus, it can be ambiguous to distinguish the lensing effect from other effects in high orders.

We will demonstrate how to derive the usual remapping approach [23] by explicitly
solving the Boltzmann equation. Throughout the derivation, we will clarify all the assump-
tions needed. Validations of these approximations can be found in Section 5.2. We start
with the source term Eq. (5.9) and make the following approximations:

1]

1. Ignore nonlinear collision terms: We include only the 1st-order © ; from Compton
scattering in Eq. (5.6). Nevertheless, we remark that other collision-related effects
can be important, such as the SZ effect on small scales at late time. However, the
lensing effects on them are believed to be negligibly small [106] and thus these effects
can be studied separately’. Without these collision terms, there are no distortions on
the frequency spectra of &,,. In other words, there exists a unique definition of

temperature anisotropies (see Section 4.1 for more details).

2. No time-delay: We drop all the perturbations on dx /dn, i.e.

dx!

M ~n'. (5.26)

This means that when we accumulate the lensing effects, we perform the time integra-
tion along straight lines in the spacetime of the background manifold. This approxi-
mation is responsible for ignoring the time-delay effect and the Born approximation.

7See [28, 39] for the SZ effect on bispectrum.



102 Weak Lensing in Boltzmann Equation

The leading time-delay effect is a 2nd-order effect and corresponds to the term®

do! A gzm
(-) —& (5.27)
dn dx
Physically, it is the effect of the 1st-order perturbed light paths on the 1st-order CMB
anisotropies. In contrast, the corrections from the Born approximation are at least

3rd-order [67] and include terms like

(1] (1]
(dxl> 0L (5.28)

dn ox '

where 353;] is the 2nd-order lensed CMB signals. This is the effect of the 1st-order
perturbed light paths on the lensed CMB signals. Here, we emphasize that couplings
between different effects (e.g. lensing, redshift and time-delay effects) are possible
in higher orders and thus it can be ambiguous to distinguish between the time-delay
effect and Born corrections beyond their leading orders. Therefore, we instead clarify
what terms are neglected as in Eq. (5.26).

3. No redshifting by metric perturbations at nonlinear orders: Similarly, we drop all the
perturbations on dp®/dn except
d o\ I 097
L) = (5.29)
dn /  dp
which is responsible for the SW and ISW effects in linear order. In other words,
we ignore any contributions due to redshifting beyond the linear order. In principle,
redshift-related late-time effects, such as the Rees-Sciama (RS) effect, may be impor-
tant”. In Section 5.2.3, we will see that the high-order couplings between the lensing
effect and the late-time redshifting are subdominant compared to the pure lensing
effect.

4. Ignore cross terms between metric perturbations: We approximate the term dn'/dn

81n this chapter, we do not re-derive the previous approach [49] of the time-delay effect from the Boltzmann
equation explicitly as we will for the remapping approach of the lensing effect in Section 5.1.1 and 5.1.2.
Instead, we will argue that the interaction operator Eq. (5.69) responsible for the time-delay effect and the
Born approximation is negligible compared to that of the lensing effect, which is consistent with [49].

9See [90] and [74] for the RS effect on the CMB power spectrum and bispectrum respectively.
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as
dn' _ i 1 [N] _ Z —a (PN 4+ M) = — 579, (PN- 1 V). (5.30)
dn ~ & N'\dn " o

At Nth order, it means that we ignore all the cross terms of lower-order (less than N)
perturbations. We call this the Newtonian approximation because we drop the cross

terms and linearize General Relativity (GR) as if in Newtonian gravity.

With these approximations, the source term Q,;, from Eq. (5.9) is simplified to

1]

Quy =2 — ( ar ) aagj“” 1287 9, ¢NL ai;"’ , (5.31)
where the nonlinear Weyl potential ‘PNL = (PNE + ®NL) /2. Physically, the first three ap-
proximations imply that we consider only the pure lensing effects acting on the 1st-order
intensity matrix. In principle, we have to consider the nonlinear intensity matrix, especially
when we calculate the N-point correlation at large N. Having said that, we expect that the
lensing effects on the 2nd-order (and higher-order) intensity matrix generated at recombi-
nation are negligible in the CMB temperature power spectrum and bispectrum. For the
power spectrum, it is because |®!!l| > |®!l|. On the other hand, the 2nd-order tempera-
ture anisotropies O at recombination generate a mild bispectrum [52, 82, 100]. Thus, the

lensing effect on ® at recombination is expected to be subdominant.

We will solve Eq. (5.31) order by order in perturbation theory as follows. First, we

expand the intensity matrix order by order

no;kaﬁ)- (5.32)

> 1
gzabnmkn :Zﬁ

Now we impose the condition, which follows from Approximations 1 and 3, that the 1st-

(]
order intensity matrix is sourced by the 1st-order collision term [g, and redshifting ( d’; ) ,

1.e. using Eq. (5.11)

Z \ .

an“b +ik-a P20+ 2P — 55,49 425, (¥Do — ik - D). (5.33)
On the right hand side of Eq. (5.33), we have made use of the fact that there are no polar-
izations in the background order, i.e. 2, = (1/2)ZS,;. Reinserting the solution @gg back
into Eq. (5.11) with Approximations 1 to 4, and omitting for simplicity the k dependence of
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9’75}], we get

p) 32 (1]

9. 2M k!
an“b +ik- n@ibur@fj}:25;5;,”’%71(//(1(){215%’111 (k’)%}. (5.34)
n

Iterating this, we get at each N > 1

5IN+1]
395,;, Lk A@[N+1}+f9[N+1]
an ab
! 2™
_W ;\;'1) S Sp? G s (K) {ZzS”k"PNL (k) %} (5.35)

From now on, we focus on the temperature anisotropies. Similar to Eq. (5.14), we use
the line of sight approach and Eq. (5.31) to solve Eq. (5.35) as

1
(N+1)!

= eikN+1'fer+1+f(nN+1)/
0

N (a1 Ky, 1) (5.36)

NN+1 2 i —iKf\-fr,
dny (_E) ykﬁv,kN(anLl){ng [e VNG (1, ki)

a —iky-Airy—7 1 4 ~
(a in +lkNlNrN> |:€ Ky-firy T(nN)mI[N}(nNakN7n):| }7

where N > 1 denotes the Nth time of iteration, ry = 19 — ny and [ [ll(nl,kl,ﬁ) is the 1st-
order photon intensity, i.e. 4®m(n1 ,ki,1) in Eq. (2.75). For ny41 = no at present, we can
write the (N + 1)th iteration explicitly as the following N-nested integral

1 N o
L N+ Kk . :/ -
(N+ 1)' (”07 N+17n) 0 dn

Mo 2 iv [ ikl iy J .
/ﬁ dny (_E) ,%(/ kN(kN—H){VN [ k- NT%L(T]N;kE\l)} (an_’N +lkN,iNrN) { ..
m 2 iz [ ik hryqyNL / J .
/ﬁ dn, (_E) ,%(/27k2(k3){vff [e 2 2Py (T]z,kz)} (% +iky i1 {

/ﬁnz dm (—r—zl) S (kz){vg [e_ik/l’ﬁ”q’\%L(m,kll)] (881 + ik nﬁ) {
e IV4S (7 Ky A) }}}}}}} (5.37)

In Eq. (5.37), we have used a familiar strategy often encountered in quantum field theory to
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rearrange the order of the integration limits

NM+1 L7 MM+ (MM
[ e [Tan= [ [T any (539)
0 0 0 ]

to pull out the innermost integration with respect to 7] which integrates over the sources.
This trick allows us to explicitly expose the physical meaning of the nested integral — the
lens at 1y, which generates the (N + 1)th-order intensity from the Nth-order intensity, must
be located after the lenses at s (M < N) but before the observer at 1g. The time-ordering
is illustrated in Fig. 5.1.

. u u ]
n < m < 72 < T < NN < Mo

Figure 5.1 The diagrammatic illustration for the time-ordering of the nested integral in
Eq. (5.37). The circle node indicates the source while the square nodes indicate the lenses.

Following Eq. (5.32), the lensed photon intensity at present is the sum of all possible

iterations, i.e.
I(no,k,h) = Z M(no,k, R). (5.39)

Eq. (5.37) and Eq. (5.39) form the complete formula for the pure lensing effect on the 1st-
order photon intensity and include all possible ways to distort the 1st-order photon intensity

with the weak lensing effect.

In the following, we proceed to recover the remapping approach of the lensing effect
in Eq. (2.87) and Eq. (2.88) from the formulae shown in Eq. (5.37) and Eq. (5.39). Several
further approximations have to be made and we will clarify them explicitly. Before we do
that, we first commute the terms d/dn’ + ik;r with the terms Vi [~ KA ¥ (n,K')] and
rearrange the former to the right hand side of the latter in Eq. (5.37). The commutation can
be achieved by using!”

9 e
( St ikNJNrN) {V;y [e*lkM'"’M\P&L(nM,k;l)] F(-)} (5.40)
dSimim Q= ikyfiry : 1 J
~ oniv eaan WWF() VR [eilkM.mMT\%L} (3niN _ikll‘/[’iNrM—i_ikN’iNrN) o)

iteratively for M < N, with F(-) as some arbitrary function and we have used Eq. (5.24) to

10We omit the dependences of ‘P\I}IVL on the right hand side of Eq. (5.40).
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commute the two derivatives

. o iMJ o
J (VA)IM_ J (SIM]M J )ZQSMM J +S1M]M J J (541)

anin ~ dniv dnim on'n  dnim on'n dnim’
Now, we list out the extra approximations needed:

5. Neglect the directional derivative of the screen projector: This means that

0 Simim

onin

(5.42)

We can then move all the partial derivatives into the innermost integrand to act on
S7(7), and rewrite Eq. (5.37) as

1
(N+1)!

Mo Mo 2 ; K hr
:/0 dn {/n dny (_E> gkgv,kN(kNJrl){Vfiv [e anN\PvNVL(TTN,kfv)] {
/Tl3 dnz _3 T, (k3) VIAZ [e*ik/z.ﬁrz\PNL(nz k/ )] {
ﬁ rz k27k2 n w s D

2 2 i —ik/ -fir
[ an (<2) i {72 e Rt )] {
i "

N (o, ky 11, 7)

R : J . :
an +i Y Ky (rv —rm) +lk1,iNrN] {ﬁ +ik j, (r2—r1) +lk17i2r2}
M=1

x [% + ikl’,-lrl} e MV (7 Ky, B) }}}} . }}} (5.43)

This approximation is related to the fact that the argument (fi + &) in Eq. (2.87) is
not a unit vector. This approximation is implied in the remapping approach and has
been clarified in [22]. Nevertheless, the leading correction from this approximation
is at 3rd order!! and thus we do not expect significant corrections on the CMB power
spectra and bispectra. In Section 5.2.1, we will develop a set of diagrams to represent
different couplings in Eq. (5.43). In addition, we show that Eq. (5.43) can formally
be expressed as a Dyson series in Section 5.1.3.

6. Ignore lens-lens couplings: Operationally, this means that we drop all the terms with

1"The directional derivative of the screen projector requires @ /dn’ from a lens acting on VI{; of another lens
as shown in Eq. (5.37). Therefore, the photon intensity is at least in 3rd order including the 1st-order source
term ST.
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kj, for any M in the second last line of Eq. (5.43). Physically, we ignore all the lensing
effects on lenses, i.e. lens-lens couplings [26]. We will consider the effects of the lens-
lens couplings in Section 5.2, but for the moment we continue our re-derivation of the
remapping approach. This approximation decouples all the Fourier integrals, allowing

us to immediately write down the photon intensity in configuration space as

Mo Mo 2 . R
=/ dn {/ dny (——> VN [P (w, —firy)] {
0 il N
- 2\ i .
[ dn, <——) \45 [‘P%L(nz,—nrz)] {
il r
2 2 ; A
/~ dm (——) Vi [N (m, —fr)] {
Ul r
d3k1 d ) 0 ) 0 .
/W <al’l_lN + lkl,iNrN) e (ﬁ + lk17i2r2> (W + lkl,ilrl)

><e"kl'ﬁ74§T(ﬁ,k1,ﬁ)}}...}}, (5.44)

where

Ky

WAL (1, —firy) = / o~ AnpNL (). (5.45)

7. Place all unlensed CMB signals at the LSS: Explicitly, we replace

Nm+1 NMM+1
[ dny — dny, (5.46)
n TMLss
0 T e m—F 0 _a g ry—rLss 0 _aoan
_ ik ; iki-AF . ik -OF SN ' ik, -OF
<8n’M T I’MrM) ¢ 7 8nlMe LSS 8n’Me ’
5.47)

for any M. Notice that in order to recover the remapping approach, we do not replace 7
with rp gg in the exponential. It means that when we utilize the line of sight approach
for the unlensed temperature anisotropies, we consider the effects at various times
properly. In contrast, when we calculate the lensing effects on the source term, we
treat the sources as if they are all located at the LSS. This approximation decouples

all the time integrations such that the nested integral is deconvolved into a product of
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integrals as follows

o)
=2 n:':g dny (%) V' [N (s —ry) ] {
2 n:s dmp (%) v [N (2, —iir)] {
o (o)
3
ajm aiiz ain { / (2‘1%;‘31 7 0"0 df €_ik1'ﬁF4ST(fl,k1)1 }} }
e aran 0 0 o) (5.48)

where the deflection angle & is expressed as

rLss -
alh) =2 / dr S g @ 4 (5.49)
0 rrLss

and the unlensed temperature anisotropies are

&’k
27-[ 3/2

O(h) — / dfi e VS (7 1)), (5.50)

Finally, summing up all orders, we recover the remapping approach of the weak lensing
effect on the photon intensity [23], i.e

. A = 4 . .0 d 4
A) 1 — [N] A) — iN D il A
I[(no,f) — 1 NZ_IN!I (Mo, 1) NE—ON!(X 0RO e O(i)
=40(h+ @) = 40(h), (5.51)

where @ denotes the lensed temperature anisotropies.

5.1.3 Lensing as Dyson Series

The Dyson series is a perturbative series which is used often to expand perturbations in
different orders when we study scattering theory. Here, we demonstrate how to formulate

the CMB lensing effect into a Dyson series. In this way, we start with the Boltzmann equa-
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tion to study the lensing effect which is a more complete form compared to the remapping
approach. In particular, the Dyson series allows us to take into account the fact that the
unlensed CMB effects occur at different times instead of treating them as a single source in
the remapping approach. If we ignore the IT term in Eq. (5.19), we can replace S7(7, Ky, )
with S7(f],k;) and rewrite Eq. (5.43) as

1 A N
WI[N+”(no,kN+1,n)
Mo - Mo 2 i — K. fir

s 2 ir [ —iK)-firngNL /
/ﬁ e ( r2> '?"/27"2(1(3){% [e T (nz’kZ)] {
2 2 i —iK" -fir
[P am (<2) i e {72 e et )] {

r

N—1
[i Z kjlw,iN(rN — I”M) + ikl,iN (I’N — 17)} - |:l'kllyl-2(l’2 — 1”1) + ikl,iz(r2 — 17)}
M=1

: X {iklil(rl—?)}eik"ﬁ74ST(ﬁ,k1) }}}}}}} (5.52)

With the assumption as shown in Eq. (5.42), we can express the photon intensity in

configuration space as

1 o
& 7N+
CESEE

Mo Mo . ~
:/O dﬁ {/ﬁ dT]NV;{V [T%L(T[N,—ﬁrjv)] (DﬁJN)iN{"'

no;ﬁ)

K] . R
/ﬁ Ao Ve [PRF (12, —hir)] (Dfl,rz)iz{
2 i1 yNL - 2 5 _ Az
/ﬁ dmy Vi [BNE (1, —iry)] (Cla, )i, 4 4S7(R, —0F) b ... b b (5.53)

where

o PRI _ghre -
ST(n,—nr)E/<2n)3]/2e k1nST(T],k1) (5.54)
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and the vector operator ﬂfw is defined such that it is non-zero only when it acts on X

r—r o
rv ont

(Oa,)i X(n',—Ar) =2 X (n',—nr'), (5.55)

with X’ denoting ‘P\l\{,L or St. Physically, acting Ijﬁ’, on ‘PVNVL corresponds to lens-lens cou-
plings while acting on St corresponds to lensing the sources. The diagrammatic approach

in Section 5.1.4 immediately applies to Eq. (5.53) by representing 6 as St instead of ©.

Now, we introduce the interaction operator V and the evolution operator U as

V(n,h) = Vi [¥§(n,—r)] (Da,)i, (5.56)
~ el ) A
O(no,f,0) =1+ ) Uv(no.fi,0) =T [elﬁodnv(n’n)] : (5.57)
N=1

where r =19 —n, T is the time-ordering operator, and
N Y 1 Mo Mo Mo N . N A .
Un(no, 7, ) = ﬁ/ C1771v---/~ dle/~ dm T [V(nw,h)...V(n2,8)V (n1,0)] .
-0 i Ul
(5.58)

Formally, this means that the evolution operator is the solution to the following equation

Using the evolution operator, Eq. (5.53) can be expressed as the following integral

L e neay =4 [ dfi On(no,7,8)Sr(7, —h7). (5.60)
(N+1)! ’ 0 Y ’

Thus, the lensed CMB anisotropies observed today are

f(n()aﬁ) _
4

- Mo RN . ~ .
O(h) = /0 diy U (no, 71,1)S7 (7, 7). (5.61)

Cast in this form, it is clear that we can interpret Eq. (5.61) as the accumulated lensing effect
on the CMB sources at different time 7.
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5.1.4 Diagrammatic Approach

In this subsection, we develop a set of rules as a book-keeping tool to compute any Nth-order
lensed CMB anisotropies. This facilitates the expansion of the lensing effect to higher orders
for calculations of the corresponding CMB power spectra and bispectra. In Section 5.2.1,
we will demonstrate the calculation of the lensed CMB temperature power spectrum by
using the diagrammatic approach. Although we develop the diagrammatic approach based
on Eq. (5.53), we note that the diagrams are compatible with Eq. (5.78) which considers
fixed sources at the LSS by applying Approximation 7 in Section 5.1.2. Moreover, similar
diagrams can be developed to include the redshift and time-delay effects which will be
discussed in Section 5.1.5.

As we can see in Eq. (5.53), the (N + 1)th-order photon intensity contains time-ordered
integrals over two types of interaction terms — the unlensed source term S7 (diagrammati-
cally § where the 0 below denotes the ordering)'? and the Nth potential term V[ ¥3- ()]
(diagrammatically K, where the label N indicates the time-ordering of the potential terms).
With N > M, it means that the Nth potential term is located /ater in time compared to the
Mth potential term. We write down the time-ordered terms from left to right in a row. For

example, the 4th-order photon intensity /| 4 s expressed as
[ J | | u
01 2 3
which is simply a simplified expression of Fig. 5.1.

In addition to the interaction terms, there is an “action” term in Eq. (5.55), i.e. the

vector operator |jﬁ’r acting on either interaction term S7 or Vy [‘PVNVL] We denote the action

by an over-arc, i.e. m for action of L4 ., on S7 and m for action

0 N Mo N
of Ug..,, on Va[PN-(ny)]. For each Nth action, there is an Nth time integral ff?"’“ dny
associated with it'3. We summarize these rules in Table 5.1.

Hence, the prescription to writing down the integrals in Eq. (5.53) is to construct all
possible actions from the left to the right. Physically, an Nth node acting on an Mth node
for N > M means that the object closer to us at N is lensing the object further away at M.

In our formalism, = is a lens and thus an overarc between two lenses denotes a lens-lens

12With Approximation 7 in Section 5.1.2, the circle node represents ® instead of [, d7j St(7).
3Here, 7} locates the source term Sy and integrates from 0 to 19. With Approximation 7 in Section 5.1.2,
we replace 7] by Nrss.
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Diagram Term Physical Meaning
0 ®(h) or [ df Sr (7, —hF) Unlensed source
generated at node

0.

N VY [N (v, —hiry) ] Lens at node N.
m The lens at node
0 N N distorts the

NN+1 v — 20(i) unlensed source,
i L N — LSS
/ans dny V{ [\P (M )} Fnriss  Oniv i.e. lens-source
coupling.
or
Mo [7IN+1 . rN_raST( )
d dny V¥ [P
/0 f /n nv Vi [Pw ()] 7 o
m The lens at node N
M N distorts the lens at
NVt _ , . OUNE (1) node M, i.e. lens-
NL N~ .
/ans dny Vi [Py (nv) ] p Fd i lens coupling.
or
TIN+1 : YN —FM —; 8‘PNL(nM)
dny V& [PRF vin ——W_
/r;' nN n |: W (nN)] rNrM n anlN

Table 5.1 The diagrams with their corresponding represented equations and their physical
meanings. In the “Term” column, the first choice assumes Approximation 7 while the sec-
ond one does not.
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coupling. We emphasize that, although we have considered only the lensing effect here, it is
easy to generalize our diagrammatic approach to other types of interaction terms such as the

redshift and time-delay effects as will be discussed in Section 5.1.5 by adding more node
types.

As an example, we list out all the possible diagrams for the third-, forth- and fifth-order
terms of the lensed temperature anisotropies ® in Table 5.2. In fact, except the upper left
diagram in each of Table 5.2a, 5.2b and 5.2c, all the other diagrams involve the lens-lens
couplings. Ignoring these couplings is equivalent to applying Approximation 6 in Sec-
tion 5.1.2.

To 1llustrate the rules summarized in Table 5.1, we demonstrate how to construct the
formulae for the middle diagram in the first row of Table 5.2b. From the diagram, there are
one circle node and three square nodes, i.e. one source and three lenses. The lenses at node
1 and 2 distort the source while the lens at node 3 distorts the lens at node 1. Based on the
rules in Table 5.1, the integral associated with this diagram is

om0 1 2 3
s (M i3 [\yNL .
/ a2V [‘PNL (12, —hir) {
/ dn 53 J \PNL(TI _ir)
R Va onis - w T, —nn
rp—r rn—r 0 0 3 N
(2 r ¥ ) (2 r 7 ) Sz 9 57 (1, —07) }}} (5.62)

While these diagrams may seem frivolous, its power arises when we want to compute

the two-point correlation functions, e.g. (®N@M) to all possible actions in the Nth and
Mth orders. To see that, we need a new rule to encapsulate contractions between all possible

interaction terms (either m or o), which will be introduced in Section 5.2.1.

5.1.5 Extensions

In this subsection, we extend the formalism and the diagrammatic approach developed for

the weak lensing effect to study the redshift and time-delay effects. We will derive their
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A0

Y0

0 1 210 1 2
(a) The third iteration
o1 2 301 2 301 2 3
m{\mm
o1 2 3]0 1 2 301 2 3
(b) The fourth iteration
012341012341 01234|01234
012341012341 01234|01234
012341012341 01234|01234
012341012341 01234|01234
01234101234} 01234|01234
@. W W W w
012341012341 01234|01234
(c) The fifth iteration

Table 5.2 All the possible couplings of the weak lensing effects on the CMB anisotropies in
the third, forth and fifth orders. As an example, Eq. (5.62) demonstrates how to construct
the formulae from the middle diagram in the first row of Table 5.2b.
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corresponding interaction operators, following what we have done in Section 5.1.3. We will
also show how the formalism can be used to systematically estimate their contributions to
the CMB signals, especially for higher orders in which the redshift and time-delay effects
can couple with the lensing effect. The extension here can be treated as the relaxation of
Approximations 2 and 3 in Section 5.1.2. Nonetheless, we argue that the pure lensing effect
dominates in arbitrarily high orders. With the extension to the redshift and time-delay ef-
fects, the developed formalism becomes a comprehensive solution of the Liouville operator
(collisionless part) of the Boltzmann equation in arbitrarily high orders. We emphasize that
the formalism is generic and can be used to study the lensing, redshift and time-delay effects

of other observations — such as galaxy surveys.

Time Delay Effect and Born Correction

By ignoring dx’/dn (Approximation 2 in Section 5.1.2) in the Boltzmann equation, we
apply the Born approximation [44, 95] and neglect the time-delay effect [49]. Here, we
relax this approximation in our formalism. For simplicity, we first consider it without the

lensing terms. That is, Eq. (5.31) becomes

9 0P
Quy =2 — ( ar ) ap“” ~on Z\P%LW;”’, (5.63)

with the Newtonian approximation (Approximation 4 in Section 5.1.2) modified as
RS I AN N] N i \pNL

Combining Eq. (5.11) and Eq. (5.63), we can find the recursive solution of the normalized

intensity matrix, by the line of sight approach

1

1 [N+1]<
(N+1)!

N N - 1 4
iy e WA (k)] [e 00 B ki) | ], (565)

. N _ NN
fi) = e’kN+1-nrN+1+T(77N+1)/ *
0

NN+1,Kn1, 1B an<7k§V,kN(kN+l){

where N > 1.

Now, we focus on the temperature anisotropies only. The (N + 1)th iteration of the
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photon intensity at present (1) is

1
(N+1)!

Mo Mo A R
= [ an { /n ana%{fN,kN&NH){ [ MmN (ny 1) | (—2ik - 8) { ..

N (mo, ky 41, 0)

3 YA .
/ﬁ dn2<7k’27k2 (k3){ [e—lkznrz\P\l\’le(nz’k/z)} (_2ik2 . n) {

[ am T e { [e e )] (-2 {
n
e k45 (7 ki, h) }}}}}}} (5.66)

Similar to Approximation 1 in Section 5.1.1, we replace St (},k;,n) with S7(7,Kk;)
by ignoring the boundary terms of ®l(n,k;,f) generated by integration by parts when
N # No. Following the derivation in Section 5.1.3, the (N + 1)th iteration of the photon
intensity from the time-delay effect can be written in configuration space as

1
(N+1)!

Mo Mo . A
— 5 df {/ dny [n’N‘P%L(nN,—ﬁI’N)} (Oﬁ,rN)iN{---
n

N+ (mg, i)

3 . A
" ane [, —)] G
n2 . ~
/ﬁ dTIl [nH\PVNVL(nl,—ﬁI’l)] (Oﬁ,rl)il{él-ST(ﬁ,—ﬁf)}} }}, (5.67)

where W\ (1, —fry) and St (7, —A7) are defined in Eq. (5.45) and Eq. (5.54) respectively,
and the vector operator Qy, , is defined such that it is non-zero only when it acts on X

)

A 0
(Gar)i X(n',—0r) = ,ﬁxm’, —nr'), (5.68)

~

with X' denoting ‘P\I}{,L or St. We notice that the r-dependence of the vector operator O is
redundant but we keep it as a consistent notation with Eq. (5.55). Furthermore, we can
define the interaction operator of the time-delay effect as

Ve(n,0) = n" PN (1, —0r) (Da )iy (5.69)



5.1 Formalism 117

where the subscript x denotes that this term comes from the derivative with respect to space-
like coordinates x/ of the background manifold in the Liouville operator. To include the
lensing effect, we can simply add the interaction operators of the lensing and time-delay
effects together to the Dyson series in Eq. (5.61). Moreover, the diagrammatic approach in
Section 5.1.4 can be extended straightforwardly by introducing a new node 1(1 to represent

the interactions of the time-delay effect.

To understand why the lensing effect dominates over the corrections from Born approx-
imation and the time-delay effect, we consider the ratio of the norms of the two interaction
operators in Eq. (5.56) and Eq. (5.69), i.e. R = ||Vx||/||V||. With the flat-sky approximation,
we can replace Vy with £ in Fourier space and have R ~ r/(r' —r)/¢ where ¢ = |£| and
|| is of order 1. For lens-source couplings which dominate the lensing effect, r/(r' —r)
is of order 1 and thus R ~ 1/¢ with ¢ ~ 40 at the peak of the power spectrum of the lens-
ing potential'*. This estimation is consistent with [49]. The argument here is made with
the interaction operator and is valid throughout the hierarchy, not just in the lowest orders
as verified previously in literature. That is, we can safely ignore any high-order couplings

involving the redshift and time-delay effects as the pure lensing effect dominates.

Redshift

Similarly, we relax Approximation 3 in Section 5.1.2 by including the redshift effects in

nonlinear orders so that

agzab

P (5.70)

Qup = lely —p (an‘PNL — ni81<I>NL)
where the Newtonian approximation (Approximation 4 in Section 5.1.2) becomes

de © 1 dPO [V]

o= Lo ()

~—Hp'+ Y % (O ¥ — ' gy @) = —p® 4 p° (9PN —nig@NY) . (5.71)
N=1"""

Here, we ignore the lensing and time-delay effects for simplicity but it is straightforward to

include them. Substituting Eq. (5.70) into Eq. (5.11), the recursive solution of the normal-

“More precisely, lenses at redshifts z < 10 dominate the lensing effect [67]. For these lenses, r/(r' —r) <2
and the argument holds as well.
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ized intensity matrix can be written as

1 ATN+1 . p fir = NN+1
m L[1b+ ](nN+17kN+1’n) —e L SYARD | N+1+T(77N+1)/0 anykgv,kN(kNH){4
x [Ogy (&M @NE (k) ) — 207 g ALy, K|
o _ 1 -
« |:e—sz~nrN—T(77N)mt@gl\’[](nlv,klv’ﬁ)} }, (5.72)

where N > 1 and ‘P\IEIVL is the nonlinear Weyl potential. In Eq. (5.72), the term with ®N" cor-
responds to the SW effect while the term with ‘PVNVL corresponds to the ISW effect. Similar
trick is used in Section 4.2.2 when we separate the SW and ISW effects in the 2nd-order
Boltzmann equation.

The (N + 1)th iteration of the photon intensity at present is

Mo
= fiv+ Ay =
(N+1)'I (770>kN+17n) /0 dn {
Mo A al A
/ﬁ an%;v,kN<kN+l>{ [9n (7A@ (1, Ky) ) — 2~ 9y W ()| {
n3 N A
/ﬁ dn2<7k/2,k2(k3){ [anz (e_lkz'mzq’NL(nz’k/z)) —Ze_lkz'mzanz‘P\l\zle(nzyk/z)} {

2 K/ -fir —iK -fr
/ﬁ dnlfgk'l,k] (kz){ [8111 (e_’kl n 1q)NL(n17k/1)> —2e k| -f lanllp%L(nlvkll)] {

e ®IBFAS (7 Ky, ) }}}}}}} (5.73)

In configuration space, the (N + 1)th iteration of the photon intensity from the redshift effect
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can be written as!®
—— (g, A) (5.74)
Mo +~ NL
— [ an { / dny [a,,NchL(nN, —firy) — 2%y (1, —ﬁrN)] { .
n

m +~ NL
/~ dmp [9nzq>NL(Tl2»—ﬁr2) — 2%y (nz,—ﬁrz)} {
i

/ﬁnz an, [amq)NL(m,_ﬁrl) — 2@§L(n17—ﬁr1)} {4ST(ﬁ, —i7) }} . } },

where
(I)NL _ & — d3k;\’ —ik;wﬁr/vq)NL k/ 5 75
(nN7 nrN)— (27'5)3/26 (nN7 N)7 ( . )
5 NL 5 PRyt ar
Fw (1, —ry) = / (27t)év/2e BN O PN (1, Ky)- (5.76)

Moreover, we define the interaction operator of the redshift effect as

Vr(naﬁ) = an(DNL(na —ﬁ}’) - 2@§JL(T’7 —fll’), (577)

with the subscript r denoting the redshift effect. Here, we note that the interaction operator of
the redshift effect is just a scalar quantity. For the diagrammatic approach in Section 5.1.4,
it does not have the “action” term represented by an over-arc and can be indicated by solely

a new node 1(1 .

We point out that the interaction potential ||V;|| suppresses the redshift couplings due
to an extra order of perturbations (see the discussion below Eq. (5.20)). This is expected
because V; is exactly the source term for the SW and ISW effects when we perform the
line of sight approach for Ist-order perturbations. The only difference is the range of the
conformal time integration - we consider some subsets of the full range from O to ng here.
Thus, the amplitude of CMB anisotropies will be suppressed by roughly an order of 107>
when coupling with the redshift effect to one higher order. This explains why the redshift

effect is subdominant compared to the lensing effect.

SWe replace S7(fj,ki,f) with S7(7,k;) in order to keep the notation consistent with Eq. (5.53) and
Eq. (5.67). However, unlike lensing and time-delay effects, it is not necessary for pure redshift effects.
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5.2 Power Spectrum from Lens-lens Couplings

In Section 5.1.2, we develop a new formalism to study the lensing effect through the Boltz-
mann equation and explicitly enumerate all the approximations (Approximations 1 to 7)
required to recover the canonical remapping approach reviewed in Section 2.6.1. The for-
malism is then extended to the redshift and time-delay effects in Section 5.1.5 in order to
validate Approximation 2 and 3. In this section, we discuss the legitimacy of other approx-
imations. In particular, we calculate quantitatively the correction of the lens-lens couplings
on the temperature power spectrum and demonstrate how the diagrammatic approach in

Section 5.1.4 can facilitate the calculations of the power spectra.

We start with Eq. (5.53) and impose Approximation 7 to single out the lens-lens cou-
plings from other approximations. We can then express the (N + 1)th-order lensed temper-

ature anisotropies in configuration space as'®

- Mo ; 2
Ot (h) = [ dny Vi [N (ny, —firy)] (Dmm)w{
MLss
n

3 . ~
dmVE [Py (12, —hr)] (Dﬁ,r2)iz{
NLss
M i NL . ~ .
diﬁ [lPW (1’]1, —nrl)} (Dﬁ,rl)il @)(n) T (578)

MLss

where the unlensed temperature anisotropies ®(i) are given by Eq. (5.50) and the vector

operator ﬁﬁ, is redefined such that it is non-zero only when it acts on X’

r—r 9

rv ont

(Oa,)i X(n',—hr') =2 X(n',—hr), (5.79)

with X denoting ‘P\I}I,L or ®!7. Physically, acting |jﬁ_‘r on ‘Pw‘ corresponds to lens-lens

couplings while acting on ® corresponds to lensing the sources. We will develop a set of
diagrams to calculate the corresponding power spectrum in the following.

5.2.1 Diagrammatic Approach

To simplify the numerical calculation, we work in the limit of flat-sky, use the Limber ap-
proximation and consider only the linear part of the Weyl potential'® (i.e. W\ — Whl).

1Here, the lensed temperature anisotropies are expanded as @(f) = Y'5_; OV (#).
17With Approximation 7, 7’ is replaced by r g5 when ﬁfu acts on 0.
8For simplicity, we omit the superscript [I] from now on.
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However, we remark that these extra approximations are not necessary to the diagrammatic
approach. Moreover, we do not expect these approximations to change the results signif-
icantly. Operationally, the approximations work as follows. Recall that for any function
f(#), we can perform the Fourier transformation

d¢

Ef(f)e’['ﬁ. (5.80)

f(n) =
With the assumption of statistical isotropy, it can be shown that
©()0*(l)) = s(£—£)CP, (5.81)
(Fw(n. 0¥y (n'.€)) = 8(€-£)8n-n")C/(n), (5.82)
where the angle brackets denote the ensemble averages. C? is the unlensed temperature

power spectrum expressed in Eq. (2.86) while C;PW (1) is the equal-time power spectrum of
the Weyl potential.

With the flat-sky and Limber approximations, we can find

1 ¢ ANE
;M) = 5Po (;) {Tnpw (m;)] , (5.83)

where r = 19 — 7, Pp (k) is the primordial power spectrum defined in Eq. (2.73) and Ty, (1, k)
is the transfer function of the Weyl potential. Particularly, the Dirac delta function 6(n —n’)

in Eq. (5.82) comes from the Limber approximation using
/dk K2 (ki) jo(kr') = %5(;»—#), (5.84)
r

where j;(x) is the spherical Bessel function of the first kind. This is valid for high ¢s when
the term Py (k)[Twy, (1,k)]? varies slowly compared to the spherical Bessel functions [67].
As mentioned in [67], the Limber approximation is rather good for lensing potential with
lens-source couplings. Thus, we expect the approximation does well for lens-lens couplings
because at least one /-mode of source is replaced by a /-mode of lenses. It means that the
main contribution of the /-mode integration of lenses in the lensed power spectrum will
shift to even higher /. Additionally, we ignore the correlation between the temperature

anisotropies and the Weyl potential, i.e.
(Pw(n,0)0"(¢)) =0. (5.85)

It is a very good approximation because only the ISW effect of the temperature anisotropies
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correlates well with the Weyl potential at low-¢ modes (¢ < 100) for which the cosmic

variance is overwhelming due to the limited modes available.

Now, we introduce some extra rules to extend the diagrammatic approach for the cal-
culation of power spectra. Diagrammatically, we represent the correlation function (...)
by a dotted line connecting two nodes. For example, = = denotes (PwWyy). Due to
the presence of the Dirac delta function 6(1 —n’) in Eq. (5.82), many possible configura-
tions are forbidden because we cannot place the lens further than the lensed object from the
observer. In Table 5.3, we summarize all the forbidden contractions in the diagrams, the
corresponding terms in the formula and their physical meanings. Because of the forbidden
contractions, the lens-lens couplings do not contribute to the 4th-order power spectrum. In
order to assess effects from the lens-lens couplings, we study the 6th-order power spectrum.
We itemize all the non-zero configurations for the 6th-order power spectrum as shown in
Table 5.4. There exist cancellations between some pairs of the diagrams which are crossed
out by the arrows. To understand this, we perform the Fourier transformation such that

(Va)i = i — il;. (5.86)

an
In Fourier space, each pair of these cancelled diagrams looks exactly the same except that
one contains (£ - €x)8(€y + €y) while another one contains (£y - €x)8(€y + €n). The
difference comes from an overarc acting on either one of two correlated lenses. The pairs

are eliminated because €y = —£y.

5.2.2 Numerical Implementation

Among the rest of the diagrams in Table 5.4, diagrams (1A), (1B), (2A), (2B) and (4A) do
not involve the lens-lens couplings. They correspond to the expanded terms in the Taylor
series of the remapping approach in Eq. (2.87) which can be calculated non-perturbatively
[23]. In contrast, other residual terms, which are in Column C and D, contain the lens-lens

couplings. To do the numerical calculation, we write down the temperature power spectrum
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Forbidden Con- | Term Physical Meaning
tractions
- . (Pw(n,0)0*(£)) The CMB temperature
anisotropies  correlate
weakly with the Weyl
potential.
AA/;I, ]]\\/]’ O0(mv — nm)0(Myy — mMyr)8(ny — | Lens at my must be
Ch | M) S (M — Nmr) placed after any lens at
My (< 1)
[ W L] L]
M X "N | 0(ny—nx)0(Mx —nm)d(My — ) Lens at ny cannot be
- . placed before and after
the lenses at My = Ny
simultaneously.
m (rn+1—1Nn)O(MN+1 — MIv) No lensing effect if the
N N+1 lens is placed at the
same location as the
lensed object.

Table 5.3 The forbidden contractions for the lensing effects on the power spectrum. 6 is the
Heaviside step function. The Heaviside step functions come from replacing the integration

It dny with [0 dny€ (v 1 — 1)

TLss MLss
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Correlations | Diagrams

ANANA O
WWWW

(1A) (1B) (10) (1D)

0O 1 2 30 12 30 1-2 30 1-2 3
U, U’ U’ U’

(2A) (2B) (20) (2D)

<@[3}@[3]*>

<@[4}@[2]*>

(3A) (3B) (30)

01234012 401234012

0 0} 0

@5l (4A) “B) @0 4D)  ° (B

01234012
i i 7
(5A) (5B) (50) (5D)

Table 5.4 All the non-zero configurations for the temperature power spectrum from the next-
to-leading order of the weak lensing effect. The dotted lines denote correlations while the
arrows indicate the cancellations between some pairs of the diagrams.
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represented by all the residual diagrams

~0(6 d£1d£2 1
o ):/ (2m)* { KO(£I;£2){ E(fl 02 (6r-0°Cp

e (€=l (e )PPCy,

+%(£1 £)%(4, -e)Zc?} (5.87)
+/Co(51,£2){ [€1-(£— =)l (6~ = 0)]’Clyy,
—[Zl-(8—81)]2[62-(8—21)]2C|G}m} (5.88)

+K1(€1,€2){ 2001 (£— €1 —£2)][l2- (€= L1 —£)](€2-£1)Cy_y, 4,
—[&1- (€= L) [€2- (£~ £1)](£2-£1)C_y,,

—[€1-(£—£)]*[l2- (£—£1)](£> -&)Cf,?_m} (5.89)
+/c2(el,z2){ (61 (6= — )] (£2-£1)°Cly_p, 4y,

—[51'(3—51)]2(52'31)%@_@”} }, (5.90)

where the functions /C;(¢},¢;) are defined as

2
rss—r 7 —
Mo 2 o <rLSS r2> 7 =0
FLSS — 71 ¥ — — o

dn, 4C¥w ASS T dn, 4C¥v (mss r2 (rl rz) _
/ans 4G, ) ( TLSS 71 ) m R r22 A
(—rl_r2> ifi=2
rr ’ :

(5.91)

Eq. (5.87) to Eq. (5.90) correspond to Column A, B, C and D of the residual diagrams in
Table 5.4 respectively.
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Figure 5.2 The contributions on the temperature power spectrum from the residual diagrams
of Column C and D containing lens-lens couplings in Table 5.4. The top and bottom pan-
els show the corrections to the power spectrum from those diagrams in Column C and D

respectively. In the top panel, the solid gray line corresponds to the diagram (1C) while
the dashed line corresponds to the diagrams (2C) and (3C). Diagrams (2C) and (3C) have

identical contributions and thus we sum them up. In the bottom panel, the solid gray line
corresponds to the diagram (1D) while the dashed line corresponds to the diagram (2D). For
both panels, the signs of contributions from the diagrams in Row (@41®[?") of Table 5.4,

1.e. the dashed lines, are reversed to illustrate the cancellations.

Since we want to study the effects of lens-lens couplings, we now focus on Column
C and D of Table 5.4. In Fig. 5.2 and 5.3, we plot the contributions to the temperature
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power spectrum from the residual diagrams in Column C and D. From Fig. 5.2, we see
that the total contribution of each column is suppressed by cancellations and is at least
an order of magnitude smaller than that from an individual diagram in the same column.
The cancellations are due to the conservation of the power spectrum from the weak lensing
effect. Physically, the positive terms in Eq. (5.87) to Eq. (5.90) are the power redistributed

to the mode ¢ while the negative terms are the power redistributed away from the mode ¢.

In summary, as shown in Fig. 5.3, the overall correction from the lens-lens couplings is
of order 0.1% for ¢ up to 3000 and thus is comparable to the cosmic variance. It can be a
systematic effect on CMB studies. We remark that the correction calculated here is for the
power spectrum of the CMB temperature anisotropies. This is different from the correction
of the cosmic shear power spectrum calculated in [61] which quantifies the correction of
the deflection angle in the remapping approach. Moreover, the order of magnitude for the
correction from the lens-lens coupling can be understood as follows: we can check that the
lensing correction of the CMB temperature power spectrum from the lens-source coupling
(captured by the canonical remapping approach) can exceed 20% and 2% of the unlensed
power spectrum in the leading and next-to-leading orders respectively[23] for £ up to 3000.
From Table 5.4, we can see that the difference to the corrections of CMB power spectrum
from lens-source coupling and lens-lens coupling in the next-to-leading order comes mainly
from replacing one of ¢ modes of the source with ¢; (i.e. £ modes of the lenses)'®. With the
peak of the lensing power spectrum at ¢; ~ 40, it means that the correction of CMB power

spectrum from lens-lens coupling can be a few of 0.01%.

9For example, compare (2B) and (2C) in Table 5.4.



128 Weak Lensing in Boltzmann Equation

0.02 il
0.00 .
S I |
~ -0.02F 1
Q I |
<
S
< [ i
-0.04+ 1
—-0.06+ .
-0.08+ .
0 500 1000 1500 2000 2500 3000

{

Figure 5.3 The overall correction to the temperature power spectrum from the lens-lens
couplings.

5.2.3 Other Approximations

In Section 5.1.5, we qualitatively validate Approximation 2 and 3 of Section 5.1.2. In Sec-
tion 5.2, we also calculate the correction from the lens-lens couplings corresponding to
Approximation 6 of Section 5.1.2. In this section, we will discuss the other approximations

implied when we recover the remapping approach.

Some of these approximations have been studied and their impacts on the CMB are
believed to be small. The single-source approximation, which is Approximation 2 in Sec-
tion 5.1.1 and Approximation 7 in Section 5.1.2, was evaluated in [107] using the flat-sky
approach. Its corrections to the 7T temperature power, the EE polarization power and the
TE cross power spectra are of order 0.01% while the correction to the BB polarization power
spectrum is about 0.4%, for ¢ up to 2000. The pure time-delay effect, included in Approxi-
mation 2 of Section 5.1.2, has been studied in [49] where the effect is estimated to be of order
0.1% correction to the TE cross power spectrum and < 0.01% corrections to the TT, EE
and BB power spectra, for £ ~ 1000. The 2nd-order Compton scattering at recombination,
which is ignored in Approximation 1 of Section 5.1.2, is studied in [37, 52, 53, 81, 82, 100].
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It have negligible effects on the CMB power spectra but systematic contaminations on the
CMB bispectra. Thus, it is expected that higher-order couplings of the scattering with lens-
ing or other effects are negligible. More details can be found in Chapter 3 and 4.

Approximation 1 in Section 5.1.1 has not been discussed previously and is first identi-
fied in [99]. However, we expect the contribution on the CMB power spectra to be negligi-
ble. It is because the correction to Approximation 1 in Section 5.1.1 is proportional to ¢ = 2
multipoles (the term with IT in Eq. (5.20)) which is very tiny compared to other intrinsic
CMB effects. Thus, the correction should be highly suppressed.

Among all the approximations, the Newtonian approximation as shown in Approxima-
tion 4 of Section 5.1.2 is the most difficult one to be assessed. On one hand, it relies heavily
on the accuracy of the large-scale studies to obtain the nonlinear gravitational potentials.
On the other hand, the Newtonian approximation performs well in small scales where the
evolution is local and the GR effect is negligible. Thus, we can linearize Eq. (5.30) and ig-
nore the cross terms. However, the scale of the time integration in the line of sight approach
along the lensing effects is comparable to the Hubble radius. The CMB lensing is clearly
not a local effect and its GR corrections can be important. Further assessment is needed in

the future.

5.3 Discussion and Conclusions

In this chapter, we formulate the lensing, redshift and time-delay effects from the Liouville
terms of the Boltzmann equation and express them as interaction operators in Dyson series.
Focusing on the lensing effect, we demonstrate how the new formalism helps to explicitly
enumerate and assess the required approximations for recovering the canonical remapping
approach. Moreover, we develop a diagrammatic approach to keep track of the couplings
of different effects for arbitrarily high orders. In particular, we found that the correction
from the lens-lens couplings to the temperature power spectrum is < 0.1% for £ up to 3000
and thus is comparable to the cosmic variance. We emphasize that the formalism can be
treated as a comprehensive solution of the collisionless Boltzmann equation in arbitrarily
high orders. In principle, it can be used to study the lensing, redshift and time-delay effects

of observations other than the CMB - such as galaxy surveys.






Chapter 6

Discussion and Conclusions

6.1 Discussion

Here, we discuss some potential extensions of our current work.

6.1.1 Spectral Distortions

As we mentioned in Section 4.1, 2nd-order Compton scattering induces spectral distortion
from the blackbody spectrum such that there is no longer a unique definition of cosmic mi-
crowave background (CMB) temperature. Although the spectral distortion complicates the
calculation of CMB bispectrum at recombination, it provides extra information about the
evolution history of our universe. While tightest constraints on the spectral distortion come
from the two-decade-old COBE/FIRAS [38], the future experiment - Pixie [59] can im-
prove the measurement by 2-3 orders of magnitude. In particular, the 2nd-order Boltzmann
equation developed in Section 3.2 can be used straightforwardly to study the y-distortion
at recombination. This has been studied in [85] and the effect is subdominant compared to
the y-distortion generated by the thermal Sunyaev-Zeldovich effect. The similar effect also
occurs at reionization and is worth to be considered. However, since reionization happened
at low redshift (z ~ 10) when the evolution is highly nonlinear, it is uncertain how well
the 2nd-order equations perform during reionization. Furthermore, there are other types of
spectral distortions which can be produced before recombination. It may be worth to for-
mulate them through the 2nd-order Boltzmann equation with collisions other than Compton

scattering. This might provide an alternative way to study these distortions along with the
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typical energy-injection approach.

6.1.2 Modified Gravity

In Chapter 4, we find that the CMB bispectrum generated by 2nd-order perturbations at re-
combination is mild and will be treated as systematics in future CMB experiments. Since
the calculation is based on General Relativity (GR), the result can be very different if mod-
ified gravity models are considered. In other words, the recombination bispectrum can be
used to provide independent constraints for the alternative gravity models during recombi-
nation. There are some remarks for this application. To have an appealing gravity model, it
has to be compatible with other observations, e.g. CMB power spectra. This can be done by
refitting the cosmological parameters. However, if we assume single-field inflation, the re-
combination bispectrum in squeezed limit will be fixed and determined by power spectrum
(see Eq. (4.52)), which is tightly constrained by CMB observations. Nevertheless, alter-
native gravity models can contribute to the non-squeezed configurations of recombination

bispectrum. This should not be a concern if multi-field inflations are considered.

6.1.3 Perturbed Optical Depth

As we mentioned in Section 3.2.4, the 1st-order optical depth calculated is based on per-
turbing the fitting function of the background-order optical depth. Even though the approx-
imation works well for large scales, it is not necessarily true for small scales. At small
scales, the details of the underlying dynamics, which are not captured by the three-level
approximation, can be important. Thus, it is of interest to study the perturbed optical depth
in more comprehensive ways. One possibility is to consider atoms with multi-levels [7]
and to perturb their corresponding evolution equations. This can be achieved by numerical

calculations.

6.1.4 Lensing in CMB Polarizations and Other Observables

In Chapter 5, we formulate the lensing, redshift and time-delay effects on the CMB temper-
ature anisotropies through the Boltzmann equation. The derivation can be easily extended
to study the same effects on the CMB polarizations. Since the unlensed power spectra of
polarizations have very different shapes compared to the unlensed power spectrum of tem-

perature anisotropies. The corrections from the implied approximations in the remapping
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approach can behave differently. Especially, the corrections are expected to be relatively
stronger for B-mode polarization because there is no ‘intrinsic’ power spectrum of B-mode
generated at recombination. The dominant B-mode polarization' comes from the lensed E-
mode which is 2nd-order effects at least. On the other hand, it is of interest to check if there
exist any new approximations which have not been discovered and validate the remapping
approach. Similarly, it may be worth to extend the derivation to study lensing, redshift and
time-delay effects on other observations, e.g. galaxy surveys. This can be done by replacing
the CMB source terms with the background galaxy power spectrum and hence generalizing
the approach of [61].

6.1.5 Validation of Newtonian Approximation

In Approximation 4 of Section 5.1.2, we drop the cross terms and linearize GR as if in
Newtonian gravity. However, the scale of the time integration in the line of sight approach
along the lensing effects is comparable to the Hubble radius. The CMB lensing is clearly
not a local effect and its GR corrections can be important. Further assessment is needed in
the future. To tackle the problem, highly nonlinear evolution may have to be considered but
this is practically too difficult. A less rigorous checking can be achieved by considering the
term in Eq. (5.30) up to 2nd order and studying its effect on the linear-order temperature
anisotropies. This will give us some insights on how the cross terms affect the lensing effect

in the leading third order.

6.2 Conclusions

In this thesis, we study cosmological perturbations by solving the governing Boltzmann and
EFEs up to 2nd order, and calculate the corresponding CMB bispectrum during recombi-
nation. We include all the 2nd-order Liouville and collision terms, truncating the multipole
hierarchy at ¢ = 10, consistently including m # 0 terms when calculating the bispectrum
with the flat-sky and thin-shell approximation. At this stage, we focus on contributions
at and around recombination and thus neglect 2nd-order vector and tensor perturbations,
lensing effects, and late-time non-linear ISW effects. We find that the signal-to-noise for
the bispectrum is 0.69 for ¢;,,x = 2000, yielding an overall signal Fnp, = 3.19 (normalized
relative to the local model). The effective fnis of the equilateral and local type are 5.11

"Here, we ignore the vector and tensor perturbations in linear order.
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and 0.88 respectively. The recombination bispectrum should be included in the analysis of

future CMB experiments as systematics.

Moreover, we present a new formalism to calculate the lensing effect by directly solv-
ing the Boltzmann equation. This allows us to explicitly keep track of all known physical
effects through the entire time of flight of a CMB photon from recombination to the present
observer. Using this formalism and focusing on temperature anisotropies, we explicitly
articulate the approximations required to recover the usual remapping approach used in cur-
rent studies of the CMB lensing. We discover two new approximations which have not
been studied previously although we do not expect that they contribute significantly under
the current limits from observations. In addition, we calculate the correction to the CMB
temperature power spectrum for the lens-lens coupling effects and find that the correction is
< 0.1% for ¢ up to 3000. It is comparable to the cosmic variance and should be taken into

account as systematics.
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Appendix A

Glossary of Notations and Symbols

Table A.1 Physical parameters and background quantities

Symbol Description Equation

c Speed of light

G Gravitational constant

hp Planck constant

kg Boltzmann constant

Me Electron mass

K Kk =87nG/c*
A Cosmological constant Eq. (2.22)
Ag Amplitude of initial power spectrum Eq. (2.73)
ks Pivot wavenumber Eq. (2.73)
g Spectral index Eq. (2.73)
or Thomson cross section

0] Equation of state of fluid Eq. (2.41)
Cs Speed of sound of fluid Eq. (3.18)
aora(n) Scale factor Eq. (2.1)

H Conformal Hubble function Below Eq. (2.45)
T Background CMB temperature

g Te *

R Density ratio (4/3)p:r/ Py
fa Neutrino fraction of total radiations Pn/(Pn+ Pr)
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Table A.2 Mathematical notations and functions

Symbol Description Equation

\% Covariant derivative

Va Screen-projected directional derivative Eq. (5.24)

0(x) Heaviside step function

0ij, 0, 0'; The Kronecker delta

53(k) The Dirac delta function

Iy (x) Bessel function of the first kind

Je(x) Spherical Bessel function of the first kind

Py(x) Legendre polynomial

Yo () Spin-weighted spherical harmonics

Di m rotation matrices Eq. (4.28)

Gt The Gaunt integral Eq. (C.14)

0160 Eq. (4.57)
by b 4 . .

( mi my ms The Wigner 3-j symbols Eq. (C.13)

Table A.3 Notations for power spectra and bispectra

Symbol Description Equation

(.0 Ensemble average

Am Components of spherical harmonics on | Eq. (2.83)
temperature anisotropies

Py (k) Primordial power spectrum of Newtonian | Above Eq. (2.86)
potential

Cy CMB power spectrum Eq. (2.85)

By 3-point correlator of ag,,s Eq. (2.90)

By, 0,05 CMB angular-averaged bispectrum Eq. (2.91)

by, 0,1, Reduced bispectrum Eq. (2.92)

B(ky,k2,k3), Shape of bispectrum Eq. (2.95), above

B(kl,kz) Eq. (432)

o At f3 | Nonlinear coupling constants for local, | Eq. (2.103), (2.105),

equilateral and orthogonal type (2.107), (4.53)

L Normalized nonlinear coupling constants | Eq. (4.54)

(S/N) Signal-to-noise of bispectra Eq. (4.55)

yA,B Eq. (4.56)
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Table A.4 Coordinate-related notations and quantities

Symbol Description Equation
Sub/Superscripts | Abstract indices for tensors
Greek letters
Sub/Superscripts | Coordinates in background Manifold
A, B,C, ..
Sub/Superscripts | Spacelike coordinates in background
ILJ,K, .. Manifold
Sub/Superscripts | Indices for tetrad basis
a,b,c, ..
Sub/Superscripts | Spacelike indices for tetrad basis
i, j, k...
Superscripts [I], | Orders of perturbations
(i, ..., [NV]
n Conformal time Eq. (2.1)
Ni Initial conformal time See Section 2.5.3,
3.3.1
t Physical time Ja(n)dn
r Conformal distance from present No—1N
LSS Conformal distance to last scattering sur-
face
P° Photon energy in tetrad basis Eq. (2.5)
n Direction of photon path Eq. (2.5)
€ Observer’s velocity Eq. (2.5)
€,, & Tetrad fields Eq. (2.4)
€(m) Form=-1,0, 1 Eq. (C.25)
(] g, Decomposition into spherical harmonics | Eq. (C.34)
kL) Multipole decomposition of wavenumber | k’ éﬁl)
k'k"},,, Multipole  decomposition ~ of  two | [n'n/], kj k]
wavenumbers
Nuv Minkowski metric diag(—1,1,1,1)
guv Metric Eq. (2.1)
Suv Screen projector Eq. (2.6)
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Table A.5 Perturbations

Symbol Description Equation

R Comoving curvature perturbations Eq. (2.66), (3.111)

o Newtonian gravitational potential Eq. (2.1)

¥ Another scalar metric perturbation in | Eq. (2.1)
Newtonian gauge

By Vector metric perturbation in Newtonian | Eq. (2.1), (2.2)
gauge

By Multipole decomposition of 5; By = B! e‘?‘,; )

Hiy Tensor metric perturbation in Newtonian | Eq. (2.1), (2.2)
gauge

Hso) Multipole decomposition of H;y [n'n!],  Hi

o Density perturbation op/p

Ly Intensity multipoles for photons and neu-
trinos

Evn, Bom Polarization multipoles

v, Uy Scalar and vector perturbation of fluid ve- | Eq. (2.28)
locity

D) Multipole decomposition of fluid velocity | Dy, = v’ éz‘,; )

o, Oy, Oy Scalar, vector and tensor perturbation of | Eq. (2.29)
anisotropic stress

ot Fraction of 1st-order differential optical | Eq. (3.95)
depth

Sx Fraction of Ist-order free electrons i /Xe

® Temperature anisotropies Eq. 4.5), 4.7)

A Photon brightness Eq. (2.75)

St, St Source functions Eq. (2.75), (2.78),

(4.10), (4.11)

AVIVS) Transfer function Eq. (2.82)

o Deflection angle Eq. (2.88)

y(n) Lensing potential Eq. (2.88)

Py Weyl potential (P+W)/2
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Table A.6 Quantities for EFEs and CMB photon

Symbol Description Equation
Guv Einstein tensor Eq. (2.23)
Ruv, R Ricci tensor and scalar Eq. (2.24)
T Christoffel symbols Eq. (2.25)
Tuy Stress-energy tensor Eq. (2.26)
p Energy density of fluid Eq. (2.26)
P Pressure of fluid Eq. (2.26)
uy Fluid velocity Eq. (2.26)
Ty Anisotropies stress Eq. (2.26)
IT A quantity defined with ¢ = 2 multipoles | Eq. (3.79)
IT M=1I/4
p° Ricci rotation coefficients Eq. (2.38)
61, 62, €3, 64, | Quadratic terms in 2nd-order scalar EFEs | Eq. (3.29), (3.30),
€, (3.31), (3.32), (3.37)
C(1,+41)» €(2,+1), | Quadratic terms in 2nd-order vector and | Eq. (3.40), (3.41),
C(2,42) tensor EFEs (3.43)
£ Liouville operator Eq. (2.34)
Cuv Collision operator Eq. (2.32)
¢9 Collision terms for continuity equation Eq. (3.45)
(’:E’m) Collision terms for Euler equation Eq. (2.56), (3.46),
(3.47)
Db Residual collision operator Eq. (5.6)
Puv Screen-projected intensity matrix Eq. (2.11)
z Photon intensity Eq. (2.12)
Puv Symmetric traceless polarization tensor Eq. (2.12)
1 Normalized energy-integrated photon in- | Eq. (2.14)
tensity
Puy Normalized energy-integrated polariza- | Eq. (2.15)
tion tensor
o,U Normalized energy-integrated Stokes’ pa- | Eq. (2.18)
rameters
T Differential optical depth Eq. (2.57)
e Number density of electrons

Fraction of free electrons
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Table A.7 Liouville-related notations
Symbol Description Equation
Qub Source terms for line of sight approach Eq. (5.9)
T Time-ordering operator
Ua,r Vector operator for lensing effect Eq. (5.55) and (5.79)
On,r Vector operator for time-delay effect Eq. (5.68)
V(n,n) Interaction operator for lensing effect Eq. (5.56)
Vi (M, 1) Interaction operator for time-delay effect | Eq. (5.69)
Vi(n, 1) Interaction operator for redshift effect Eq. (5.77)
U(no, f7,0n) Evolution operator for lensing effect Eq. (5.57)
C;PW(T[) Equal-time power spectrum of Weyl po- | Eq. (5.82)
tential
ICi(€1,07) Nested double integrals of lensing effect | Eq. (5.91)
Table A.8 Miscellaneous
Symbol Description Equation
Subscripts b, ¢, n, | Denoting baryons, CDM, neutrinos and
r photons
Subscripts 1, 2 Acting on a first-order perturbation X
means X; = X (k;, ) fori=1,2
Header bar * —’ | Denoting zeroth order perturbations
Header dot “ -’ Partial derivative on conformal time
L 2L=20+1
Ny Eq. (C.2)
T, k, (K) Convolution operator Eq. (3.24)
sDys sTpns sUp, | The symbols used in second-order Boltz- | End of Appendix
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Appendix B

Table of Cosmological Parameters

Parameter Best fit

T 2.7255K
Qph? 0.022032
QN? 0.12038

Q. h? 0.00064

ng 0.9619

A 2.215%x107°
Hy 67.04 km s~ 'Mpc !
Yp 0.247695
Negr 3.046

wo -1

T 0.0925

Zre 11.37

AZre 0.5

Table B.1 The best-fit cosmological parameters are listed based on the Planck+WP dataset
in [3]. For the primordial tensor modes, parameters come from the BICEP2’s data in [2]
with n, = 0 and k. = 0.05/Mpc. The definitions of these parameters can be found in Table 1
of [3]. As mentioned in [9], the tension between Planck and Bicep due to the tensor mode
is mild. Thus, we do not re-fit the cosmological parameters using the data from the Planck
and BICEP2 together.






Appendix C

Spin-weighted Spherical Harmonics

C.1 Properties of Spin-weighted Spherical Harmonics

Spherical harmonics, which are used to decompose functions on the surface of a sphere, are
essential tools for studying the CMB signals projected in the full sky. Any function spin-s
sf depending on the direction fi can be expanded into multipoles of spin-weighted spherical

harmonics !

vf(ﬁ) - ZA_I( Sfﬁm sYém(ﬁ)y (Cl)

Im

where we have, by following the normal modes in [51],

[20+1
Ny =i C2
(=’ in (C.2)

and the spin-weighted spherical harmonic ¥y, (fi) is defined as

|

+5)
SY£m<ﬁ) = “ Eijg: (_1)s6_SYZm(ﬁ)v —£<s< 07 (C-4)
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with |m|, |s| < ¢, £ > 0 (otherwise equal to zero) and the Laplace’s spherical harmonics Yy,.

The raising (0) and lowering (0) operators are defined as

d | d
3,f() = —(sin0)° {% + SIIZIG a¢} (sin@) ™ ,f(f), (C.5)
d i d
00 sin6d¢g

Osf(h) = —(sin@)* { } (sin@)® sf(n), (C.6)

for a spin-s function s f. By acting the operators on the spin-weighted spherical harmonics,

we obtain

FsYom =/ (€ —5)(0+5+1) g1 Yo, (C.7)
OsYim=—/(U+5)(l—s+1) 1Yy (C.8)

Here, we align the z-axis with the zenith.

There are many useful properties of the spherical harmonics. For example, the orthonor-

mality and completeness of the spin-weighted spherical harmonics are

/ AR Yo ()Y}, (8) = S0 Sy (C.9)
Y Yom(10)5Y,(0") = 8(cos 6 —cos 8')8 (9 — ¢'), (C.10)
Im

where the complex conjugation of spherical harmonic is ;Y\, (i) = (—1)""*_,¥; _,,(fi). The

Legendre polynomial of degree ¢ is related to the spin-0 spherical harmonics

4r 4 Nk
T Y, Y (R)Yg, (@) (C.11)
m=—1{

Py(fi-f) =

In particular, when fi = fi, we have Unsold’s theorem

L 2U+1
Z Y (R)Y () = i (C.12)

m=—/
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C.2 Properties of Wigner 3-j Symbols

The integral of three spin-weighted spherical harmonics can be expressed as

/dﬁ S1Y€1m1 (ﬁ) sszzmz (ﬁ) S3Y€3m3 (ﬁ)

:\/(2el+1)(2ez+1)(2€3+1)< T I & )(fl b 4 ) (C.13)

4m —851 —82 —83 my mp my

where the brackets are the Wigner 3-j symbols. In spin-0 case, the integral is defined as the

Gaunt coefficient

gﬁf%% E/dﬁ Yo, (ﬁ) Yiom, (ﬁ) Y€3m3 (ﬁ) (C.14)
. . b b 4 . .
Wigner 3-j symbols are non-zero only when the following conditions are
mp mp ms3
satisfied
my+my+m3 =0, (C.15)
li+0,+03=N, (C.16)
[0y — o] < L3 < |l + Lo, (C.17)

where N is a positive integer. In case of m| = my = m3 = 0, the symbols are non-zero if
{1+ ¢> + 03 is an even positive integer. Moreover, the Wigner 3-j symbols are related to
Clebsch—Gordan coefficients by

byl L —1)h—t=ms
( ml m2 m3 ) - ()ZTw]ml@zmzwg,—mﬁ. (C.18)
1 2 3

The Wigner 3-j symbols possess some symmetries which can be used to simplify the

calculation of its coefficients. For example, it is invariant under an even permutation of its

b bl b 0z 4 (RS
<1 2 3)2(2 3 1>:<3 1 2>. (C.19)
my mp mj3 my m3 mj m3 myp mp

columns
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In contrast, there is a phase factor under an odd permutation of its columns

( b b b >:<_1)L< b b4 4 )Z(_I)L< b b b )) (C20)
my mp ms my m; ms m; ms mp

where L = ¢ + ¢ + ¢3. Similarly, a phase factor appears when changing the signs of ms

O hob ot
( o >:(—1)L< b ) (C.21)
—mp —mz —m3 mp mz m3

Furthermore, we have the following orthogonality relations

b by X by by O
(254—1) Z ( : 2 ) ( ! ? / > = Ot S (C.22)
m

mmy \ M1 M2 m mp  mp

0 b L 0l L
Z(2£+1)(1 2 )(1 2 ):6,,,1,"/15”,2,"/2. (C.23)

™ mp; m, m my mh m

In particular, we have

2
¢
y (R (C.24)
niymoms ml m2 m3

C.3 Decomposition of Spherical Harmonics

To perform the decomposition of spherical harmonics, it is more convenient to use another

basis which is related to that of a Cartesian coordinate system by

_ _ _ L _ |-
€o)=—€, ¢ = E(ex—i—zey), €)= E(—ex—i—zey), (C.25)

where the overhead bars denote the flat background space-time?. It can be shown that the
bases obey the orthonormality

3 1
I=1 m=—1

1Our definition is the same as that in [83]. See also [80] with a different definition.
%In the CMB study, all these bases live on the background manifold which has a trivial metric &y under
the Cartesian coordinate system.
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where e_z‘m) = (—l)mé(_m). Any 3-vector v with spin-0 can then be decomposed into

V=) Vi€ = A Y ()&, (C.27)
m L m=—1
where the components are
A
V(o) = V2= —]71Y170(V), (C.28)
1 A
V) = \/i("x ivy) ﬁlyl,l ), (C.29)
1 : v * A
Vi-1) = _E<Vx+lvy) = _JVIYI’_I v), (C.30)

with v =v V. Using Eq. (C.1) and Eq. (C.27), we can perform the decomposition of the
spin-0 spherical harmonics with respect to fi such that

(8], = =i &), (C.31)
— —i81 Vim)- (C.32)

[ﬁ ’ V](m

Now, we consider expanding a product of two h-dependent functions into spherical
harmonics, e.g. sh(f) = 4, f(f)s,g(R) with s = 51 4+ s52. Using Eq. (C.1) and Eq. (C.14), we

obtain the multipoles shy,, as

o . 0O b 06 b
Z Zl 4 fz—l—ﬁ(_l) =+ (2£+1)51f&m1 s2g£2m2< 1 2 ) ( 1 2 )

Cimy bymsy —51 —82 S my mp; —m
(C.33)
For example, if ;, f() = ;,g(f) = A, we have’
1Y &) €, if =0,
[Af)e, =g O, \/1;0 1 1 2 & &, =2 (C.34)

mpy mp —m

3This decomposition is used when we derive the evolution equations of 2nd-order scalar, vector and tensor
perturbations from the EFEs in Section 3.1.2.
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It obeys the orthogonality that

o - )
Z[nlnj]zm [n'n’)5,, = §5mm/.
ij

Moreover, if 5, f() =11V, we obtain*

_lZml SDZ:}’Il V(ml) ng_Lm_ml? lf ;62 = g— 17
N [(ﬁ . V)Sg(ﬁ)]ém — _Zml S,E:ZI V(ml) Sgg,l’l’I*n’”) lf 62 e 67
i¥, U Vimy) s8+1memys  ifla=L+]1,

where the coefficients are defined as

Dh = g7V (@ =) (=),

Pl = e(zel— 1)\/(£imwimz_ =),

v _E(ZEI)’

T = iwi 5 \/(fim)(52$m+ D

Up,, = m\/[(zﬂ)z_mz] s,

Hin = (f+1)<lz£+3)\/(hm“)(“’”z”) (1=

Y

(C.35)

(C.36)

(C.37)

(C.38)

(C.39)

(C.40)

(C.41)

(C.42)

“This is useful when we derive the 2nd-order Boltzmann equation with ,, g(fi) as the photon intensity 7(f)

I(f) and the Stokes parameters (Q +iU)(f).



Appendix D

Perturbations of Tetrads and Ricci
Rotation Coefficients

In this appendix, we calculate the perturbations of tetrads and Ricci rotation coefficients up
to 2nd order. We will fix to the Newtonian gauge for 1st-order and 2nd-order perturbations

and neglect the 1st-order vector and tensor perturbations.

D.1 Perturbations of Tetrads

Using Eq. (2.4), we can calculate the coefficients ¢ X, order by order, i.e.

Nab :71L1—>rnl (Pik,é (nab) = )1L1_>In] (l);{é (eaA)(])iké (ebB)(pik,é (gAB)

= XS & X' &) rgan, (D.1)

where ¢ gap is the pulled-back physical metric on the background manifold, e.g. Eq. (2.1).
Similarly, the coefficients ¢¥,;, can be solved by N“. We remark that the upper and lower

indices of the coefficients are obtained by 1% and 1,y,.

There remain residual freedoms in determining the anti-symmetric part of the coeffi-
cients £ X, and ¢ Y, due to boost and rotation. In particular, we align 560 withdn, i.e. Yo =
0. Physically, it means that the velocity of the chosen observer is orthonormal to the hyper-
surfaces of constant time. This fixes the boost freedom such that ¢¥};o) = —¢Yjo) = —&¥{i0)
with (...) and [...] denoting the symmetric and anti-symmetric parts. On the other hand, the

rotation freedom can be fixed by setting £1};;; = 0. With these conditions, we can determine

Jl
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the coefficients uniquely. We can find that!, for 1st order,

i1 il

[ (1

m (1]

and for 2nd order,
L oo
éXOgH _ 3q)2, D.7)
éYo([)H] _ @l _ CIDZ, (D.8)
: yoll _ B}II] (D.9)
1 ’ .

gYO,FH] _ B}II]’ (D.10)
Xt =it gyl 32s!, (d.11)
e LRSI & (D.12)

D.2 Perturbations of Ricci Rotation Coefficients

Using the definition of the Ricci rotation coefficients in Eq. (2.38), we can show that the
coefficients are antisymmetric in their last two indices, i.e. W = —Wyep2. This implies

that, for any order,
oo = Wjpp = 0. (D.13)

In background order, all the coefficients are zero except

_ _ H
a),-jo:—a)ioj:;éij. (D.14)

'We omit the the superscripts [I] denoting 1st-order perturbations.
2Here, the Ricci rotation coefficients are expressed in tetrad basis. Hence, the indices can be raised and
lowered by multiplying with the Minkowski metric n% and 1), respectively.
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In 1st order, the non-zero coefficients are

1

0 =~y = P, (D.15)
1 .

) =~y = - (H®+¥) &y, (D.16)
1

O =~ = —(9r¥6ik — kW) (D.17)

For 2nd-order Liouville terms, only the following coefficients are used

1

opt = — ol = - (9, @™ — 43;P + 2P, D), (D.18)
1|1 . .

“’z%i'] —_ wi%] -5 ( B 1 9, B}H]> — A (4 gyl 5,

— 3HD?5;; — 2DV, +4\P\P5,,] ) (D.19)






	Table of contents
	List of figures
	List of tables
	Nomenclature
	1 Review of CMB Cosmology
	2 Cosmological Perturbations and CMB Spectra
	2.1 Coordinate System and Tetrad Basis
	2.1.1 Coordinate System
	2.1.2 Tetrad Basis

	2.2 CMB Temperature and Polarization
	2.2.1 Intensity Matrix
	2.2.2 Stokes' Parameters

	2.3 Governing Equations
	2.3.1 Einstein Field Equations
	2.3.2 Boltzmann Equation

	2.4 Cosmology in Background Order
	2.4.1 Friedmann–Lemaître–Robertson–Walker Metric
	2.4.2 CDM Cosmology
	2.4.3 Friedmann Equations

	2.5 Cosmological Perturbations in First Order
	2.5.1 Einstein Field Equations
	2.5.2 Boltzmann Equation
	2.5.3 Adiabatic Initial Conditions

	2.6 Statistics of CMB
	2.6.1 CMB Power Spectrum
	2.6.2 CMB Bispectrum


	3 Cosmological Perturbations in Second Order
	3.1 Second-order Einstein Field Equations
	3.1.1 Gauge Choices
	3.1.2 Multipole Decomposition of Stress-Energy Tensor
	3.1.3 Einstein Field Equations
	3.1.4 Continuity and Euler Equations

	3.2 Second-order Boltzmann Equation
	3.2.1 Liouville Operator
	3.2.2 Collision Operator
	3.2.3 Collision Terms for Baryons
	3.2.4 Perturbed Optical Depth
	3.2.5 Truncation Scheme for the Boltzmann Hierarchy

	3.3 Numerical Implementation
	3.3.1 Initial Conditions
	3.3.2 Tight-coupling Approximation
	3.3.3 Numerical Stability and Convergence


	4 CMB Bispectrum during Recombination
	4.1 Definition of CMB Temperature in Second Order
	4.1.1 Brightness Temperature
	4.1.2 Bolometric Temperature

	4.2 Formulating Second-order Bispectrum
	4.2.1 Second-order Line-of-sight Approach
	4.2.2 Separation between Recombination and Late Time
	4.2.3 Bispectrum from Second-order Perturbations
	4.2.4 Quadratic Source Function with m=0

	4.3 Numerical Results
	4.3.1 Numerical Implementation
	4.3.2 Validation with Analytical Bispectrum
	4.3.3 fNL and Signal-to-noise

	4.4 Conclusions and Discussion

	5 Weak Lensing in Boltzmann Equation
	5.1 Formalism
	5.1.1 Lensing in Second Order
	5.1.2 Lensing in Arbitrarily High Orders
	5.1.3 Lensing as Dyson Series
	5.1.4 Diagrammatic Approach
	5.1.5 Extensions

	5.2 Power Spectrum from Lens-lens Couplings
	5.2.1 Diagrammatic Approach
	5.2.2 Numerical Implementation
	5.2.3 Other Approximations

	5.3 Discussion and Conclusions

	6 Discussion and Conclusions
	6.1 Discussion
	6.1.1 Spectral Distortions
	6.1.2 Modified Gravity
	6.1.3 Perturbed Optical Depth
	6.1.4 Lensing in CMB Polarizations and Other Observables
	6.1.5 Validation of Newtonian Approximation

	6.2 Conclusions

	References
	Appendix A Glossary of Notations and Symbols
	Appendix B Table of Cosmological Parameters
	Appendix C Spin-weighted Spherical Harmonics
	C.1 Properties of Spin-weighted Spherical Harmonics
	C.2 Properties of Wigner 3-j Symbols
	C.3 Decomposition of Spherical Harmonics

	Appendix D Perturbations of Tetrads and Ricci Rotation Coefficients
	D.1 Perturbations of Tetrads
	D.2 Perturbations of Ricci Rotation Coefficients


