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Abstract

We present, theoretical and observational studies of non-Gaussian fluctuations in the cosmic mi-
crowave background (CMB) radiation anisotropy. We use the angular bispectrum and trispectrum,
the harmonic transform of the angular three- and four-point correlation functions. If the primordial
fluctuations are non-Gaussian, then this non-Gaussianity will be apparent in the CMB sky.

Non-linearity in inflation produces the primordial non-Gaussianity. We predict the primary
angular bispectrum from inflation down to arcminutes scales, and forecast how well we can measure
the primordial non-Gaussian signal. In addition to that, secondary anisotropy sources in the low-
redshift universe also produce non-Gaussianity, so do foreground emissions from extragalactic or
interstellar microwave sources. We study how well we can measure these non-Gaussian signals,
including the primordial signal, separately. We find that when we can compute the predicted form
of the bispectrum, it becomes a “matched filter” for finding non-Gaussianity in the data, being
very powerful tool of measuring weak non-Gaussian signals and of discriminating between different
non-Gaussian components. We find that slow-roll inflation produces too small bispectrum to be
detected by any experiments; thus, any detection strongly constrains this class of models. We also
find that the secondary bispectrum from coupling between the Sunyaev Zel'dovich effect and the
weak lensing effect, and the foreground bispectrum from extragalactic point sources, give detectable
non-Gaussian signals on small angular scales.

We test Gaussianity of the COBE DMR sky maps, by measuring all the modes of the angular
bispectrum down to the DMR beam size. We compare the data with the simulated Gaussian
realizations, finding no significant signal of the bispectrum on the mode-by-mode basis. We also find
that the previously reported detection of the bispectrum is consistent with a statistical fluctuation.
By fitting the theoretical prediction to the data for the primary bispectrum, we put a constraint
on non-linearity in inflation. Simultaneously fitting the foreground bispectra, which are estimated
from interstellar dust and synchrotron template maps, shows that neither dust nor synchrotron
emissions contribute significantly to the bispectrum at high Galactic latitude. We thus conclude
that the angular bispectrum finds no significant non-Gaussian signals in the DMR data.

We present the first measurement of the angular trispectrum on the DMR sky maps, further
testing Gaussianity of the DMR data. By applying the same method as used for the bispectrum
to the DMR data, we find no significant non-Gaussian signals in the trispectrum. Therefore, the
angular bispectrum and trispectrum show that the DMR sky map is comfortably consistent with
Gaussianity.



The methods that we have developed in this thesis can readily be applied to the MAP data,
and will enable us to pursue non-Gaussian CMB fluctuations with the unprecedented sensitivity.
We show that high-sensitivity measurement of the CMB bispectrum and trispectrum will probe the
physics of the early universe as well as the astrophysics in the low-redshift universe, independently

of the CMB power spectrum.
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Chapter 1

Introduction

1.1 Why Pursue Non-Gaussianity in CMB?

Modern understanding to emergence of inhomogeneity in the universe through the cosmic history
is outstanding; the inhomogeneity is quantum in origin. Then, it becomes classical through its evo-
lution, producing fluctuations in the cosmic microwave background (CMB) radiation, and creating
complex structures, such as galaxies, seen in the present universe.

A theory of early universe, the cosmic inflation (Guth, 1981; Sato, 1981; Albrecht and Stein-
hardt, 1982; Linde, 1982), has predicted the emergence of the quantum fluctuations in early uni-
verse. Inflation not only resolves several serious issues in the old Big-Bang cosmology, but also gives
a mechanism to produce inhomogeneity in the universe, and makes specific testable predictions for
the global structure and the inhomogeneity in the universe (Guth and Pi, 1982; Hawking, 1982;
Starobinsky, 1982; Bardeen et al., 1983). The predictions may concisely be summarized as follows:

(a) The observable universe is spatially flat.

(b) The observable universe is homogeneous and isotropic on large angular scales, apart from tiny

fluctuations.

(¢) The primordial inhomogeneity has a specific spatial pattern, so-called the scale-invariant

fluctuation.
(d) Statistics of the primordial inhomogeneity obey Gaussian statistics.

All these predictions but (d) have passed challenging observations. Among those observations,
the most firm evidence supporting the predictions has come from measurement of the angular
distribution of CMB. Being the oldest observable object in the universe, CMB is the best clue to
early universe.

Observed isotropy of CMB with 0.001% accuracy™® supports the prediction (b) (Mather et al.,
1990; Smoot et al., 1992). The measured angular distribution of the CMB anisotropy, 0.001%

*Apart from anisotropies due to the local motion of the Earth, which is of order 0.1% (Smoot et al., 1991).
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inhomogeneity, supports the primordial fluctuation distribution being consistent with the prediction
(¢) in the flat universe, the prediction (a) (Bennett et al., 1996; Miller et al., 1999; de Bernadis et
al., 2000; Hanany et al., 2000).

Using various statistical techniques, many authors have attempted to test the prediction (d),
the Gaussianity of the primordial inhomogeneity, using the CMB anisotropy on large angular scales
(~ 7°) (Kogut et al., 1996b; Ferreira et al., 1998; Pando et al., 1998; Bromley and Tegmark, 1999;
Banday et al., 2000; Mukherjee et al., 2000; Magueijo, 2000; Sandvik and Magueijo, 2000; Barreiro
et al., 2000), on intermediate scales (~ 1°) (Park et al., 2001), and on small scales (~ 10") (Wu et
al., 2001).

In contrast to the predictions (a)—(c) for which the observations suggest no controversy, previous
work on searching for non-Gaussian CMB anisotropies has come to different conclusions from one
another: some do claim detection (Ferreira et al., 1998; Pando et al., 1998; Magueijo, 2000), and
the others do not (Kogut et al., 1996b; Sandvik and Magueijo, 2000; Barreiro et al., 2000; Park et
al., 2001; Wu et al., 2001). Furthermore, Bromley and Tegmark (1999) and Banday et al. (2000)
claim the non-Gaussian signal of Ferreira et al. (1998) to be non-cosmological in origin. Mukherjee
et al. (2000) revise the conclusion of Pando et al. (1998) by addressing ambiguity in their method,
from which the conclusion crucially depends upon an orientation of the data on the sky, and show

no evidence for the non-Gaussianity. The existence of non-Gaussianity in CMB is controversial.

Since non-Gaussianity has infinite degrees of freedom, testing a Gaussian hypothesis is difficult;
one statistical method showing CMB consistent with Gaussian does not mean CMB being really
Gaussian. In this sense, different statistical methods can come to different conclusions. In addition
to the difficulty, cosmological non-Gaussianity is hard to measure. Instrumental and environmen-
tal effects in observations easily produce spurious non-Gaussian signals. Astronomical microwave
sources such as interstellar dust emissions also produce strong non-Gaussian fluctuations on the
sky. Hence, we must be as careful as possible when searching for cosmological non-Gaussianity.

Pursuit of cosmological non-Gaussianity in CMB is a challenging test of inflation, the origin
of inhomogeneity in the universe. In this dissertation, we present theoretical and observational
studies of the CMB non-Gaussianity. Our primary goal is to test inflation with non-Gaussian CMB
fluctuations.

As a statistical tool of searching for non-Gaussianity, we use the angular three- and four-point
correlation functions in harmonic space, the angular bispectrum and trispectrum, which are sensitive
to weakly non-Gaussian fluctuations. An advantage of these angular n-point harmonic spectra over
other statistics is that they are predictable from not only inflation, but also secondary sources in
the low-redshift universe (the Sunyaev Zel'dovich effect, weak gravitational lensing effect, and so
on), extragalactic foreground emissions, global topology of the universe, and so on. When we fit
those predictions to the measured spectra, the predictions become “matched filters” for detecting
weak non-Gaussianity in the data, and much more powerful than just a null test of Gaussianity.

This dissertation is organized as follows. The rest of this chapter will overview what the CMB
sky looks like, and the previous study of CMB non-Gaussianity, followed by a heuristic description
of non-Gaussian fluctuation production in inflation.
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In chapter 2, we go through primordial fluctuation generation mechanism in inflation, and in-
vestigate how non-linear curvature perturbations are generated and propagated through the CMB
anisotropy. We present a possible quantum-to-classical transition mechanism of the quantum fluc-
tuations on super horizon scales.

In chapter 3, we study statistical properties of the angular n-point harmonic spectrum for n = 2
(power spectrum), 3 (bispectrum), and 4 (trispectrum). We present practical methods of measuring
the angular bispectrum and trispectrum from observational data with many pixels.

In chapter 4, we make theoretical predictions for the CMB angular bispectrum, which include
primary contribution from inflation, secondary contribution from the Sunyaev—Zel’dovich effect
and the weak-lensing effect, and foreground contribution from extragalactic radio and infrared
astronomical sources. We estimate signal-to-noise ratios of detecting each contribution with CMB
experiments, further discussing how well we can measure each contribution separately.

In chapter 5, we measure the angular bispectrum on the COBE DMR four-year data, testing
Gaussianity of the data. By fitting the theoretical prediction for the primary bispectrum to the data,
we constrain non-linearity in inflation; also fitting foreground bispectra from interstellar microwave
emissions takes into account the effect of non-Gaussian interstellar dust and synchrotron emissions
at high Galactic latitude.

In chapter 6, we measure the angular trispectrum on the DMR data, further testing Gaussianity
of the data.

1.2 Inhomogeneity in Microwave Sky

The cosmic microwave background radiation (CMB) is the isotropic microwave radiation filling
the sky. The temperature is precisely measured to be 2.73 K (Mather et al., 1990), and the peak
intensity at v = 160 GHz (A = 1.9 mm) is 370 MJy str —. What if subtracting this mean radiation
from the sky, what are we left with, completely dark, literally nothing?

1.2.1 COBFE DMR sky maps

The Differential Microwave Radiometer (DMR) mounted on the Cosmic Background Explorer
(COBE), the satellite for full sky measurement of CMB launched by NASA in 1989, has revealed
that what we are left with is the tiny inhomogeneity; the r.m.s. amplitude is about 30 pK (Smoot
et al., 1992), 0.001% of the mean temperature.

Various statistical analyses on the DMR sky maps have shown the angular distribution of
the CMB anisotropy remarkably consistent with the scale-invariant fluctuation, the prediction of
inflation (Bennett et al., 1996; Gorski et al., 1996; Hinshaw et al., 1996; Wright et al., 1996).
The scale-invariant fluctuation implies that the r.m.s. amplitude of the CMB anisotropy is nearly
independent of angular scales. DMR has measured 35 uK r.m.s. fluctuations on 7° scale, 29 uK
on 10° scale (Banday et al., 1997).

DMR comprises 3 dual-horn antennas working at 31.5, 53, and 90 GHz. The combination of
53 and 90 GHz maps gives the most sensitive sky map to CMB, while 31.5 GHz map is twice as
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Figure 1.1: COBE DMR Sky Map

COBE DMR four-year 53 + 90 GHz sky map in Galactic projection, using the HEALPix
pixelization (Gérski et al., 1998) with 1°83 pixel size, leaving 12,288 pixels. The left is the
raw map, while the right map has been smoothed with a 7° FWHM Gaussian.

noisier as the other channels. Figure 1.1 shows the combined DMR full sky map. The left shows
the raw map in which the instrumental noise dominates appearance of the map; the right shows the
smoothed map with the DMR beam in which the instrumental noise is filtered out, giving better
appearance of CMB signals. The mean signal-to-noise ratio of hot and cold spots in the smoothed
map is 2, while a few prominent spots have 3 to 4. Hence, we cannot say much about structures of
the CMB anisotropy relying on the map basis; however, we can do say on the statistical basis.

Statistically, structures in the DMR map are inconsistent with pure instrumental noise; on the
contrary, the structure has a distinct angular correlation pattern represented by the scale-invariant
fluctuation. To quantify this, it is useful to calculate the angular power spectrum, C';, the harmonic
transform of the angular two-point correlation function, which measures how much fluctuation
power exists on a given angular scale,  ~ 7/l. Figure 1.2 plots the measured C; on the DMR
map. What is actually plotted is I(I + 1)C;/2m, roughly mean squares of fluctuations at {. The
scale-invariant fluctuation implies C; o [[(1+ 1)]7 (Peebles, 1982), and hence I(I 4+ 1)C; remains
constant (solid line), so do the data points in the figure; the data points fit the inflation’s prediction
well. The dashed line shows a more accurate prediction, taking into account the effects of general
relativistic photon-baryon fluid dynamics before the decoupling as well as of time evolution of
gravitational potential field after the decoupling. The agreement with the data becomes better,
further confirming that the DMR, angular power spectrum is consistent with inflation.

Gaussianity of the DMR data has been tested with various statistical methods (Kogut et al.,
1996b; Ferreira et al., 1998; Pando et al., 1998; Bromley and Tegmark, 1999; Banday et al., 2000;
Mukherjee et al., 2000; Magueijo, 2000; Sandvik and Magueijo, 2000; Barreiro et al., 2000). Ferreira
et al. (1998) and Magueijo (2000) claim positive detection of non-Gaussian signals using the angular
bispectrum, and Pando et al. (1998) claim detection using the wavelet analysis. The latter non-
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Figure 1.2: COBE DMR. Angular Power Spectrum

The CMB angular power spectrum, Cj, measured on the COBE DMR four-year map.
The plotted quantity, I(I + 1)C;/(27), represents the r.m.s. amplitude of fluctuations
at a given angular scale, [. The data points (filled circles) are uncorrelated with each
other (Tegmark and Hamilton, 1997). The solid line shows the scale-invariant power
spectrum, [(l + 1)C; = constant, while the dashed line shows a ACDM spectrum.
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Gaussian signal has appeared to be less significant than they claim, as it disappears when the
DMR map is rotated by 180° (Mukherjee et al., 2000; Barreiro et al., 2000). For the former two
bispectrum analyses, Bromley and Tegmark (1999) and Banday et al. (2000) claim that the Ferreira
et al. (1998)’s signal is non-cosmological, but their claims do not account for the Magueijo (2000)’s
signal. In this thesis, we will argue that the reported non-Gaussian signals are not a matter of

origin, but statistical fluctuations.

1.2.2 Post-COBE era

After the discovery of COBFE, pursuit of the CMB anisotropy has been oriented toward measurement
of the angular power spectrum, C7, on smaller angular scales, i.e., larger [. Particularly, many efforts
have been made to measure C; at [ ~ 200 (0 ~ 1°), where inflation predicts a prominent peak in
[(I+1)C; as a consequence of flatness of the universe, the prediction of inflation (Kamionkowski et
al., 1994).

By early 2000, there has been strong evidence for the peak (Miller et al., 1999); in the end
of 2000, BOOMERanG and MAXIMA, balloon-borne CMB experiments, have detected the peak
(de Bernadis et al., 2000; Hanany et al., 2000), further supporting inflation. Figure 1.3 compares
the data from three experiments, which probe different angular scales from one another, with a
prediction from inflation. The agreement between the data and the prediction is outstanding.

Measurement of C; so far, however, has assumed CMB Gaussian. If CMB is not Gaussian,
then the measured Cj is biased. Moreover, when we fit the measured C) to a theoretical Cf,
we need to know the covariance matrix of Cj. Since the covariance matrix of Cj is the four-point
harmonic spectrum, the trispectrum, we have to investigate non-Gaussian signals in the trispectrum
to construct the covariance matrix accurately.

Even if non-Gaussianity is small, we have to take it into account in analyzing C';; the next
generation satellite experiments, MAP and Planck, will measure C; with 1% or better accuracy,
and we will use the measured C; to determine many of cosmological parameters with 10% or better
accuracy. Unless non-Gaussian effect is much smaller than the observational uncertainty (who
knows?), we have to take the effect into account, to achieve the accurate measurement of the
parameters.

The state-of-the-art balloon-borne experiments provide not only C}, but also high resolution,
high signal-to-noise ratio CMB maps. The left of figure 1.4 shows the BOOMFERanG sky map,
which covers roughly 3% of the sky, 1,800 square degrees, with 10’ (0°17) angular resolution. The
high signal-to-noise ratios in the map show the observed structures in the map not instrumental
noise, but CMB.

Visually, the CMB anisotropy in the map looks very much Gaussian, implying non-Gaussianity
is weak, if any. As yet the BOOMERanG team has not performed Gaussianity tests on the data;
however, the MAXIMA team has done on their data. The MAXIMA map covers 124 square degrees
of the sky with 10’ angular resolution, leaving 5,972 pixels. They have found that the one-point
probability density distribution function and the Minkowski functionals measured on the map are
consistent with Gaussianity.
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COBE DMR, QMASK, and BOOMERanG Angular Power Spectra

The CMB angular power spectrum, measured by the three experiments probing different
angular scales. The circles are the COBE DMR data (full sky coverage with a Galactic cut,
7° angular resolution), the triangles are the QMASK data (648-square-degree sky coverage,
0768 angular resolution), and the squares are the BOOMFERanG data (1,800-square-degree
sky coverage, 0°17 angular resolution).
a ACDM spectrum with Qg = 0.3, Qy = 0.7, Qp, = 0.04, h = 0.7, and n = 0.95.

The dashed line shows a prediction of inflation,
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Figure 1.4: Sub-degree CMB Maps: BOOMERanG and QMASK

The left is the BOOMFERanG sky map, which covers 3% of the sky, 1,800 square degrees,
with 10" (0°17) angular resolution (de Bernadis et al., 2000). The beam size is indicated
by the filled circle at the bottom-right corner. The right is the QMASK sky map, which
covers 648 square degrees of the sky with 0°68 angular resolution (Xu et al., 2001). Both
maps have been scaled to match each other in size. The QMASK map is one-third of the
BOOMERanG map.

The genus statistic has been applied to the QMASK map (Xu et al., 2001), a high signal-to-noise
ratio CMB map combining the balloon-borne QMAP (Devlin et al., 1998; Herbig et al., 1998; de
Oliveira-Costa et al., 1998) and the ground-based Saskatoon experiments (Netterfield et al., 1997),
showing the map consistent with Gaussian (Park et al., 2001). The QMASK map is shown on the
right of figure 1.4, where the size of the map has been scaled to match the BOOMERanG map.
The QMASK map covers 648 square degrees of the sky, one-third of the BOOMFERanG map, with
0°68 angular resolution, leaving 6,495 pixels.

The number of independent pixels that has been used for Gaussianity tests on the DMR (3,881),
MAXIMA (5,972), and QMASK (6,495) data is similar to each other; although their angular scales
are quite different, they have similar power of testing Gaussianity. We will have a significant progress
when the BOOMERanG data, in which the number of pixels is 57,103, test the Gaussianity.

The just-launched CMB satellite, the Microwave Anisotropy Probe (MAP), will increase our
power of pursuing non-Gaussianity substantially. It will survey the full sky with the angular
resolution better than 14’, and have 2 10 pixels. The statistical methods developed in this thesis
can readily be applied to the MAP data, enabling us to test the Gaussianity with unprecedented
sensitivity.
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1.3 Non-Gaussian Fluctuations in Inflation

1.3.1 Adiabatic production of non-Gaussian fluctuations

While inflation predicts Gaussian CMB fluctuations to very good accuracy, strictly speaking, non-
linearity in inflation produces weakly non-Gaussian fluctuations, which propagates through CMB.
Although the exact treatment is complicated, we present a basic idea behind it concisely here
(Komatsu and Spergel, 2001b).

The curvature perturbations, ®, generate the CMB anisotropy, AT'/T. The linear perturbation
theory gives a linear relation between ® and AT/T,

= ~agrd 1.1
T gr¥e, ( )

where g7 is the radiation transfer function. For temperature fluctuations on super-horizon scales
at the decoupling epoch, the Sachs-Wolfe effect (Sachs and Wolfe, 1967) dominates, and g = —1/3
for adiabatic fluctuations. On sub-horizon scales, g1 oscillates (acoustic oscillation), and we need
to solve the Boltzmann photon transport equations coupled with the Einstein equations for g-.
It follows from the relation, AT « &, that AT is Gaussian, if ® is Gaussian. As we will see,
non-linearity in inflation makes ® weakly non-Gaussian.

Even if ¢ is Gaussian, AT/T can be non-Gaussian. According to the general relativistic cos-
mological perturbation theory, there is a non-linear relation between AT /T and ®:

% ~ g1 (O + fa®?). (1.2)

Here, the second term with a coefficient of order unity, fo ~ O(1), is the higher-order correction
arising from the second-order perturbation theory (Pyne and Carroll, 1996). It produces non-
Gaussian fluctuations; thus, even if ® is Gaussian, AT becomes weakly non-Gaussian.

Is @ Gaussian? Non-linearity in inflation makes ® weakly non-Gaussian. By expanding the
fluctuation dynamics in inflation up to the second order, we obtain a non-linear relation between
® and inflaton fluctuations, §¢:

® ~ mtge (66 +my! f5490%) . (1.3)
Salopek and Bond (1990) show that this relation is a non-linear solution for curvature perturbations
on super horizon scales; the solution gives go ~ O(10) and fs54 ~ O(107?) for a class of slowly-rolling
single-field inflation models.

Quantum fluctuations produce Gaussian d¢. If the dynamics of d¢ is simple enough to keep
itself Gaussian throughout the evolution, then we can stop our consideration here; however, it is not
necessarily true. For example, non-trivial interaction terms in the equation of motion for inflaton
fields (Falk et al., 1993), or a non-linear coupling between long-wavelength classical fluctuations
and short-wavelength quantum fluctuations in the context of stochastic inflation (Starobinsky, 1986;
Gangui et al., 1994), can make d¢ weakly non-Gaussian, resulting in a non-linear relation between
d0¢ and a Gaussian field, 7,

56 ~ gso (n+myy' fa®) . (1.4)
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Gaussian quantum fluctuation

Non-Gaussian inflaton fluctuation

Non-Gaussian curvature perturbation

Non-Gaussian CMB anisotropy

Figure 1.5: Three Steps for Non-Gaussian CMB Anisotropy

Adiabatic generation of non-Gaussian CMB anisotropies. First, inflation generates Gaussian
quantum fluctuations, which become non-Gaussian inflaton fluctuations through a non-
linear coupling between them (Eq.(1.4)). Then, the inflaton fluctuations become more non-
Gaussian curvature perturbations through a non-linear relation between them (Eq.(1.3)).
Finally, the curvature perturbations become more non-Gaussian CMB anisotropies through
non-linear gravitational effects (Eq.(1.2)).

where 7 represents initially produced quantum fluctuations, and gs4 ~ 1 and f;, ~ O(107h).
Figure 1.5 summarizes the above three steps in the opposite order.
Collecting all the above contributions, we obtain a non-linear relationship between AT/T and

®,
% ~ gr [‘1>L+ (f<1> +gq:1f5¢+gglg£fn) @%] : (1.5)

where ¢, = gq>g(;¢m;11n ~ 10m;1177 is an auxiliary Gaussian curvature perturbation. It may be
useful to define a non-linear coupling parameter, fnr, = fo + g(glf(gqb + g;lg(%lfn. The first term
in fnr, the second order gravity effect ~ O(1), is dominant compared with the other two terms
~ O(102), non-linearity in slow-roll inflation. Note that fxi, corresponds to —®3/2 in Gangui et al.
(1994) and —ag in Verde et al. (2000). Using fnr,, we rewrite equation (1.5) as AT(x)/T ~ g1P(x),

where
(x) = @L(x) + fir, [9F (%) = (B}(x))] . (L.6)

the angular bracket denoting the statistical ensemble average.

To see intuitively what non-Gaussian fluctuations that we have considered here look like, in
figure 1.6 we plot one-point probability density distribution function (p.d.f) of the CMB anisotropy.
We compare Gaussian p.d.f with non-Gaussian p.d.f of adiabatic fluctuations produced in inflation.
The dashed line is Gaussian distribution, i.e., no non-linear perturbations are included (fnr, = 0).
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The solid line includes non-linear coupling of order fxi = 103, while the dotted line of order
fnr, = 10%. It follows from the figure that positive fxi, gives negatively skewed p.d.f; negative fr,
gives positively skewed p.d.f. The larger | fnr| is, the more skewed p.d.f becomes.

We find that fn1, = 103 gives virtually identical p.d.f to the Gaussian p.d.f. In chapter 4, we
will show that even with the ideal CMB experiment, we can measure |fnr,| no smaller than 60, if
we use the skewness of the one-point p.d.f. If we use the bispectrum, however, we can measure
as small | fnr| as 3. The bispectrum is thus much more sensitive to the adiabatic non-Gaussianity
than the skewness of the one-point p.d.fis. In chapter 5, we will show that the angular bispectrum
measured on the COBE DMR sky map constrains |fxp| < 1.6 x 103. The next generation satellite
experiments, MAP and Planck, will improve the constraint substantially.

Since the minimum | fxr,| detectable with CMB experiments is 3, the second order gravity effect,
InL ~ O(1), will not produce detectable non-Gaussianity in CMB, nor will slow-roll inflation,
L ~ 0(1072).

Yet, inflation may not be so simple. Any significant deviation from slow-roll, or features in
an inflaton potential (Kofman et al., 1991), could produce a bigger |fnr|, bigger non-Gaussianity.
While we have restricted ourselves to adiabatic fluctuations, the deviation from Gaussianity can be
more significant if inflation produces non-negligible isocurvature fluctuations (Linde and Mukhanov,
1997; Bucher and Zhu, 1997; Peebles, 1997). Measurement of non-Gaussian CMB anisotropies thus
potentially constrains non-linearity, “slow-rollness”, and “adiabaticity” in inflation. In the next
subsection, we concisely describe a possible mechanism to produce isocurvature fluctuations in
inflation.

1.3.2 Isocurvature fluctuations

Isocurvature fluctuations do not perturb spatial curvature at the initial fluctuation-generation
epoch. In inflation, in addition to a scalar field responsible for adiabatic fluctuations, another scalar
field, o, may produce isocurvature density fluctuations with amplitude of dp,/p, ~ H?/(do/dt),
where H is the Hubble parameter during inflation. This formula assumes that o rolls down on
its potential very slowly. In some cases, this fluctuation amplitude is about the same as adiabatic
density fluctuations generated by a scalar field, ¢, which drives inflation: éps/ps ~ dpg/pg ~
H?/(d¢/dt). This happens when both fluctuations are produced in a similar way, through the
quantum-fluctuation production in inflation.

Even if dp/p is similar to each other, the energy density, p, can be significantly different. Since
¢ drives inflation, its energy density, py, dominates the total energy density of the universe during
inflation: pg > po; thus, it gives dp, ~ dpg (po/pey) <K dpg. Then, the density fluctuations generate
the curvature perturbations, ®. Since dp, < dpy, 0 makes negligible contribution to ® compared
with ¢, i.e., dp, does not generate the curvature perturbations, being an isocurvature mode. In
this model, dp, is Gaussian, as the quantum fluctuations have produced it linearly.

If o moves fast, then the quantum fluctuations produce dp, non-linearly; we have non-Gaussian
density fluctuations. Linde and Mukhanov (1997) have proposed a massive-free field oscillating
about its potential minimum as a possible non-Gaussian isocurvature-fluctuation production mech-
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Figure 1.6: Adiabatic Non-Gaussianity: One-point p.d.f
One-point probability density distribution function (p.d.f) of the CMB anisotropy, AT /T,
comparing a Gaussian p.d.f with non-Gaussian p.d.f’s of non-linear adiabatic fluctuations
produced in inflation. The dashed line plots Gaussian distribution. The solid line plots non-
Gaussian distribution for fyr, = 103, the dotted line for fxr = 10*. The larger fxr is, the
more negatively skewed p.d.f becomes. If fnr < 0, then p.d.f becomes positively skewed.
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anism in inflation. The idea is as follows. When a field rolls down on a potential, V (o), very slowly,
quantum fluctuations of o, do, produce the energy density fluctuations of dp, ~ (dV/do)do; thus,
dpo is linear in do, being Gaussian. In contrast, when a field oscillates rapidly about ¢ = 0, there is
no mean field; for example, a massive-free scalar field with a potential V (o) = m?202/2 for m 2 H
produces the density fluctuations of

6po ~ m?cdo +m*(do)? = m?(60)>% (1.7)

Here, m 2 H ensures that o has rolled down to o = 0 quickly, and oscillates. Hence, dp, is quadratic
in do, being non-Gaussian.

After the initial generation of isocurvature fluctuations, ¢ may produce the curvature pertur-
bations through the evolution. If o does not decay, or decays only very slowly, the energy density

decreases as a”>.

On the other hand, the radiation energy density that is produced during the
reheating phase by a decaying scalar field ¢ that has driven inflation decreases as a™; thus, at
some point in the cosmic evolution, the o-field energy density dominates the universe, producing

the curvature perturbations,

(x) = 7*(x) - (1(x)). (1.8)
and hence the CMB anisotropies, AT /T ~ gr®. Here, n is a Gaussian fluctuation field which is
related to do, and gt is the isocurvature radiation transfer function. The Sachs Wolfe effect gives
agr = —2.

The CMB experiments show that isocurvature fluctuations do not contribute to the curvature
perturbations very much; on the contrary, their contribution is negligible compared with adiabatic
contribution. Figure 1.3 compares a prediction for the CMB angular power spectrum from adiabatic
fluctuations with the data. The agreement is very good, and there is no need to invoke isocurvature
fluctuations. Moreover, the isocurvature fluctuations predict a very different form of the power
spectrum; thus, the data have excluded possibility of the isocurvature fluctuations dominating the
observed CMB power spectrum at high significance.

Yet, there could exist isocurvature fluctuations in inflation. Generally speaking, if there are
many scalar fields, there must exist isocurvature fluctuations. It is rather unusual to assume only
one scalar field during inflation, for currently viable theories of the high energy particle physics
predict existence of many kinds of scalar fields in a very high energy regime. There is, however, little
hope to detect their signatures in the CMB power spectrum, as they are so weak compared with
adiabatic fluctuations. Instead, searching for non-Gaussian signals in CMB is a promising strategy
to look for some of those isocurvature fluctuations which are generally much more non-Gaussian
than the adiabatic fluctuations.

Since AT/T is quadratic in a Gaussian variable, one-point p.d.f of AT /T is the x ? distribution
with one degree of freedom. Figure 1.7 plots the one-point p.d.f of the isocurvature model (solid
line) in comparison with Gaussian p.d.f (dashed line). The predicted p.d.f is highly non-Gaussian.
If we assume the isocurvature CMB fluctuations dominating the universe, then the predicted non-
Gaussian p.d.f may look too non-Gaussian to be consistent with observations; however, the COBE
DMR. data do not exclude this model on the basis of the non-Gaussianity because of the large
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beam-smoothing effect (Novikov et al., 2000). The bigger the beam is, the closer the smoothed
x? distribution is to Gaussian distribution (Novikov et al., 2000). The CMB experiments probing
much smaller angular scales than DMR will test the isocurvature non-Gaussian models.

While we do not explore the isocurvature fluctuations so extensively, we present in appendix C
an analytic prediction for the CMB angular bispectrum generated from the isocurvature fluctuations
that we have described in this section. This formula may be used to fit the measured bispectrum;
by doing so, we can constrain the model independently of the angular power spectrum. Although
the one-point p.d.f of the isocurvature fluctuations is very similar to Gaussian distribution for large-
beam CMB experiments, the bispectrum may still be powerful enough to detect the non-Gaussian
signals.
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Figure 1.7: Isocurvature Non-Gaussianity: One-point p.d.f

One-point probability density distribution function (p.d.f) of the CMB temperature
anisotropy, AT /T, comparing a Gaussian p.d.f with a non-Gaussian p.d.f of isocurva-
ture fluctuations produced in inflation (Linde and Mukhanov, 1997). The dashed line
plots Gaussian distribution, while the solid line plots the non-Gaussian distribution. Note
that we have assumed no beam smoothing; the large beam smoothing makes the non-
Gaussian distribution similar to the Gaussian distribution (Novikov et al., 2000).



Chapter 2

Perturbation Theory in Inflation

2.1 Inflation—Overview

During inflation, the universe expands exponentially. It implies the Hubble parameter, H(t) =
dIna/dt, the expansion rate of the universe, being nearly constant in time, and the expansion scale
factor, a(t), given by

alt) = alto) exp ( tt H(t’)dt’) ~ alto) exp [H(£) (t — to)] . (2.1)
0

The exponential expansion drives the observable universe spatially flat, for as the universe expands

rapidly, a small section on a surface of a three-sphere of the universe approaches flat (we live on

the section). Thus, inflation predicts flatness of the universe, and recent CMB experiments have

confirmed the prediction (Miller et al., 1999; de Bernadis et al., 2000; Hanany et al., 2000).

What makes the exponential expansion possible? One finds that neither matter nor radiation
can make it; on the contrary, their energy density, p, and pressure, p, make the universe decelerate.
Since the universe accelerates only when p + 3p < 0, one needs a negative pressure component
dominating the universe. How can it be possible?

A spatially homogeneous scalar field, ¢, with a potential, V(¢), provides negative pressure,
making the exponential expansion possible. The energy density is py = %(dgf)/ dt)? + V(¢), while
the pressure is py = %(dqﬁ/dt)Q —V(¢), giving

po 30 = 2 [(do/dt)* — V(9)] . (2:2)

Hence, one finds that (d¢/dt)? < V() suffices to accelerate the universe. This slowly-rolling scalar
field is a key ingredient of inflation; by assuming a slowly-rolling scalar field dominant in early
universe, the universe expands exponentially.

While what is ¢ and how it comes to dominate the universe are still in debate, a simple model
sketched in figure 2.1 works well. In the phase (a), ¢ rolls down on V(¢) slowly, driving the
universe to expand exponentially. In the phase (b), ¢ oscillates rapidly, terminating inflation.
After inflation ends, interactions of ¢ with other particles lead ¢ to decay with a decay rate of I" 4,

16
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Figure 2.1: Classical Evolution of Scalar Field

Classical evolution of a scalar field, ¢, in a potential, V(¢). (a) ¢ rolls down on V(o)
slowly, driving the universe to expand exponentially. (b) ¢ oscillates rapidly about ¢ = 0,
terminating inflation; it then decays into particles and radiation because of interactions,
reheating the universe.

producing particles and radiation. This is called a reheating phase of the universe, as ¢ converts
its energy density into heat by the particle production. A reheating temperature amounts to on
the order of (F¢mp1)1/ 2. While a precise value of reheating temperature depends upon models, it is
typically on the order of 101716 GeV ~ 10%2"~2? K. Note that the smallness of the observed CMB
anisotropy implies that ¢ is coupled to other particles only very weakly, i.e., I'y < H, giving lower
reheating temperature. After the reheating, radiation dominates the universe, and the Big-bang
scenario describes the rest of the cosmic history.

A class of inflation models with the potential sketched in figure 2.1 is called the chaotic inflation,
for which V(¢) x ¢™ (Linde, 1983). Until now, this model has remained the most successful

realization of inflation with broad applications (Linde, 1990).

2.2 Quantum Fluctuations

Inflation predicts emergence of quantum fluctuations in early universe. As soon as the fluctua-
tions emerge from a vacuum, the exponential expansion stretches the proper wavelength of the
fluctuations out of the Hubble-horizon scale, H~!. After leaving the horizon, the fluctuation am-
plitude does not change in time; on the contrary, it stays constant in time with characteristic r.m.s.
~ H/(2m).

After inflation, as the universe decelerates, the fluctuations reenter the Hubble horizon, seeding

amplitude, |¢|

rms
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matter and radiation fluctuations in the universe. Figure 2.2 summarizes the evolution of character-
istic length scales: the Hubble-horizon scale (H ~'), the COBE DMR-scale fluctuation wavelength,
and the galaxy-scale fluctuation wavelength.

We estimate H ! during inflation as follows. The scalar-field fluctuations produce CMB fluc-
tuations of order H/my. Using the DMR measurement (Smoot et al., 1992), AT/T ~ 107>, we
obtain H ~ 10 %my, or H 1 ~ 105m;11 ~ 10728 cm. Since H~! stays nearly constant in time
during inflation, this value represents the horizon scale throughout inflation approximately. After

3/2 in the matter era.

028

inflation, H ! grows as H'(a) oc a? in the radiation era, and o a

DMR probes a present-day fluctuation wavelength on the order of 3 Gpe ~ 1 cm. By
comparing the reheating temperature, ~ 102729 K, with the present-day CMB temperature, 2.73 K,
one finds that the universe has expanded by a factor of ag/am ~ 3 x 1020=28 since the reheating;
thus, the DMR scale corresponds to a proper wavelength of 0.3 — 30 ¢cm at the reheating epoch
(the number could be more uncertain). Here, ag is the present-day scale factor, while ayy, is the
reheating epoch.

The galaxy-scale fluctuations have the linear comoving wavelength on the order of 1 Mpc ~ 3 x
10%* cm. The galaxy-scale fluctuations have left the horizon later than the DMR-scale fluctuations:
Qrh/Ggal ~ 10%°, while arh/Gdmr ~ 10%8. Here, aga1 and aqm, are the scale factors at which the
galaxy- and DMR-scale fluctuations leave the horizon, respectively.

These ratios are often calculated with e-folding numbers, N = In(a,/a). For the galaxy-
and DMR-scale fluctuations, we have Nga = In(arn/aga) ~ 58, and Namr = In(arh/admr) ~ 64.
Moreover, using equation (2.1), we obtain ¢ ga1 — tamr = H~(Ngmr — Ngal) ~ 10738 s; thus, inflation
generates the fluctuations on the DMR scales down to the galaxy scales almost instantaneously.

2.2.1 Quantization in de Sitter spacetime

A basic idea behind quantum-fluctuation generation in inflation is well described by the second
quantization of a massive-free scalar field in unperturbed de Sitter spacetime, for which a(t) =
age(t=t0) with H independent of ¢. In this system, the problem is exactly solvable, and finite mass
captures an essential point of generating a “tilted” fluctuation spectrum, as we will show in the
next subsection. In this subsection, we describe the quantization procedure in de Sitter spacetime,
following Birrell and Davies (1982).

Quantization in curved spacetime is generally complicated, as there is no unique vacuum state to
define a ground state of quanta, even for inertial observers who detect no particles in the Minkowski
vacuum (the vacuum state for the quantum field theory in Minkowski spacetime). Fortunately, in
the spatially-flat Robertson-Walker metric, there is a prescription for quantization, largely because
of the metric being conformal to the Minkowski metric, g, = a277w,, or more specifically

ds? = —dt* + a*(t)6;jdx'dx? = a®(7) (—d72 - 6Z~jd:vidxj) , (2.3)

where 7 = [Ta'(#)dt’ is called the conformal time. In this metric, there is a reasonable vacuum
state for particles whose comoving frequencies, wg, are higher than the conformal expansion rate,
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Figure 2.2: Physical Length Scales in Cosmic Evolution

Representative physical length-scale evolution in the cosmic history. The thick lines draw the
evolution of fluctuation wavelengths, 2wa/k, while the thin line draws the evolution of the
Hubble-horizon scale, H~1(a), where a is the expansion scale factor. H~1(a) stays constant
during inflation, grows as a? in the radiation era, and grows as a/2 in the matter era. There
are characteristic scale factors: ag is the present-day, acq is the matter-radiation equality, and
arp is the reheating epoch. The DMR-scale fluctuations leave the horizon at aqm,, while the
galaxy-scale fluctuations leave at aga1. These scale factors are related to each other roughly
as follows: ag/deq ~ 10%, deq/arn ~ 10?4, am/agar ~ 10%° (€°®), and arn/adme ~ 1028 (€54).
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dIna/dr. We should differ the conformal expansion rate, dIna/dr, from the expansion rate, H =
dlna/dt. They are related through dlna/dr = aH. In de Sitter spacetime, we obtain

1 —exp[—H(t—ty)] ( 1 > 1
_= = - . 24
T=nt apH o+ apH a(t)H (24)
For simplicity, we set the first term vanishing, so that 7 = — [a(7)H] ™*; thus, 7 lies in —0co < 7 < 0

for —oc0 <t < 0 (0 < a < o0). From now on, we will use dots for conformal-time derivatives:
= 0z/0r.
We start quantizing a scalar field, ¢(x, 7), by expanding it into creation, &L, and annihilation,

ay, operators, which satisfy the commutation relation, [dk, ELL,] = (5(3)(k —k’). We have

3
o(x,7)= / ﬁ [dkcpk(T)eik'x + dLng(T)e_ik'x] . (2.5)

The canonical commutation relation between ¢ and the conjugate momentum, g = a® (T)(;S
[6(x,7), mo(x', 7)] = a*(7) [6(x, 7), (x, 7)| = 6@ (x — x), (2:6)

gives a normalization condition on (1), a® (prd; — PrPE) = i.

The normalization condition motivates our using a new mode function given by xr = apg, which
satisfies a new normalization condition, x x X7 — X; X% = 7. If xx has a positive frequency mode with
respect to the conformal timelike Killing vector (9/97 for our metric), i.e., x x = —iwg Xk, then the
condition gives x(7) = (2wy)~1/2e~™k7, a ground state in the Minkowski vacuum. Since yj gives
the closest analogy to the Minkowski vacuum state, we will use xr more frequently than ¢y.

The Klein-Gordon equation for a massive-free scalar field, g? D08 = m2¢?, gives equation of

’

motion for yg(7)

k() + [B2 4+ m2 (1) xal(r) = 0, (2.7)
where mi(T) is the time-dependent effective mass,
2
mi(T) = (m? — 2H%)ad*(t) = m2d*(r) — —- (2.8)
T

We thus find that the Hubble parameter effectively reduces m? by 2H?. This time-dependent,

2

+(7) is the effect of de Sitter spacetime, which is not Minkowski but

negative contribution to m
curved.

Fortunately, there is an exact solution to the Klein Gordon equation (2.7):
xi(r) = V= [C1H] (—k1) + CoHP (k7)) (2.9)

where C7 and Cy are integration constants, and v = 9/4 — m?/H>. ngl)(x) is a Hankel function
*

of the first kind; Hl@(x) = [H,(,l)(x)] . We have negative sign in front of 7 to recall that 7 lies in

—oo <71 <0.
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How do we determine the integration constants, C'1 and C5? In other words, how do we normalize
our mode function properly? Since we know how to quantize a scalar field in the Minkowski vacuum,
we should find a mode function that matches the Minkowski positive frequency mode, xx(7) =
(ka)_l/ 2e~™kT: however, we cannot find an unique positive frequency mode valid throughout
inflation, as the tlme—dependent spacetime creates particles.

Instead, we define a vacuum state in the in state, the remote past, 7 — —oo. Using an

asymptotic form of the Hankel function,

ngl)(x>>1)z\/ﬂ_2—xexp [z (m—ug—%)}, (2.10)

we obtain xy in the in state (7 — —o0) from equation (2.9),

Xk (T — —00) — \/i (C’le_ikT + C’g@“”) . (2.11)
Tk

Here, we have neglected the contribution from m?/H? compared with —k7 in the exponent. The
second term has a negative frequency, so that Coy = 0. The first term with C; = /7/2 gives
x(7) = (2k)~1/2e=7 the Minkowski positive frequency mode with wj, = k, and thus in the in
state, the solution describes a ground state of a massless field in the Minkowski vacuum.

Using the solution for x(7), we obtain a solution for ¢ (7),

N

— 1
ok(T) ) ——H," (—kT), (2.12)
and ¢(x, 7) becomes
\/77‘[’7‘ A3k A Kx  - ikox
B(x,7) = 2 3/2 kHD (—hr) e 4 af HP (—kr) 7] (2.13)

Since all the £ modes in the integral are independent of each other, the nearly infinite sum of those
modes makes ¢ obey Gaussian statistics almost exactly, because of the central limit theorem; thus,
the two-point statistics specify all the statistical properties of ¢. This is a generic property of the
ground-state quantum fluctuations.

The annihilation operator, ay, annihilates the vacuum state defined in the in state: ak|0i,) = 0.

In this vacuum, we calculate amplitude of ground-state ¢ fluctuations as

<0in

Since we probe a limited range of k observationally, we also use the fluctuation spectrum in a log-

¢! (x, 7)o(x, 7)

o) = | e eI = gy [ Rk [HO [ 1)

arithmic k range, A?(k), which represents variance of fluctuations at a given comoving wavelength
o2rk™L,

2
— k3T ’H,Sl)(flm')’ H2

0w (T)]? = — = 8—7T(—/<:T)3 ‘Hy)(—m)f, (2.15)

kS
272

AG(k) =
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where we have used a(7) = —(H7) ! in the last equality. Let us recall that v? = 9/4 — m?/H?,
and 7 lies in —oc < 7 < 0.

Here, we have the quantization of ¢ completed, and formally calculated the fluctuation spec-
trum. These results are exact, and valid on all scales. In the next subsection, we study the solution
on super-horizon scales, where inflation produces observationally relevant fluctuations.

2.2.2 Scale-invariant fluctuations on super-horizon scales

Equation (2.13) describes a quantum massive-free scalar field, ¢, in the unperturbed de Sitter
spacetime on all scales. As the universe expands exponentially, —kT = k/(aH) quickly becomes
very small; the mode leaves the Hubble-horizon scale, H ~!. Figure 2.2 shows that the fluctuations
on the observationally relevant scales should have left the horizon during inflation. Hence, the
behavior of ¢ on super-horizon scales is practically important. In this subsection, we study the ¢
fluctuation spectrum on super-horizon scales.

In equation (2.15), using an asymptotic form of the Hankel function,

HY(z < 1) ~ —iy G)_V, (2.16)

we obtain the ¢ fluctuation spectrum on super-horizon scales,

H>222V3{ T(v) 12 <£>3_2U’ (2.17)

o r(3/2)
where v? = 9/4 — m?/H?. We have used 7 = —(aH) ! and 7 = I'?(1/2) = 4T'?(3/2).

One finds that v = 3/2 is a special point, for which the spectrum is independent of k, i.e.,

830 ~ (

scale invariant, A%(k) = H?/(2n)% This happens when we assume m?/H? < 1, and thus v =
3/2 —m?/(3H?) + O(m*/H*), which gives

H 2 k 2m2/(3H2)
or the spectral index,
dInAZ  9m?
¢ _
dlnk  3H?' (2.19)

Since m? <« H?, the spectrum is almost scale invariant, giving the ¢ fluctuations characteristic

r.m.s. amplitude, |¢|, . = H/(27). Finite mass makes the spectrum slightly “blue”, the power of

rms
k being positive.

The above assumption, m? < H?, offers long-lasting inflation that makes the observable uni-
verse flat and homogeneous; otherwise, ¢ rolls down to a potential minimum too quickly, terminating

inflation too early. In the inflationary regime, the Friedmann equation gives

m? 3 m12)1
— =2 1072 2.20
H?  A4rn ¢? (2.20)
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log[A%(K)]

" log(k)

Figure 2.3: Color of Spectrum

A sketch of the fluctuation spectrum, A%(k), which represents the fluctuation power in a
logarithmic k& range. The solid line plots a scale-invariant spectrum, the dotted line plots a
“red” spectrum whose spectral index is negative, and the dashed line plots a “blue” spectrum
whose spectral index is positive.

Hence, for a massive-free scalar field to drive inflation, the mass cannot be comparable to the
Hubble parameter, and the fluctuation spectrum is almost exactly scale invariant.

The argument until now has assumed the exact de Sitter spacetime in which H is constant in
time, and neglected perturbations in the metric. As a result, we have obtained a blue spectrum
whose spectral index is 0 < 2m?/3H? < 1. In realistic inflation models, however, none of the
above assumptions apply: H decreases slowly in time, and the metric is perturbed. In the next
subsection, we will show that both the effects give a tilted “red” spectrum, for which the power of

k is negative of order —1072. Figure 2.3 sketches what blue, scale-invariant, and red spectra look
like.

2.2.3 Tilted “red” spectrum

If H decreases in time, and the metric is linearly perturbed, a scalar field acquires a negative
effective mass-squared, Am? < 0. It also modifies the mass of xx, my (1) (Eq.(2.8)), as

2
mi(T) — (m2 + Am2> a*(r) — —- (2.21)
T
We thus expect that Am? modifies the fluctuation spectral index, for the mass determines the
spectral index through equation (2.19). This parameterization, Am?2, may be useful to understand
what physical effect is responsible for the spectral index.

How large is Am?2? The derivation of Am? is quite involved, but Mukhanov et al. (1992) show
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that the exact form of m2 (7)

Hd*¢$/H 2V dH 2 2

Here, since H and ¢ change in time ¢ only very slowly, we have retained the terms on the order of
—dH/dt = 47rm;12(d¢ /dt)? or larger. This approximation is called the slow-roll approximation, and
we evaluate the approximation explicitly in appendix A. For a massive-free field, V(¢) = m?2¢?/2,
by comparing equation (2.22) with (2.21), we find Am? = 9dH/dt < 0. One can show that the 3
of the 9 comes from the effect of H changing in time, and the 6 comes from the effect of the metric
perturbations.

By using the first-order slow-roll approximation, we obtain a relation between dH/dt and the
potential slope, dV/d¢, dH /dt ~ —ﬁ(aﬂ/'/dqﬁ)2 = —%mQ. It thus follows that the total effective
mass-squared becomes negative, mgﬂ =m?+ Am? =~ —2m? < 0, and we have a “red” spectrum or
a negative spectral index,

dlnAgzzmgﬁ%fm? — 0 (2.23)
dInk 3H?2 3H?2 ' ’

Let us summarize what has made the spectral index negative. The spectral index is determined

by the mass, or the effective mass, of a scalar field. In inflation, the intrinsic mass, m?2, is over-
compensated by the induced mass from gravitational effects, Am?, which is negative: m? + Am? <
0. As a result, the fluctuation spectrum becomes “red”. Actually, any power-law potential of the
form V(¢) = Ap™ with A positive gives a negative m2; through m2e = —(1 + n/2)nA¢"~2. Here,
we have used dH/dt ~ —¢(dV/dp)? = —gn?A¢p" 2.

For a generic scalar field with an arbitrary potential, we find

v~ dH  dH d?¢/dt?
2
=—+9—=6——3H 2.24
met =32 TV T db/di (2:24)
and the spectral index
dIn A2 2 2
o _ ,dH/dt  d¢/dt (2.25)

dlnk = H2 H(d¢/dt)’

which agrees with Liddle and Lyth (1992).

CMB experiments have shown that a scale-invariant fluctuation spectrum fits the data well (de
Bernadis et al., 2000; Hanany et al., 2000). Combining all the CMB experiments to date, Wang
et al. (2001) show that a slightly red spectrum, the power of k being ~ —0.07, fits the data even
better, while the error of the fit is still of order 0.1. Accurate measurement of the spectral index
constrains the shape of V(¢) through equation (2.25), as V(¢) determines the time variation of H
and ¢; thus, it potentially discriminates between different inflation models.

Although the CMB experiments almost exclude possibility of the massive-free scalar field with
sizable m?/H? ~ 1 dominating the matter and radiation fluctuations in the universe (in terms of the
spectrum index), the field may produce some of the fluctuations that are non-Gaussian. In this case,
¢ does not drive inflation, so that m? can be comparable to H?; the field rolls down to a potential
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minimum quickly, and oscillates about the minimum, producing non-Gaussian isocurvature density
fluctuations, §p o< ¢? (Linde and Mukhanov, 1997). Even if the isocurvature fluctuations are sub-
dominant in the universe, they could produce non-Gaussian temperature fluctuations in CMB.
Measuring non-Gaussianity in CMB thus potentially probes particle physics in inflation.

2.2.4 Emergence of classical fluctuations

Until now, we have considered generation of quantum fluctuations in inflation, and derived a fluctu-
ation spectrum on super-horizon scales. We then expect that the fluctuations seed observed CMB
anisotropies and large-scale structures in the universe; but, how? Inflation generates quantum fluc-
tuations, not classical fluctuations. How can the quantum fluctuations make classical objects like
galaxies seen today?

Generation of classical fluctuations, or quantum-to-classical transition of fluctuations, during
inflation, has been in debate (Calzatta and Hu, 1995; Matacz, 1997a,b; Kiefer et al., 1998). In this
subsection, we describe a possible mechanism to produce classical fluctuations in inflation. Our
approach is partly close to Kiefer et al. (1998).

A basic idea behind our classical-to-quantum transition mechanism is to approximate a field, ¢
(Eq.(2.5)), with the sum of the long-wavelength (super-horizon) modes and the short-wavelength
(sub-horizon) modes. This mode separation is unique, as the comoving Hubble-horizon scale,
(aH) ™1, has been a characteristic length scale in the solutions for mode functions, ¢ (7) (Eq.(2.12)).

In the super-horizon limit, & < aH, equations (2.12) and (2.16) give ¢} .,y = —Pr<ar- Using
this in equation (2.5), we obtain

o(x,7) = / A’k (&k — &ik) g0k<<aH(T)eik'x
k<aH

d3k ’ . . .
—1 ~ ikex—ikT At —ikex+ikT 3
+a” (T / ——— | ake + a;e . 2.26
™) k>aH (2m)3/2\/2k ( k ) (2:26)
We name the first term ¢cr,, the second term ¢qn. The corresponding conjugate momenta are
7oL = a?écr, and QM = a2¢QM, respectively. The first term, ¢cr,, becomes just the Fourier
transform, while the second term, ¢qum, becomes an ordinary ground state in the Minkowski vacuum
except for a1(7) in the front. To see what happens to these terms in the context of the quantum
field theory, we calculate the canonical commutation relations of ¢ c1, and ¢qum-
For ¢pqm, we find
/ . PR eex) _ is(3) /
[pum(x, 7), mou(x',7)] =i 53 =" (x — x') (2.27)
k>aH (27T)

for |x — x'| < (aH)™Y; thus, ¢qu is a quantum field inside the horizon, and agqu is identical to a
quantum field in the Minkowski vacuum. For ¢¢r,, we find the commutation relation vanishing,

[bcL(x, 7), ToL(x', 7)] = 0; (2.28)

thus, ¢cr is no longer a quantum field, but a classical field. In other words, once smoothing out
the fluctuations inside the horizon, we are left with the classical fluctuations. Notice that there has



26 CHAPTER 2. PERTURBATION THEORY IN INFLATION

been no explicit decoherence mechanism in the system. The exact solution to the Klein—Gordon
equation in the exact de Sitter spacetime naturally yields the classical fluctuations on super-horizon
scales.

Without smoothing out the sub-horizon fluctuations, however, ¢ remains quantum. The com-
mutation relation of ¢ (Eq.(2.6)) is exact as long as all the k& modes equally contribute to ¢. If
nothing happens to the sub-horizon fluctuations, then the quantum, not classical, fluctuations will
reenter the horizon after inflation. Yet, practically speaking, this argument may not be relevant
for our actual observations because of the following reason. Consider a fluctuation wavelength just
leaving the horizon at the end of inflation, at which the proper horizon size is H ! ~ 10728 cm.
As the universe has expanded by a factor of order 10?7 since the end of inflation, we may find
the fluctuation wavelength to be ~ 0.1 cm in the present universe. Now we ask: “does this-size
fluctuation affects classicality of galaxy-scale fluctuations?” We may answer “no”, if we assume
that these substantially different-scale fluctuations have undergone different physics; if so, quantum
coherence should have disappeared.

Even right after inflation, the super-horizon modes and the sub-horizon modes have undergone
different physics. At the end of inflation, the reheating begins, and scalar fields decay into particles
and radiation, thermalizing the universe. By causality, the thermalization process occurs only
inside the horizon; thus, the reheating affects the sub-horizon fluctuations differently from the
super-horizon fluctuations, breaking quantum nature of ¢. In other words, in equation (2.26), the
second term may have disappeared during the reheating, while the first term may remain unaffected.
As a result, the reheating effectively smoothes out the sub-horizon scale fluctuations, and makes a

quantum-to-classical transition possible.

2.3 Linear Perturbation Theory in Inflation

In the previous section, we have followed generation of scalar-field fluctuations in the unperturbed de
Sitter spacetime, i.e., no perturbations in the metric. Scalar-field fluctuations, however, perturb the
stress-energy tensor, and produce metric perturbations. Since the metric perturbations regulate the
matter and radiation fluctuations that we observe today, we must include the metric perturbations
in the analysis, and follow the evolution. In this section, we explore the linear perturbation theory
in inflation, which includes perturbations to the metric and a scalar field. Our notation follows
Bardeen (1980).
We use a linearly perturbed conformal Robertson Walker metric of the form,

ds? = a?(r) {~(1 + 24Q)dr? — 2BQ;drda’ + [(1 + 2HLQ) b5 + 2H1Qyj] da'da?} . (2.29)

Here, all the metric perturbations, A, B, Hy, and Hp, are < 1, and functions of 7. The spatial
coordinate dependence of the perturbations is described by the scalar harmonic eigenfunctions, @,
Q;, and QZ']', that satisfy 5ijQ7ij = —k2Q, Q; = —k?ilQ’i, and Qij = k?iQQ’ij + %6ZJQ Note that
Qi; is traceless: §7Q;; = 0. Kodama and Sasaki (1984) use different symbols, Y, Y;, and Y;;, for
Q, Q;, and Q;j, respectively.
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The four metric-perturbation variables are not entirely free, but some of which should be fixed
to fix our coordinate system before we analyze the perturbations. The choice of coordinate system
is often called the choice of gauge, or the gauge transformation; we will describe it later.

2.3.1 Fluid representation of scalar field

The metric perturbations enter into the stress-energy tensor perturbations, 07#. We expand a
scalar field into its homogeneous mean field, ¢(7), and fluctuations about the mean, d¢(7)Q(x).

The energy density and pressure fluctuations are given by

0psQ = =0T = [a72 (906 — Ad?) + V,yd0| Q, (2.30)
— 5TI§ -2 (1< 72
0psQ = - = (a7 (906 — A9) = Ved) Q. (2.31)

The energy flux, TP, gives the velocity field, V4 Qs
¢ .
(pp +pg) (o — B) Qi =T} = <a2 k3¢ | Q. (2.32)

Using pg + py = a~2¢2, we obtain vy — B = kdp~18¢; thus, d¢ is directly responsible for the fluid’s
peculiar motion. The anisotropic stress, T J’ - p¢5;-, is a second-order perturbation variable for a
scalar field, being negligible.

When we choose our coordinate system so as B = vy (a fluid element is comoving with the origin
of the spatial coordinate), we have d¢ vanishing, d¢ = 0. This coordinate is called the comoving
gauge, and we write the scalar-field fluctuations in this gauge as d¢com = 0.

Since we have only one degree of freedom, a scalar field, in the system, dpgy, dpg, and vy are
not independent of each other. Nevertheless, this fluid representation is useful, as the cosmological
linear perturbation theory has been developed as the general relativistic fluid dynamics. We can
plague these fluid variables into the well-established general relativistic fluid equations, and see
what happens to the metric perturbations. While we do not use those fluid equations explicitly in
the following, but solve equation of motion for a scalar field (Klein-Gordon equation) directly, the

fluid equations give the same answer.

2.3.2 Gauge-invariant perturbations

In the previous subsection, we have seen that scalar-field fluctuations vanish in the comoving gauge
in which B = vy; thus, a choice of gauge defines perturbations. For the scalar-type perturbations

that we are considering, the gauge transformation is

T — T =7+T(1)Q(x), (2.33)
rt — 2" =24 L(1)Qi(x), (2.34)

where T and L are < 1. Accordingly, scalar-field fluctuations, §¢, transform as

5(7) — 80(7') = 6¢(7) — S(7)T(7). (2.35)
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Hence, if we choose T = ¢ 136, then we obtain 8;5 = (. This choice of T" defines the comoving
gauge, 0¢com = 0. In this way, we find different values for the perturbation variables in different
gauges.

So, what gauge should we use? Unfortunately, there is no answer to the question: “what gauge
should we use?”. Although there is no best gauge in the world, depending on a problem that we
intend to solve, we may find that one gauge is more useful than the other, or vice versa. As long
as we fix the gauge uniquely, and understand what gauge we are working on clearly, no problems
occur.

In practice, however, problems occur when one author understands its own gauge, but does not
understand the other author’s gauge. Since there is no best gauge in the world, different authors
may use different gauges, and may disagree with each other because of their misunderstanding of
the gauges. In other words, one author’s calculation on amplitude of d¢ may disagree with the
other’s calculation, if they are using different gauges. The author using the comoving gauge sees
d¢ = 0, but others may see d¢ # 0.

One way to overcome this undesirable property is to make perturbation variables invariant
under the gauge transformation, and let them represent gauge-invariant perturbations. As an
example, consider a new perturbation variable (Mukhanov et al., 1992),

u=9d¢p— 9 <HL + 1HT> . (2.36)
aH 3

One can prove this variable gauge invariant, u = u, using equation (2.35) and
~ 1~ 1
Hy + §HT = Hp, + §HT —aHT. (2.37)

Actually, Hy, + %HT represents perturbations in the intrinsic spatial curvature, R, as it is the scalar
potential of the 3-dimension Ricci scalar: §®R = o 2k*RQ, where R = Hp, + %HT. While u
reduces to d¢ in the spatially flat gauge (R = 0), or to —((b/aH)R in the comoving gauge (6¢ = 0),
its value is invariant under any gauge transformation. Any authors should agree upon the value of
.

For the physical interpretation of u, we may name u “scalar-field fluctuations in the spatially
flat gauge” or “intrinsic spatial curvature perturbations in the comoving gauge”’. Either name
describes the physical meaning of u correctly. The physical meaning of u depends upon what gauge
we are using; however, the most important point is that the value of u is independent of a gauge
choice. In this sense, u can be a “common language” among different authors.

Bardeen et al. (1983) use a similar gauge-invariant variable to u,

aH

aH
=——u=R— —400¢, 2.38
;Y 5 ) (2.38)

that reduces to R in the comoving gauge, or to —(aH/ gz.5)5¢ in the spatially flat gauge. This variable
helps our perturbation analysis not only because of being gauge invariant, but also being conserved
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on super-horizon scales throughout the cosmic evolution. We will show this property in the next
subsection.

Using gauge invariance of u or , we obtain a relation between d¢ in the spatially flat gauge,
0Pfat, and R in the comoving gauge, Rcom, as

H
Reom = —%&bﬂat. (2.39)

It is derived from ucom = Ufiat, OF Ccom = Cat- AS we have seen in the previous section, d¢ obeys
Gaussian statistics to very good accuracy because of the central limit theorem, that is, d¢ is the
sum of the nearly infinite number of independent modes (Eq.(2.13)). Since R o is linearly related
t0 dPfiat, Reom also obeys Gaussian statistics in the linear order; however, as we will show in the
next section, non-linear correction to this linear relation makes R ¢om weakly non-Gaussian.

The spatial curvature perturbation, R, is more relevant for the structure formation in the
universe than the scalar-field fluctuation, d¢, itself, as R regulates the matter density and velocity
perturbations through the Poisson equation. Actually, R reduces to the Newtonian potential inside
the horizon. Since the quantum fluctuations generate d¢, we expect it to generate R through
Reom = —(aH/ (b)&bﬂat. This is naively true, but may sound tricky. In the next subsection, we will
show how to calculate R generated in inflation more rigorously.

2.3.3 Generation of spatial curvature perturbations

To calculate the intrinsic spatial curvature perturbation, R = Hy + %HT, that is generated in
inflation, we need to track its evolution equation, and figure out how it is related to d¢. We
will show in this subsection that R is actually more than related to d¢; it is almost equivalent to
d¢. We can track the evolution of d¢ and R simultaneously, using the gauge-invariant variable, u
(Eq.(2.36)). _

Mukhanov et al. (1992) show that au = adp — (¢/H)R obeys the same Klein-Gordon equation
as we have used in the previous section (Eq.(2.7)),

fa+ 12+ m2(n)] i =0, (2.40)

where yy is the mode function that expands au (see Eq.(2.5)). It thus follows that ad¢ and (¢/H)R
obey the same equation, and our argument on the quantum-fluctuation generation during inflation
in the previous section applies to u as well. u being quantum fluctuations means that it also obeys
Gaussian statistics very well because of the central limit theorem (see Eq.(2.13) and the text after
equation).

We consider the Klein-Gordon equation for au on super-horizon scales. As equation (2.5), we
expand au into the mode functions, xx = apk, where x; and ¢y are exactly the same functions
that we have used in the previous section.

We give a slightly different expression for the solution, emphasizing its time dependence on
super-horizon scales. Taking the long-wavelength limit, k2 < mi(T), and using the exact form of
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mi(T) (Eq.(2.22)) (Mukhanov et al., 1992), we obtain the Klein—-Gordon equation on super-horizon

scales,
H d*(¢/H)
v — =0. 2.41
X = gz X (2.41)
There is an exact solution to this equation,
H aH H?
¢ ¢ ¢?

where C; and Cy are integration constants independent of 7. The second term is a decaying mode as
[¢2H?dr = [a~3(d¢/dt)~2H?dt, and thus (H/¢)xx remains constant in time on super-horizon
scales. This implies that { = —(aH/ $)u also remains constant in time on super-horizon scales.
Note that ¢ obeys Gaussian statistics in the linear order, as it is related to a Gaussian variable, u,
linearly; however, as we will show in the next section, non-linear correction to this linear relation
makes ¢ weakly non-Gaussian. This statement is equivalent to that we have made on R com.

The solution obtained here for ¢ is valid throughout the cosmic history regardless of whether a
scalar field, radiation, or matter dominates the universe; thus, once created and leaving the Hubble
horizon during inflation, ¢ remains constant in time throughout the subsequent cosmic evolution
until reentering the horizon. The amplitude of ¢, i.e., Cq, is fixed by the quantum-fluctuation
amplitude derived in the previous section (Eq.(2.18)),

i3 aH\’ aH?\’ m2 1?
ﬁwwz: <?> AZ(k) ~ <%> = [W] : (2.43)

This is the spectrum of ¢, Ag(k), on super-horizon scales. While we have neglected the k dependence
of the spectrum here, the spectral index of ( is the same as of ¢ (Eq.(2.25)),

dinA7 JdH/d ) do/de?
dink = H? H(d¢/dt)

(2.44)

Ag(k) gives the primordial curvature-perturbation spectrum. This is very important prediction
of inflation, as it directly predicts the observables such as the CMB anisotropy spectrum and
the matter fluctuation spectrum. Strictly speaking, Az(k) reduces to the curvature-perturbation
spectrum in the comoving gauge.

To summarize, the quantum fluctuations generate the gauge-invariant perturbation, u, that
reduces to either d¢g,; or (Q'S/aH )Rcom depending on which gauge we use, either the spatially
flat gauge or the comoving gauge. Hence, d¢aa; and (q'b/aH )Recom are essentially equivalent to
each other. The benefit of u is that it relates these two variables unambiguously, simplifying the
transformation between d¢ga; and Reom. This is a virtue of the linear perturbation theory; we do
not, have this simplification when dealing with non-linear perturbations for which we have to find
non-linear transformation between d¢g.; and Reom. The non-linear transformation actually makes
Reom weakly non-Gaussian, even if d¢g,¢ is exactly Gaussian. We will see this in the next section.

Here, we have the generation of the primordial spatial curvature perturbations completed. In
the next subsection, we will derive the CMB anisotropy spectrum.
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2.3.4 Generation of primary CMB anisotropy

The metric perturbations perturb CMB, producing the CMB anisotropy on the sky. Among the
metric perturbation variables, the curvature perturbations play a central role in producing the
CMB anisotropy.

As we have shown in the previous subsection, the gauge-invariant perturbation, ¢, does not
change in time on super-horizon scales throughout the cosmic evolution regardless of whether a
scalar field, radiation, or matter dominates the universe. The intrinsic spatial curvature perturba-
tion, R, however, does change when equation of state of the universe, w = p/p, changes. Since ¢
remains constant, it may be useful to write the evolution of R in terms of ¢ and w; however, R is
not gauge invariant itself, but ( is gauge invariant, so that the relation between R and ¢ may look
misleading.

Bardeen (1980) has introduced another gauge-invariant variable, ® (or ® iy in the original nota-
tion), which reduces to R in the zero-shear gauge, or the Newtonian gauge, in which B = 0= Hr.
® is given by

@ER——<—B+—>. (2.45)

Here, the terms in the parenthesis represent the shear, or the anisotropic expansion rate, of the
7 = constant hypersurfaces. While ® represents the curvature perturbations in the zero-shear
gauge, it also represents the shear in the spatially flat gauge in which R = 0. Using ®, we may

write ¢ as

aH

aH
C_R—?&b—@—?(%—?), (2.46)

where the terms in the parenthesis represent the gauge-invariant fluid velocity.

Why use &7 We use ® because it gives the closest analogy to the Newtonian potential, for ¢
reduces to R in the zero-shear gauge (or the Newtonian gauge) in which the metric (Eq.(2.29))
becomes just like the Newtonian limit of the general relativity. It thus gives a natural connection
to the ordinary Newtonian analysis.

The gauge-invariant velocity term, v—k L Hr, differs ¢ from ®. In other words, the velocity and
® share the value of {. Since a fraction of sharing depends upon equation of state of the universe,
w = p/p, the velocity and ® change as w changes. ( is independent of w.

The general relativistic cosmological linear perturbation theory gives the evolution of ¢ on
super-horizon scales (Kodama and Sasaki, 1984),

3+ 3w
543w

¢, (2.47)

for adiabatic fluctuations, and hence ® = %C in the radiation era (w = 1/3), and ¢ = %C in the
matter era (w = 0). ® then perturbs CMB through the so-called (static) Sachs Wolfe effect (Sachs
and Wolfe, 1967).

The Sachs Wolfe effect predicts that CMB that resides in a ® potential well initially has an
initial adiabatic temperature fluctuation of AT/T = [2/3(1 + w)]®, and it further receives an
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AT/T=(2/3)D-D=(-1/3)P

>

)

ATIT=(2/3)®

Figure 2.4: The Static Sachs—Wolfe Effect

The static Sachs Wolfe effect predicts that CMB that resides in a ® potential well has
an initial adiabatic temperature fluctuation of AT /T = %(I) in the matter era. It further
receives an additional fluctuation of —® when climbing up the potential at the decoupling
epoch. In total, we observe AT /T = 711,’@.

additional fluctuation of —® when climbing up the potential at the decoupling epoch. In total, the
CMB temperature fluctuations that we observe today amount to

AT 2 143w, 143w

C. (2.48)

T  3(14+w) 343w  5+3w

Figure 2.4 sketches the static Sachs Wolfe effect.

For isocurvature fluctuations, initial temperature fluctuations in a potential well are given by
—& in both the radiation era and the matter era; thus, total temperature fluctuations amount to
AT/T = —®—d = —2d. By definition of the isocurvature fluctuations, ¢ is initially zero, but there
exist non-vanishing initial entropy fluctuations. As the universe evolves, the entropy fluctuations
create @, and hence the temperature fluctuations.

At the decoupling epoch, the universe has already been in the matter era in which w = 0,
so that we observe adiabatic temperature fluctuations of AT/T = —%@ = —%C, and the CMB
fluctuation spectrum of the Sachs—Wolfe effect, AZyy (k), is

2 2
Ay (k) = %A%(k) = %Ai(k) = [ﬁ(ﬁ/dt)] : (2.49)

where H is the Hubble parameter during inflation. While we have not shown the k& dependence of
the spectrum here, the spectral index is given by equation (2.44). By projecting the 3-dimension
CMB fluctuation spectrum, A%W(k), on the sky, we obtain the angular power spectrum, C; (Bond
and Efstathiou, 1987),

CSW = 4 /OOO % A2y (k)§2 k(1o — Taee)] = 2SW£ &i;g;;g ? 5 i Eg:;;?g’

where 7y and Tge. denote the present day and the decoupling epoch, respectively, and n = 1 +

(2.50)

[dIn A%(k)/dInk] is a spectral index which is conventionally used in the literature. If the spectrum
is exactly scale invariant, n = 1, then we obtain CPW = [I(l + D] tecsW.
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Equation (2.50) provides a simple yet good fit to the CMB power spectrum measured by COBE
DMR. The spectrum comprises two parameters, C5" and n. Bennett et al. (1996) find n = 1.240.3
and C5W = 7.9729 % 107!, When fixing n = 1, they find C’QSW”]:1 = (9.3+0.8) x 10711, The
measured C; is thus consistent with CMB being scale invariant, supporting inflation. Moreover,
it implies that H2/(d¢/dt) ~ (C’QSW)I/2 ~ 107°, constraining amplitude of the Hubble parameter
during inflation.

On the angular scales smaller than the DMR angular scales, the Sachs Wolfe approximation
breaks down, and the acoustic physics in the photon-baryon fluid system modifies the primordial
radiation spectrum (Peebles and Yu, 1970; Bond and Efstathiou, 1987). To calculate the modifica-
tion, we have to solve the Boltzmann photon transfer equation together with the Einstein equations.
The modification is often described by the radiation transfer function, gri(k), which can be cal-
culated numerically with the Boltzmann code such as CMBFAST (Seljak and Zaldarriaga, 1996).
Using gr1i(k), we write the CMB power spectrum, C;, as

<dk 9
Ci=dr [ 5 A3 (Rgh(h). (2.51)
Note that for the static Sachs—Wolfe effect, adiabatic fluctuations give gri(k) = — 24 [k(70 — Taec )],
while isocurvature fluctuations give gry(k) = —24; [k(70 — Taec)]- Here, we have used A% (k) rather
than A2y (k) or Ag(k), following the literature. The literature often uses the ® power spectrum,
Pg(k), toreplace A% (k); the relation is AZ (k) = (272) 7 k3 Py (k). A2 (k) is called the dimensionless
power spectrum.

If ® were exactly Gaussian, then C; would specify all the statistical properties of ®, which are
equivalent to those of (. Since ( is related to a Gaussian variable, u, through ¢ = —(aH/ (,b)u, in the
linear order ¢ also obeys Gaussian statistics; however, the relation between ¢ and u becomes non-
linear when we take into account non-linear perturbations. As a result, ¢, and hence ¥, becomes
non-Gaussian even if u is exactly Gaussian, yielding non-Gaussian CMB anisotropies. In the next
section, we will analyze non-linear perturbations in inflation.

Using the second-order gravitational perturbation theory, Pyne and Carroll (1996) derive the
second-order correction to the relation between AT and ¢ (Eq.(2.48)). It gives AT/T = — é@ +

O(1)®?; thus, even if ® is Gaussian, AT becomes weakly non-Gaussian.

2.4 Non-linear Perturbations in Inflation

In the previous section, we have shown that the quantum fluctuations generate the gauge-invariant
perturbation, u = d¢ — (gb/ aH)R, and u obeys Gaussian statistics very well because of the central
limit theorem. Another gauge-invariant variable, { = —(aH/ ¢)u =R — (aH/ (ﬁ)&b, which remains
constant in time outside the horizon, also obeys Gaussian statistics in the linear order, as it is
related to a Gaussian variable, u, linearly.

In the non-linear order, however, the situation may change. In the relation between ¢ and u,
the factor in front of u, aH/ &, is also a function of ¢, and it may produce additional fluctuations



34 CHAPTER 2. PERTURBATION THEORY IN INFLATION

like [0(aH/ qﬁ) /0¢)dp. Suppose that R in the comoving gauge (dPcom = 0), Reom, is an arbitrary
function of a scalar field: Reom = f(¢). Note that Reom is equivalent to (. By perturbing ¢ as
¢ = ¢o + Oprat, Where dpgat is a scalar-field fluctuation in the spatially flat gauge (Rgat = 0), we
have

7—‘)fcom = f(¢0+5¢ﬂat)
of 1(82f

= fl(¢o) + <8_¢> dPgat + B (W) 5¢121at + 0O (5¢gat) . (2.52)

By comparing this equation with the linear-perturbation result (Eq.(2.39)), R com = —(aH/ $)ddgat,
we find f(¢g) =0, df /0 = —(aH/p), and

aH
7-\)fcom = _—-5¢ﬂat -

10 (aH
é 204

?> 06Fas + O (06as) (2.53)
thus, even if d¢g,; is exactly Gaussian, Rom, and hence ¢, becomes weakly non-Gaussian because
of 5¢ﬁat or the higher-order terms. While the treatment here may look rather crude, we will show
in this section that the solution (Eq.(2.53)) actually satisfies a more proper treatment of non-linear
perturbations in inflation.

In the linear regime, we have the gauge-invariant perturbation variable that characterizes the
curvature perturbations as well as the scalar-field fluctuations, and the single equation that describes
the perturbation evolution on all scales. In the non-linear regime, however, we cannot make such
great simplification. Since the Einstein equations are highly non-linear, fully analyzing non-linear
problems is technically very difficult. Hence, we need a certain approximation.

2.4.1 Gradient expansion of Einstein equations

In inflation, there is an useful scheme of approximation, the so-called anti-Newtonian approximation
(Tomita, 1975, 1982; Tomita and Deruelle, 1992), or later called the long-wavelength approximation
(Kodama and Hamazaki, 1998; Sasaki and Tanaka, 1998) or the gradient expansion method (Salopek
and Bond, 1990; Salopek and Stewart, 1992; Nambu and Taruya, 1996, 1998).

The approximation neglects higher-order spatial derivatives in the Einstein equations as well as
in the equations of motion for matter fields, and is equivalent to taking a long-wavelength limit of
the system. The equation system is further simplified if we set the shift vector zero in the metric.
Once neglecting higher-order spatial derivatives and the shift vector, one finds that the shear decays
away very rapidly.

We use the metric of the form
ds* = —N?dr? + (3)gijdacidxj, (2.54)

where N is the Lapse function, and ®) gij describes the 3-metric. We have set the shift vector zero;
it corresponds to B = 0 in the linearized metric (2.29). We perturb N and ) gij non-linearly. While
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the full treatment of non-linear evolution of the system is highly complicated, by neglecting higher-
order spatial derivatives, we reduce the Einstein equations to rather simplified forms (Salopek and
Bond, 1990):

H2—§Ujffij = T{W&—FV(QS)}’ (2.55)
1 ¢
H,Z»—Eagfk = —4WGN¢J~, (2.56)
2 - 2 ij L o
CH A BH 4 oY0y = —8aG [ng —V(¢)}, (2.57)
1 . )
Nd;-—(—SHa;- - 0. (2.58)

H is the inhomogeneous Hubble parameter which defines the isotropic expansion rate of the
T = constant hypersurfaces,
1 17 (3) -

H= 6—N(3)gm(3)gij’ (2.59)
or <3)gij = 2NH (3)gij. By introducing the inhomogeneous scale factor, a(x,7), given by H =
a/(Na), we can write the 3-metric as ¥ g;; = a?(x, 7)7;j(x), where ;;(x) is a function of the spatial
coordinate only. This form of (3) gi; satisfies equation (2.59). We have obtained the simplified form
for the 3-metric because of setting the shift vector zero.

i

o} 1s the shear which quantifies the anisotropic expansion rate,
. 1 ‘
0; = W(?’)gzj - H(?’)gij. (2.60)

It follows from the traceless-part equation (2.58) and NH = a/a that the shear decays rapidly
as the universe expands: U§ x a~3; thus, we neglect the shear terms in the Einstein equations
henceforth.

By neglecting the shear term in the trace-part equation (2.57), and substituting the Fried-

mann equation (2.55) for H?2, we obtain H = —4rGN~'$2. Comparing this equation with the

momentum constraint equation (2.56) without the shear term, H ; = —47TGN’1$¢J~, we find
H(x,7) = H (¢(x,7)), and the scalar-field momentum
é 1 (O0H
—=——\=. 2.61
N 4G (8¢> (2:61)

Substituting this for the kinetic term in the Friedmann equation (2.55), and neglecting the shear
term, we finally obtain a closed evolution equation for H(¢),

1 (0H\? 8rG

= — —V(p). 2.62
127rG<8¢> + =3 V() (2.62)

From this equation, H(¢) may be solved as H(¢,I), where I is an integration constant which

H?(¢)

parameterizes the initial condition. This equation fully describes the evolution of the system in-
cluding non-linear perturbations. Note that H(¢) depends upon the spatial coordinate through

= ¢(X7 T)'
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A perturbation to H is given by 6H = (0H/0¢),6¢ + (0H/OI), 1. For the latter term, by
differentiating equation (2.62) with respect to I for a fixed ¢, we find (8H/8I)¢ x a~3; thus,
it decays very rapidly during inflation, giving 6H = (0H/0¢);d¢. Hence, the comoving gauge,
d¢ = 0, coincides with the constant Hubble parameter gauge, d H = 0. Sasaki and Tanaka (1998)
also observe this property from a different point of view, and find that this property holds for
multiple scalar-field system as well.

2.4.2 Generation of non-linear curvature perturbations

Our goal in this subsection is to find a non-linear relation between Rcom and d¢gai, following
Salopek and Bond (1990). In the absence of the shear, R obeys R = § (NH) = 6 (dlna/d7), and
hence R is equivalent to fluctuations in the inhomogeneous scale factor, d Ina.

We calculate Reom by perturbing Ina non-linearly in the comoving gauge. Since ¢ is homo-
geneous in the comoving gauge, we choose ¢ as a time coordinate: 7 = ¢. We find the Lapse
function

4G
N=—5i7s (2.63)

for this time coordinate from equation (2.61) with setting ¢ = 1.

To calculate the scalar-field fluctuations in the spatially flat gauge, d¢ga.;, we need to generate
quantum fluctuations first; however, since we are solving the equation system on super-horizon
scales only, we cannot calculate quantum fluctuations of §¢ within the current framework. Instead,
we assume that d¢ on super-horizon scales is provided by the small-scale quantum fluctuations
that are stretched out of the horizon by inflationary expansion. We use the linear perturbation
theory to calculate the fluctuation amplitude at the horizon crossing, and provide d¢ as initially
linear, Gaussian fluctuations. We then calculate d¢g,¢ on the Ina = constant hypersurfaces. While
this treatment may sacrifice a virtue of the current framework which does not assume linearity
of perturbations, non-linearity of the scalar-field fluctuations may also be incorporated into the
analysis with the so-called stochastic inflation approach (Starobinsky, 1986; Salopek and Bond,
1991). Using this, Gangui et al. (1994) show that the non-linearity makes 0¢ g, weakly non-
Gaussian.

After all, our goal is to relate d¢(Ina) to d Ina(p). In other words, we transform the perturba-
tions on the Ina = constant hypersurfaces to the ones on the ¢ = constant hypersurfaces. We do
this as follows (Salopek and Bond, 1990), and figure (2.5) shows the following process schematically.

First, imagine ¢ — Ina plane on which we transform the perturbations. We then mark a point
on the plane with (¢g,Inag), and draw a short line from this point to (¢ + d¢, Inag) in parallel to
the ¢ axis. This line represents d¢(x, Inag) = ¢(x, Inag) — ¢y, i.e., ¢ perturbations on a Ina = Inag
hypersurface. Next, using evolution equation of Ina, we evolve the line until it coincides with the
¢ = ¢g line, namely

Inag = Infa(x, ¢pg+ d¢)] — In[a(x, ¢o)] . (2.64)
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Figure 2.5: Hypersurface Transformation

Hypersurface transformation of the scalar-field fluctuations in the spatially flat gauge,
d¢aar = O¢p(Inag), into the spatial curvature perturbations in the comoving gauge,
Reom = dlna(gg). (1) To represent d¢(lnag), draw a short line from (¢pg,Inag) to
(¢o + 0¢,Inag) in parallel to the ¢ axis. (2) By evolving Ina, evolve this line un-
til it coincides with the ¢ = ¢ line. (3) Measure the line length, ¢lna(¢pg).
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The evolution equation of Ina is dIna/dr = N H. By integrating this equation, we obtain

In[a(x, ¢o)] — Inag = /% dé W

- , (2.65)
$o+9¢(x,Inap) 0]

where the Lapse function, N, is given by equation (2.63) for ¢ being the time coordinate. Finally,
we measure the line length, ¢ In[a(x, ¢o)] = In [a(x, ¢o)] — Inag, to obtain Reom.
By noting déq.s = dop(x,Inag), we find a non-linear relationship between R com and ddgat,

0 flat 0 flat -1
Ruor — _/: oo 1y N@H(9) oot PIHH} . (2.66)

=47 90

0 o) %o
This non-linear relation should be compared with the crude estimate from the linear analysis,
equation (2.53). By expanding the non-linear relation into Taylor series with respect to d¢ gat, we
find that the crude estimate agrees with the non-linear result on the term-by-term basis. Note
that a in equation (2.53) should be replaced by N, as it has used the conformal time as the time
coordinate, i.e., N = a.

2.4.3 Generation of weakly non-Gaussian adiabatic fluctuations

We have shown that non-linearity in inflation creates weakly non-Gaussian curvature perturbations
outside the horizon from Gaussian quantum fluctuations inside the horizon. By expanding the non-
linear relation between Rcom and d¢gat up to the second order, we obtain a non-linear curvature

perturbation, Reom = RY,, + RNL | where
dln H\ ™
7—‘)’<I;om = 47TG( (;:f) ) 5¢ﬂata (267)
1 0?In H 2
NL L
RCOIII - _% (Tw) (Rcom) . (268)

Using equation (2.46), we obtain a non-linear Newtonian potential, & = &1 + &g, where ¢p, =
%Rgom and dnp, = %RCNOI;H in the radiation era, and &1, = %R%om and $np, = %RCNOI;H in the matter
era. Note that these formulae should be modified when we include non-linear effects of the stochastic
inflation approach (Gangui et al., 1994), which add extra terms to the formulae.

In the following chapters, we will focus on measuring ® i, using non-Gaussian CMB temperature

fluctuations. We parameterize the amplitude of ®yy, with a non-linear coupling parameter, fni, as

e (%) = fun [0F (%) — (9F (%)) - (2.69)

How big is fni? If a scalar field rolls down on a potential, V(¢), slowly, then 9ln H/0¢ =~
%8 InV/d¢. We thus obtain

5 (0°lnH 5 (9°lV
= - e ) 2.
fe 247rG< 02 ) 487TG< 092 ) (2.70)
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As an example, consider a power-law potential, V(¢) x ¢™. We find

2
bn m
pl |

_ -2
=g 07 (2.71)

INL
On the other hand, we will show in chapter 4 that |fnr| should be larger than of order unity
to produce detectable non-Gaussian signals in CMB. Even for the fastest motion of ¢ allowed in
slowly-rolling single-field inflation, we find |fni| < 5/2. Therefore, it is quite hard for this class
of inflation models to produce detectable CMB non-Gaussianity. In other words, any detection of
cosmological non-Gaussian signals in CMB constrains slow-roll inflation models very strongly, or

may favor multiple scalar-field models or isocurvature fluctuations.



Chapter 3

Angular n-point Harmonic Spectrum
on the Sky

The angular n-point correlation function,

(F(8n) f (o) . f(B)) (3.1)

is a simple statistic characterizing a clustering pattern of fluctuations on the sky, f(1n). Here, the
bracket denotes the ensemble average, and figure 3.1 sketches the meaning. If the fluctuation is
Gaussian, then the two-point correlation function specifies all the statistical properties of f(n),
for the two-point correlation function is the only parameter in Gaussian distribution. If it is not
Gaussian, then we need higher-order correlation functions to determine the statistical properties.

Yet simple, one disadvantage of the angular correlation function is that data points of the
correlation function at different angular scales are generally not independent of each other, but
correlated: two-point correlation at 1 degree is correlated with that at 2 degrees, and so on. This
property makes a detailed statistical analysis and interpretation of the data complicated.

Hence, one finds it more convenient to expand f(n) into spherical harmonics, the orthonormal

basis on the sphere, as

o0 l

FR) =5 S Vi (), (3.2)
=0 m=-I

and then to consider the angular n-point harmonic spectrum, (@i, m, @iym, - - - @1,m,, ). While ap, for

m # 0 is complex, reality of f(n) gives aj_n,, = qaj,,(—1)™, and thus the number of independent

modes is not 41 + 1, but 2] 4 1.

Especially, the angular two-, three-, and four-point harmonic spectra are called the angular
power spectrum, bispectrum, and trispectrum, respectively. For a Gaussian field, the angular spectra
at different angular scales, or at different {’s, are uncorrelated. Even for a non-Gaussian field, they
are reasonably uncorrelated as long as the non-Gaussianity is weak. Moreover, since the spherical
harmonic is orthogonal for different {’s, it highlights characteristic structures on the sky at a given
[. In other words, even if the angular correlation function is featureless, the angular spectrum may

40
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Figure 3.1: Ensemble Average of Angular Correlation Function

A schematic view of the ensemble average of the m-point angular correlation function,
f() f(02) f(3) ... f(fy). We measure it on each universe, and then average it over many
universes.

have a distinct structure, for inflation predicts a prominent peak in the angular power spectrum, not
in the angular correlation function. In this chapter, we study statistical properties of the angular
n-point harmonic spectra.

3.1 Statistical Isotropy of the Universe

In reality, we cannot measure the ensemble average of the angular harmonic spectrum, but one
realization such as aj,m, Q1ymy - - - Q1,m,,» Which is so noisy that we want to average it somehow to
reduce the noise.

We assume statistical isotropy of the universe from which it follows that our sky is isotropic
and has no preferred direction. Isotropy of CMB justifies the assumption. The assumption readily
implies that one can average the spectrum over m; with an appropriate weight, as m; represent an
azimuthal orientation on the sky. The average over m; enables us to reduce statistical error of the
measured harmonic spectra.

How can we find the weight? One finds it as a solution to statistical isotropy, or rotational
invariance of the angular correlation function on the sky,

(Df(n)Df(n2)...Df(0n)) = (f(h1)f(D2) ... [(0n)), (3.3)

where D = D(a, 3,7) is a rotation matrix for the Euler angles o, (3, and ~. Figure 3.2 sketches
the meaning of statistical isotropy. Substituting equation (3.2) for f(n) in equation (3.3), we then
need rotation of the spherical harmonic, DY}, (n). It is formally represented by the rotation matrix
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our sky

Figure 3.2: Statistical Isotropy of Angular Correlation Function

A schematic view of statistical isotropy of the angular correlation function. As long as its
configuration is preserved, we can average f(fi1) ... f(n,) over all possible orientations and
positions on the sky.

element, Dgl),m(a,ﬁ,’y), as (Rotenberg et al., 1959)

DY () = Elj DY), Vi (). (3.4)

m’'m
m/=—1

The matrix element, Dﬁrll),m = (Il,m'|D|l,m), describes finite rotation of an initial state whose
orbital angular momentum is represented by [ and m into a final state represented by I and m'.

Finally, we obtain the statistical isotropy condition on the angular n-point harmonic spectrum:

_ (11) (I2) (In)
(Q1,my Qlymy - - - Alymy, ) = Z <al1m’1al2m’2 .. -alnmg> l)m,lm1 l)m,2m2 .. .Dm%mn. (3.5)

all m/

Using this equation, Hu (2001) has systematically evaluated appropriate weights for averaging
the angular power spectrum (n = 2), bispectrum (n = 3), and trispectrum (n = 4), over azimuthal
angles. Some of those may be found more intuitively; however, this method allows us to find the
weight for any higher-order harmonic spectrum. In the following sections, we derive rotationally
invariant, azimuthally averaged harmonic spectra for n = 2, 3, and 4, and study their statistical
properties.

3.2 Angular Power Spectrum

The angular power spectrum measures how much fluctuations exist on a given angular scale. For

example, the variance of ag,,, for | > 1, (aymaj,,), measures the amplitude of fluctuations at a given
[.
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Generally speaking, the covariance matrix of ay,,, <allm1 a?‘2m2>, is not necessarily diagonal. It
is, however, actually diagonal once we assume full sky coverage and rotational invariance of the
angular two-point correlation function, as we will show in this section. The variance of ay,, thus
describes the two-point correlation completely.

Rotational invariance (Eq.(3.5)) requires

<allm1a72M2> = Z <allm/1 az;m’2> Dirlzl)mle(viz);g (3.6)
mym
to be satisfied, where we have used the complex conjugate for simplifying calculations. From this
equation, we seek for a rotationally invariant representation of the angular power spectrum. Suppose
that the covariance matrix of ajy, is diagonal, i.e., <allm1a2‘2m2> = (C1,) 91,1,0m,m,- Equation (3.6)
then reduces to

{1 11)*
<a‘l1m1 a72MQ> <Cl1 51112 Z Dml)ml £n1)m2 <Cl1> 51112 5m1m2 . (37)
m}
Thus, we have proven (Cj) rotationally invariant. Rotational invariance implies that the covariance

matrix is diagonal.

3.2.1 Estimator

Observationally, the unbiased estimator of (C;) should be
l

l
1 1
G = 2+ 1 Z Alm a lm = 2l T1 (a‘lo + 2 Z almalm>

m=1

Y i 1 {alo +2 Z [ (Ragm)? (\falm)Q] } . (3.8)

The second equality follows from a;—,,, = a;,,,(—1)™, i.e., aj—maj_,, = amaj,,, and hence we average
20+ 1 independent samples for a given [. It suggests that fractional statistical error of C'; is reduced
by v/1/(20 + 1). This property is the main motivation of our considering the azimuthally averaged
harmonic spectrum.

We find it useful to define an azimuthally averaged harmonic transform, e;(n), as

el(fh) = 21 n 1 Z atm Yim ( (3.9)
which is interpreted as a square-root of C'; at a given position of the sky,
h 7(n) =G, (3.10)
47[_ e n)=~0y. .

e;(n) is particularly useful for measuring the angular bispectrum (Spergel and Goldberg, 1999; Ko-
matsu et al., 2001b) (chapter 5), trispectrum (chapter 6), and probably any higher-order harmonic
spectra, because of being computationally very fast to calculate. This is very important, as the
new satellite experiments, MAP and Planck, have more than millions of pixels, for which we will
crucially need a fast algorithm of measuring these higher-order harmonic spectra.
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3.2.2 Covariance matrix

We derive the covariance matrix of Cy, (C;Cy) — (C7) (Cy), with the four-point function, the trispec-
trum. Starting with

(CiCy) = Z (Q1m Ay Q! Ayt ) (3.11)

mm/

2L+ 1)(2'+ 1)
we obtain the power spectrum covariance matrix

2(C)”

1 " *
<ClCl’> — <Cl> <Cl’> = 2011 (Sll/ + (2l T 1)(2[’ T 1) T%;/ <almalmal/m/al/m/>c

2(C1)? VG,

ST IO By T Ty

T (0)) (3.12)

where (amaj,, apmaj,, ). is the connected four-point harmonic spectrum, the connected trispec-
trum, which is exactly zero for a Gaussian field. It follows from this equation that the covariance
matrix of (] is exactly diagonal only when ay,, is Gaussian. <1}l;li2 (L)> is the ensemble average of
the angular averaged connected trispectrum, which we will define in § 3.4 (Eq.(3.24)).

Unfortunately, we cannot measure the connected Tll,ll, (0) directly from the angular trispectrum
(see § 3.4). We will thus never be sure if the power spectrum covariance is precisely diagonal, as long
as we use the angular trispectrum. We need the other statistics that can pick up information of the
connected Ti,(0), even though they are indirect. Otherwise, we need a model for the connected
trispectrum, and use the model to constrain the connected T; ll,ll, (0) from the other trispectrum
configurations. We will discuss this point in chapter 6.

There is no reason to assume the connected Tll,ll/(O) small. It is produced on large angular
scales, if topology of the universe is closed hyperbolic (Inoue, 2001b). In appendix D, we derive
an analytic prediction for the connected trispectrum produced in a closed hyperbolic universe. On
small angular scales, several authors have shown that the weak gravitational lensing effect produces
the connected trispectrum or four-point correlation function (Bernardeau, 1997; Zaldarriaga and
Seljak, 1999; Zaldarriaga, 2000); Hu (2001) finds that the induced off-diagonal terms are negligible
compared with the diagonal terms out to [ ~ 2000.

If the connected trispectrum is negligible, then we obtain

2
(CiCy) = (C1) (Cy) = 22;(3)1

(Sll/. (3.13)

The fractional error of C; is thus proportional to 1/1/(2] + 1), as expected from our having 21 + 1
independent samples to average for a given I. The exact form follows from C; being x? distribution
with 2[4 1 degrees of freedom when a;,,, is Gaussian. If a;,, is Gaussian, then its probability density
distribution is

_ exp [—ag, /(2(Ch))]
P (ap,) = ;W ) : (3.14)
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Figure 3.3: Angular Bispectrum Configuration

We use this distribution to generate Gaussian random realizations of ay,, for a given (C}). First,
we calculate (Cj) with the CMBFAST code (Seljak and Zaldarriaga, 1996) for a set of cosmological
parameters. We then generate a realization of ay,,, a;, = € <C’l>1/ 2, where € is a Gaussian random

variable with the unit variance.

3.3 Angular Bispectrum

The angular bispectrum consists of three harmonic transforms, a;,m, @1ymy@13ms. For Gaussian agy,,
the expectation value is exactly zero. By imposing statistical isotropy upon the angular three-point
correlation function, one finds that the angular averaged bispectrum, By, ,1,, given by

mo M3

l1 lo I3
<al1m1al2m2alsm3> = <Bl1l2l3> ( > (3'15)
mq

satisfies rotational invariance (Eq.(3.5)). Here, the matrix denotes the Wigner-3j symbol (see
appendix B). Since [y, l2, and [3 form a triangle, By, 1, satisfies the triangle condition, |I; — ;| <
Iy < 1; +1; for all permutations of indices. Parity invariance of the angular correlation function
demands [ + Iy + I3 = even. Figure 3.3 sketches a configuration of the angular bispectrum.

The Wigner-3;5 symbol, which describes coupling of two angular momenta, represents the az-
imuthal angle dependence of the angular bispectrum, for the bispectrum forms a triangle. Sup-
pose that two “states” with (I1,m1) and (I3, m2) angular momenta form a coupled state with
(I3, m3). They form a triangle whose orientation is represented by m1, meo, and mg, with satisfying
m1 +me +m3 = 0. As we rotate the system, the Wigner-3; symbol transforms m’s, yet preserving
the configuration of the triangle. Similarly, rotational invariance of the angular bispectrum de-
mands that the same triangle configuration give the same amplitude of the bispectrum regardless
of its orientation, and thus the Wigner-35 symbol describes the azimuthal angle dependence.

The proof of (By,1,1,) to be rotationally invariant is as follows. Substituting equation (3.15) for
the statistical isotropy condition (Eq.(3.5)) for n = 3, we obtain

<al1m1 QAlymy Alzms >
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B ) (12) (ls)
= Z <allm1 a’lzﬂ’l,2 a13m3> Dmlml Dmémg m3m3

all m/

li 1oy I3
= (B,
< l1l2l3> Z (mll m’2 mé )

all m/
L l1 Iy L (L)x (is)
8 oL+ 1)) pls
L]%M’(ml m M’><m1 me M>( Dy mims
- B Y Y et [ 2 L) DB D)
o mpy LMM' T my me M M'M~ mims

- (Bhlgls>< ho bk ) (3.16)

mip m2 ms3

In the second equality, we have reduced D(ll) DU o Dgw,) 17> using equation (B.17). In the

m m9
third equality, we have used the identity (RotenbergZet al., 1959),
l1 lo l3 l1 lo L 5l3L5mgM’
Z mh mbh  m m! my M' ) 2L+1 (3.17)
mllm/2 1 2 3 1 2

3.3.1 Estimator

To obtain the unbiased estimator of the angular averaged bispectrum, By ,1,, we invert equa-
tion (3.15) with the identity (3.17), and obtain

l l l
Blllzlg = Z < ! 2 3 )allmlal2m2al3m3‘ (318)

all p \ ML T2 M3

We can rewrite this expression into a more computationally useful form. Using the azimuthally
averaged harmonic transform, e;(n1) (Eq.(3.9)), and the identity (Rotenberg et al., 1959),

Lol Lol I3\ (47)3
mip Mo M3 0 0 O (2l1+1)(2l2+1)(2l3+1)

d*n ) ) .
X 4 Yl1m1( )Yl2m2 (n)ng,mg,(n), (3'19)
we rewrite equation (3.18) as
1
LIy s d*n .
Bl1l213: < 0 0 0 An el1(n)el2( )613( ) (3'20)

This expression is computationally efficient; we can quickly calculate e;(n1) with the spherical har-
monic transform. Then, the average over the full qky, [d*h/(47), is done by the sum over all
pixels divided by the total number of pixels, IV Z , if all the pixels have the equal area. Note
that the integral over n must be done on the full sky even when a sky-cut is applied, as e;(n)
already encapsulates information of partial sky coverage through ay,,, which may be measured on
the incomplete sky.
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3.3.2 Covariance matrix

We calculate the covariance matrix of Bj,j,1,, provided that non-Gaussianity is weak, (By,1,15) ~ 0.
Since the covariance matrix is a product of six az,’s, we have ¢Cs - 1C2/3! = 15 terms to evaluate,
according to the Wick’s theorem; however, using the identity (Rotenberg et al., 1959)

’

/ 1\l
(4 40 - e

and assuming none of I’s zero, we find only 3! = 6 terms that do not include <alimial jmj> but

include only <alimia2‘jmj> non-vanishing. Evaluating these 6 terms, we obtain (Luo, 1994; Heavens,
1998; Spergel and Goldberg, 1999; Gangui and Martin, 2000)

<BlllzlsBl’ll’2lg>

! /! /!
. i la I3 h i I T
- . / my my mg ,’,n/1 m/2 ,n,L/3 l1my Qlama Qlzmg 1m/ Plm, S lml
all mm

_ Bily | slalily | clolgl Litla+s (shlsly | shalily | dlsloly
- <Cl1> <Cl2> <Cl3> |:6l11213 + 5[1[2[3 + 6l1l2l3 (7]‘) (5lll2l3 + 6l1l2l3 + 6l1l213):| ’
(3.22)

1l . N . .

where 6,523 = 6,170,127 91.7, and so on. Hence, the covariance matrix is diagonal in the weak
111213 167 b2ty 3l I

non-Gaussian limit. The diagonal terms for I; # 0 and [y 4+ l2 4+ I3 = even are

<B121l2l3> = <Ol1> <Cl2> <Ol3> (1 + 2(511l2(§l2l3 + 5l1l2 + 512l3 + 5l3l1) . (3'23)

The variance is amplified by a factor of 2 or 6, when two or all I’'s are same, respectively.

We find that equation (3.23) becomes not exact on the incomplete sky, where the variance
distribution becomes more scattered. Using simulated realizations of a Gaussian sky, we have
measured the variance on the full sky as well as on the incomplete sky for three different Galactic
sky-cuts, 20°, 25°, and 30°. Figure 3.4 plots the results; we find that equation (3.23) holds only
approximately on the incomplete sky.

3.4 Angular Trispectrum

The angular trispectrum consists of four harmonic transforms, a;,m, a1ym,@igms@iym,- Hu (2001)

finds a rotationally invariant solution for the angular trispectrum as

l l L l l L
<ahm1almalsm3al4m4>=z( L _M>< - M><—1>M<z;l;;;<m>. (3.24)

M mi1 Mo ms

One can prove this solution, <7}l;llj (L)>, rotationally invariant by similar calculations to those

proving the angular bispectrum to be so. By construction, [1, ls, and L form one triangle, while
l3, l4, and L form the other triangle in a quadrilateral with sides of {1, lo, I3, and l4. L represents
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Figure 3.4: Variance of Angular Bispectrum

Histograms of variance of the angular bispectrum for Iy < Iy < I3 up to a maximum
multipole of 20. There are 466 modes. These are derived from simulated realizations
of a Gaussian sky. The top-left panel shows the case of full sky coverage, while the
rest of panels show the cases of incomplete sky coverage. The top-right, bottom-left,
and bottom-right panels use the 20°, 25°, and 30° Galactic sky-cuts, respectively.
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,

Figure 3.5: Angular Trispectrum Configuration

a diagonal of the quadrilateral. Figure 3.5 sketches a configuration of the angular trispectrum.
When we arrange 1y, lo, I3, and Iy in order of I; < Iy < I3 < Iy, L lies in max(ly — l1,14 — I3) <
L < min(ly + l9, I3+ l4). Parity invariance of the angular four-point correlation function demands
l1+1o+ L =-even and I3 + I, + L = even.

The angular trispectrum generically consists of two parts. One is the unconnected part, the
contribution from Gaussian fields, which is given by the angular power spectra (Hu, 2001),

<T’ll31ll42 (L) >unconnected
= (=) @1+ 1)(25 + 1) (Cry) (Cy) S111a011,620
+(2L + 1) (Cry) (Cra) [(= 1) 61,1001, + G141, Oty - (3.25)

For [1 <y < I3 < l4, the unconnected terms are non-zero only when L = 0 or l1 = Iy = I3 = 4.
We have numerically confirmed that our estimator given below (Eq.(3.30)) accurately reproduces
the unconnected terms (Eq.(3.25)) on a simulated Gaussian sky.

The other is the connected part whose expectation value is exactly zero for Gaussian fields;
thus, the connected part is sensitive to non-Gaussianity. When none of I’s are same in Tll;llj (L),
one might expect the trispectrum to comprise the connected part only; however, it is true only on
the full sky. The unconnected terms on the incomplete sky, which are often much bigger than the
connected terms, leak the power to the other modes for which all I’s are different. We should take

this effect into account in the analysis.

3.4.1 Estimator

Inverting equation (3.24), we obtain the unbiased estimator of T/42(L) (Hu, 2001),

1314

CHICIENCRSTD 35 W] (A (R

all m M mi ma m3 M

XAlymy Alome AlsmzAlymy - (326)
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Note that this expression includes both the connected and the unconnected terms.

We find that this estimator has a special property for L = 0 (which demands [; = [l and
I3 = l4). The trispectrum estimator for these configurations, Tll;llgl (0), reduces to a product of two
power spectrum estimators, Cp, Cp,,

l { 0 l { 0
ﬂl;ll;(o) = Z < ! ' )( ’ i )allmlall—mlalsmgals—mg

mims mi; —ma 0 ms3 —ms 0

= (—)hthy @1+ 1) (2 + )G, (3.27)

where C) = (214+1)71 Y, apmaj,,- We have used the identity, equation (3.21), and a;—,, = (—1)™aj,,
in the second equality. From this equation, one may assume that Tll;ll; (0) coincides with the

unconnected terms for L = 0 (see Eq.(3.25)),

T (0))
< l3l3( ) unconnected

= (—1)¥1\ (20 + 1)(2L5 + 1) (C1,) (Ciy) + 2 (C1,)? b1t (3.28)

They are, however, different for non-Gaussian fields, because of the power spectrum covariance,
equation (3.12). By taking the ensemble average of T' ll;ll; (0), and substituting equation (3.12) for
(C1,Cly), we find a rather trivial result:

(TH0)) = (~D)"+ey/(2h + 1)+ 1) (€, )
= (=)@ + 1)(2l + 1) (Cr) (Cry) + 2 (C,) by + (T (0))

I3l3
— llll 1111
B <T’l3l3 (0)>unconnected + <T‘l3l3 (0) >c ) (329)

Hence, ﬂl;ll; (0) contains information not only of the unconnected trispectrum, but also of the
connected trispectrum.

Unfortunately, we cannot measure the connected part of Tll;ll; (0) directly from the angular
trispectrum because of the following reason. To measure the connected terms, we have to subtract
the unconnected terms from the measured trispectrum first. Since we are never able to measure
the ensemble average of the unconnected terms (Eq.(3.28)), we estimate them by using estimated
power spectrum, Cj. If we subtract the estimated unconnected terms, oc Cj, C,, from measured
fl}isll? (0), then it follows from equation (3.27) that Tll;ll; (0) vanishes ezactly: Tll;ll; (0) = 0; thus,
Ty (0) has no statistical power of measuring the connected terms.

For practical measurement of the angular trispectrum, we rewrite the trispectrum estimator
given by equation (3.26) with the azimuthally averaged harmonic transform, e;(n) (Eq.(3.9)). We

find that the following form is particularly computationally efficient:

L
1 I1lox lal
T} (L) = S (3.30)
344 2L +1 [l

where tl]j]l@[ is given by

tlllQZ 2L +1 li 9 L
LM A 0 0 0

-1
) [ s len ()er, ()] Vias () (331)
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Since tlLl]l@ is the harmonic transform on the full sky, we can calculate it quickly. This method

makes measurement of the angular trispectrum computationally feasible even for the MAP data in
which we have more than millions of pixels; thus, the methods developed here can be applied not
only to the COBE DMR data, but also to the MAP data.

3.4.2 Covariance matrix

We calculate the covariance of the trispectrum in the weakly non-Gaussian limit. Since the trispec-
trum covariance comprises eight a;y,’s, the total number of terms is gCo-C4a-4Co /4! = 105 according
to the Wick’s theorem. The full calculation will be a nightmare, for we have to deal with

11 1l
(T (DT (L))

= QL+l +1) Y Y (—pM

all mm’ MM’
/ / !/ / !/ !/
my me M ms my —M my mbH M’ mby my —M
* * * *
X <allm1a12m2 Qlgms Ly O} g Omty Wy, azgmg> : (3.32)

We reduce this intricate expression to much more simplified forms for some particular configura-
tions. For L, L’ # 0 terms, thanks to the identity (3.21), only 4! = 24 terms that do not include
<alimi aljmj> but include only <alimiafjmj are non-vanishing. For L = L’ = 0 terms, the triangle
conditions in a quadrilateral demand [; = I and l3 = l4 (see figure 3.5). As we have shown, these
configurations have no statistical power of measuring the connected trispectrum of interest. Hence,
we evaluate L, L’ # 0 terms in the following.

Evaluating 24 L, L’ # 0 terms is still a headache; however, for [; <y < I3 < l4, we have only 8

terms left:
l1l2 Iy ri
(Thi )52 (L)
(2L + 1) <Cl1> <Cl2> <Cl3> <Cl4>
Suar [ S+ ot + (SO (o o)
_1\h+la+L [ glilalsly 11121314 _1\IsHla+L [ glilal3ly 11121314
+(=1) (ot + et ) + (=) iy, + o )| (333)
1L, . . . .
where llllglg’l: = 5111’15121’2513135141117 and so on. Using parity invariance, [1 + lo + L = even and

I3+ 14+ L = even, we find the covariance matrix diagonal. Thus, the diagonal terms for L # 0 and
I1 <y < l3 < ly are simplified very much as

l3la

([T ) = L+ 1) (C0) (Cu) (Ci) o) (1 + Bty + Gt + i) (3.34)

This result is strictly correct only on the full sky; the incomplete sky makes the variance distribution
much more scattered. Figure 3.6 plots the variance on the full sky as well as on the incomplete sky.
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Figure 3.6: Variance of Angular Trispectrum I

Histograms of variance of the angular trispectrum for L # 0 and I3 < Iy < I3 < Iy, for
which the unconnected terms vanish on the full sky. There are 16,554 modes, up to a
maximum multipole of 20. The meaning of the panels is the same as in figure 3.4.
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For the rest of configurations for which the unconnected terms vanish, L # 0, lo = I3, and
Iy # Iy, the covariance matrix is no longer diagonal in L, L’ (Hu, 2001). Figure 3.7 plots the
numerically evaluated variance on the full sky as well as on the incomplete sky. The variance
divided by (2L + 1) (Cy,) (C1,) (Ci4) (Cy,) is no longer an integer, but more scattered than that for
L #0and l; <ls <l3<l4 even on the full sky.

3.5 Power Spectrum and Bispectrum on the Incomplete Sky

Incomplete sky coverage destroys orthonormality of the spherical harmonics on the sky. The degree

to which orthonormality is broken is often characterized by the coupling integral (Peebles, 1980),
Wit = [ % W ()Y (8) Yo () = [ d% Yi3 (8) Yo (). (3.35)
obs

where W (1) is zero in a cut region otherwise 1, and Qs denotes a solid angle of the observed sky.
When Winmm: # 0117 dpmme, the measured harmonic transform of the temperature anisotropy field,

aim, becomes a biased estimator of the true harmonic transform, a (™', through

alm—z Z al/ ’Wll’mm (3.36)

=0m/=—1'

Hence, we must correct our estimators of the power spectrum and the bispectrum for the bias
arising from incomplete sky coverage.

First, we derive a relationship between the angular power spectrum on the incomplete sky and
that on the full sky. Taking the ensemble average of the estimator of the power spectrum, the
pseudo-C; (Wandelt et al., 1998, 2000), C; = (20 + 1)1, |ayn|?, we have

<Cl> = 21 +1 ZCtme Z |Wll’mm'|2

~ rue 2. ~ 2.~ ~ * ~
~ g ;%/MW Y55, (8) Yo (8) [ 2 W (100) Vi (1) Y7, (1)
_ true 2~ ~ * [ 2~ A ~ 2 (a4
2z+ _Cf Z/d W (R)Y, (n)/d i W (52) Vi () 6@ (A — r)
2/\
— Ctrue Cil_n W(fl)Pz (1)
= (e fobs. (3.37)
4

In the second equality, we have taken Cf"® out of the summation over I, as |Wll’mm’|2 peaks very
sharply at [ = I/, and C{"® varies much more slowly than |Wll/mm/|2 in !’. This approximation is
good for nearly full sky coverage. In the third equality, we have used >, Y,y (1) Y}, (1n) =
6@ (i — m). In the forth equality, we have used 3, Y}, (0) Yy, (th) = 214—‘;1131(ﬁ -m). The result
indicates that the bias amounts approximately to a fraction of the sky covered by observations.
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Figure 3.7: Variance of Angular Trispectrum I1

Histograms of variance of the angular trispectrum for L # 0, s = I3, and |3 # l4, for
which the unconnected terms vanish on the full sky. There are 4,059 modes, up to a
maximum multipole of 20. The meaning of the panels is the same as in figure 3.4.
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Next, we derive a relationship between the angular bispectrum on the incomplete sky and that
on the full sky. We begin with

_ true true true
<al1m1 QAlymg alsms> = E : <al’ ’ al’ a’l’ ! > Wllllmlml Wl212m2m2 Wldl3m3m (3'38)
all I'm/

Rotational and parity invariance of the bispectrum implies the bispectrum given by

<al1m1 a12m2alsm3> - bl1l213 /dQﬁ YZml (ﬁ) YEZMQ (ﬁ) Yzzmg (ﬁ) 3 (339)

where by,7,7, is an arbitrary real symmetric function, which is related to the angular averaged
bispectrum, By, j,;,. When bltlr}‘;zs varies much more slowly than the coupling integral, we obtain

Ot tgns) = Y2y Y [ AR i (8) Vi (8) Vi, ()

all I’ all m/’

X /d2ﬁ1 W)Yy (1) Yy, (1)
x / d*hy W (12) Yy (D2) Vi, (D2)
x [ @ W (525) Vi, () Vi, (1)
b, [ @R W R)YE () Vi, () Vi, (). (3.40)

Then, we calculate the angular averaged bispectrum, By i, (Eq.(3.15)). By convolving equa-
tion (3.18) with the Wigner-3; symbol and using the identity (3.19), we obtain

1
(Bui) ~ 1 i 0o
lilals lLilals 2L+ D)2+ 1)(2l3+1)\ 0 0 0

x Z /dzm Yiymy (1) Yigm, (1) Yigm, ()

all m

x [ @R W)Y, (8) Vi, ()i, ()

__bme¢@h+U@h+U@h+U<llh &)*

- l1l2l3 47_(_ 0 0 0
d*m
[ S 2 WA, (- 8) P (0 ) P (0 6)
_ btrue (2l1 + 1)(2l2 + 1)(2l3 + 1) ll l2 l3 Qobs
T Thlel 4 0 0 0 ) 4r
rue QObS
= Bltllle?a (3.41)

where we have used the identity,

2
[ % nenene= (5. 3.22)
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Thus, the bias for the angular bispectrum on the incomplete sky is also approximately given by a,
fraction of the sky covered by observations.



Chapter 4

Theoretical Predictions for the CMB
Bispectrum

In inflation, quantum fluctuations of scalar fields generate the matter and the radiation fluctuations
in the universe (chapter 2). In the stochastic inflationary scenario of Starobinsky (1986), quantum
fluctuations decohere to generate classical fluctuations. There are two potential sources of non-
Gaussianity in this inflationary model: (a) non-linear coupling between the classical inflaton field
and the observed fluctuation field, and (b) non-linear coupling between the quantum noise field
and the classical fluctuation field. Salopek and Bond (1990, 1991) have studied the former; Gangui
et al. (1994) have studied the latter.

Calzatta and Hu (1995) and Matacz (1997a,b) present an alternative treatment of the decoher-
ence process that leads to different results for the primordial density perturbations from Starobin-
sky (1986). Matacz’s treatment makes similar predictions for the level of non-Gaussianity to the
Starobinsky’s treatment (Matacz, 1997a,b). These studies conclude that in a slow-roll regime,
fluctuations are Gaussian; however, features in a inflaton potential can produce significant non-
Gaussianity (Kofman et al., 1991).

Previous work on the primary non-Gaussianity has focused on very large angular scales, the
COBE scale, where the temperature fluctuations trace the primordial fluctuations. For MAP and
Planck; however, we need the full effect of the radiation transfer function. In this chapter, we
develop a formalism for doing this, and then present numerical results. Both the formalism and
the numerical results are main results of this chapter. We also discuss how well we can separate
the primary bispectrum from various secondary bispectra.

This chapter is organized as follows. In § 4.1, we define the angular bispectrum, the Gaunt
integral, and a new quantity called the reduced bispectrum, which plays a fundamental role in
estimating physical properties of the bispectrum. In § 4.2, we formulate the primary bispectrum that
uses the full radiation transfer function, and presents numerical results for the primary bispectrum
and skewness. In § 4.3, we calculate secondary bispectra from the coupling between the Sunyaev
Zel'dovich effect and the weak lensing effect (Spergel and Goldberg, 1999; Goldberg and Spergel,
1999; Cooray and Hu, 2000), and from extragalactic radio and infrared sources. In § 4.4, we
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study how well we can measure each bispectrum, and how well we can discriminate between those

bispectra. § 4.5 is devoted to further discussion and our conclusions in this chapter.

4.1 Reduced Bispectrum

We expand the observed CMB temperature fluctuation field, AT'(n)/T, into the spherical harmon-
ics,

AT(n) ., .
Aim = /dQH% lm(n)v (41)
where the hats denote unit vectors. The CMB angular bispectrum is given by

BZZ;Q"Z;Qm3 = <a’l1m1al2MQa’l3M3>7 (42)

and the angular averaged bispectrum is (Eq.(3.18))

I o I3
Biyis1; = Z ( Blrilllzrl?ms’ (4.3)

all m mip Mg M3

where the matrix is the Wigner-35 symbol. The bispectrum, BZ’;;[;””"', satisfies the triangle con-

ditions and parity invariance: mi +mo +mg = 0, l1 +lo + I3 = even, and |l; — ;| < I, <L +;

for all permutations of indices. It implies that B, ‘ll l” '3 consists of the Gaunt integral, lef?”m"’,
1623 16263
defined by
911112132 o= /dzfﬂ limy (ﬂ))lzmg (IAI)}lgm;; (ﬁ)

_ \/(211+1)(2l2+1)(2l3+1)<l1 Iy ls)( ho b s > (4.4)

47 0 0 O my Mz Mmg3

Qmﬁ?m?’ is real, and satisfies all the conditions mentioned above.
Rotational invariance of the angular three-point correlation function implies that By, ., is writ-
ten as

mi1Mmams __ ~11Tn2ms
Bl1l2l3 - l1l2l3 b1112137 (45)

where by,7,1, is an arbitrary real symmetric function of 1, lo, and [3. This form, equation (4.5), is
necessary and sufficient to construct generic B{?l127g2m3 under rotational invariance; thus, we will use

bi,1,1; more frequently than Bflqllzrlz2m3 in this chapter, and call this function the reduced bispectrum,

as by1,1, contains all physical information in BZ‘;;ZZQW?’. Since the reduced bispectrum does not
contain the Wigner-3j symbol, which merely ensures the triangle conditions and parity invariance,
it is easier to calculate physical properties of the bispectrum.

We calculate the angular averaged bispectrum, By, 14, by substituting equation (4.5) into (4.3),

2011 + 1) (2l +1)(213+ 1 l1 1o 1
31112132\/( 1+ D)2 + 12 )( toew )blllglga (4.6)

47 0 0 O
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where we have used the identity,

Z 1 lo I3 Gramams _ (201 + 1)(215+ 1)(2l3+ 1) li la I3 (4 7)
mg ) s A 00 0)° '

all m mi M

Alternatively, one can define the bispectrum in the flat-sky approximation,
(a(l)a(l)a(ls)) = (2m)%6 (I + 1y +15) B(ly, Iz, 13), (4.8)

where 1 is a two-dimensional wave vector on the sky. This definition of B(l3,1s,13) reduces to
equation (4.5) with the correspondence, G;7}7*"* — (2m)263) (1; + 13 + 13), in the flat-sky limit
(Hu, 2000). Thus, we have

biyi,5 =~ B(ly,12,13) (flat-sky approximation). (4.9)

This fact motivates our using the reduced bispectrum, b;,;,1,, rather than the angular averaged
bispectrum, Bj,,1,. Note that b;,,;, is similar to E111213 defined by Magueijo (Magueijo, 2000); the
relation is blllglg =V 4WE111213.

4.2 Primary Bispectrum and Skewness

4.2.1 Model of the primordial non-Gaussianity

If primordial fluctuations are adiabatic scalar fluctuations, then

3 ~
i = A7 (i) / (;l;;@(k)gﬂ(k)y;*m(k), (4.10)

where ®(k) is the primordial curvature perturbation in Fourier space, and g1;(k) is the radiation
transfer function. a;,, takes over the non-Gaussianity, if any, from ®(k). Although equation (4.10)
is valid only if the universe is flat, it is straightforward to extend this to an arbitrary geometry.
We can calculate the isocurvature fluctuations similarly by using the entropy perturbation and the
proper transfer function.

In this chapter, we explore the simplest weak non-linear coupling case,

(x) = @L(x) + fiw, [2F (%) = (8].(x))] . (4.11)

in real space, where ®1,(x) denotes a linear Gaussian part of the perturbation, and (®(x)) = 0 is
guaranteed. Henceforth, we call fxr, the non-linear coupling parameter. This model is based upon
slow-roll inflation; Salopek and Bond (1990, 1991) and Gangui et al. (1994) have found that f g,
is given by a certain combination of slope and curvature of an inflaton potential (&35 = —2fnr, in
Gangui et al. (1994)). Gangui et al. (1994) have found that |fnp| ~ 1072 for quadratic and quartic
potential models. We have reproduced these results in chapter 2.

In Fourier space, we decompose ®(k) into two parts,

O (k) = b (k) + Onp(k), (4.12)
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and accordingly we have

Aim = alI;n + a%j)’%? (413)
where ®np,(k) is a non-linear curvature perturbation defined by
3

G+ p)PL(p) — (2% 00 (82 (x) >] - (4.14)

One can confirm that (®(k)) = 0 is satisfied. In this model, a non-vanishing component of the
®(k)-field bispectrum is

Oy (k) = far [/

(®r,(kq) P (ko) Pni(ks)) = 2(2m)36®) (kg + ko + ks) far, Po (k1) Po (ka), (4.15)

where Pg (k) is the linear power spectrum given by

(@1, (k1) p, (ko)) = (2m) Py (k1)6® (k1 + ko). (4.16)
We have also used
(L(k + )i (p)) = (27)* Pa(p)d™) (K), (4.17)
and
(92()) = (2m) / &k Py (k). (4.18)

Substituting equation (4.10) into (4.2), using equation (4.15) for the ®(k)-field bispectrum, and
then integrating over angles ki, ks, and ks, we obtain the primary CMB angular bispectrum,

mimems L L NL L NL L NL L L
Bl1l2l3 - <allm1 algmg al37n3 > + <al1m1 algmg algmg > + <al1m1 algmg al3m3 >

2y [ e o (Y BR() + b )bl

+bN(r)bl, ()bl ()] (4.19)
where

by (r) = %/OOOdeka(k)ng(k)jz(kr), (4.20)

B) = 2 [ Rdkfwgn(0iih). (1.21)

Note that b}(r) is dimensionless, while b} (r) has a dimension of L™3.
One confirms that equation (4.5) holds; thus, the reduced bispectrum, b;,;,1, (Eq.(4.5)), for the
primordial non-Gaussianity is

pprimary /0 r2dr [bF; (r)bF (ORE (r) + b (r) 0N (r)BE (1)

lilsls
R GUAGUAGIP (4.22)

primary
lilals
spectrum, Cy, will precisely measure cosmological parameters (Bond et al., 1997). We stress again

We can fully specify b by a single constant parameter, fni,, for the CMB angular power
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that this is the special case in the slow-roll limit. If the slow-roll condition is not satisfied, then
InL = Lk, ko, ks) at equation (4.15) (Gangui et al., 1994). Wang and Kamionkowski (2000)
have developed a formula to compute By, from generic ®(k)-field bispectrum. Our formula
(Eq.(4.19)) agrees with theirs, given our form of the ®(k)-field bispectrum (Eq.(4.15)).

Even if inflation produces Gaussian fluctuations, the general relativistic second-order pertur-
bation theory produces fnr, ~ O(1) (Pyne and Carroll, 1996). For generic slow-roll models, these
terms dominate the primary non-Gaussianity.

4.2.2 Numerical results of the primary bispectrum

We calculate the primary CMB bispectrum (Eqs.(4.19)—(4.22)) numerically as follows. We compute
the full radiation transfer function, g1;(k), with the CMBFAST code (Seljak and Zaldarriaga, 1996),
assuming a single power-law spectrum, Pg(k) oc k"%, for the primordial curvature fluctuations.
After doing the integration over k (Eqs.(4.20) and (4.21)) with the same algorithm as of CMBFAST,
we do the integration over r (Eq.(4.22)), r = ¢ (19 — 7), where 7 is the conformal time. 7¢ is the
present-day value. In our model, ¢ryg = 11.8 Gpc, and the decoupling occurs at cr, = 235 Mpc at
which the differential visibility has a maximum. Our c7g includes radiation effects on the expansion
of the universe; otherwise, crg = 12.0 Gpc. Since the most of the primary signal is generated at
Tx, we choose the r integration boundary as ¢ (1o — 27,) < r < ¢(19 — 0.17%). We use a step-size
of 0.1cr,, as we have found that a step size of 0.01cT, gives very similar results. As a cosmological
model, we use the scale-invariant standard CDM model with Q,, =1, Qp =0, Q, = 0.05, h = 0.5,
and n = 1, and with the power spectrum, Py (k), normalized to COBE (Bunn and White, 1997).
Although this model is almost excluded by current observations, it is still useful to depict basic
effects of the transfer function on the bispectrum.

Figure 4.1 shows bf(r) (Eq.(4.20)) and bN"(r) (Eq.(4.21)) for several different values of r.
We find that b}*(r) and C; look very similar to each other in shape and amplitude at [ 2 100,
although the amplitude in the Sachs—Wolfe regime is different by a factor of —3. This is because
Cy < Py(k)g3(k), while bl(r) oc Po(k)gri(k), where gr; = —1/3. We also find that bl'(r) has a
good phase coherence over wide range of r, while the phase of b}\IL(r) in the high-I regime oscillates
rapidly as a function of r. This strongly damps the integrated result (Eq.(4.19)) in the high-
regime. The main difference between C; and b;(r) is that b;(r) changes the sign, while C; does not.

Looking at figure 4.1, we find l2blL ~ 2 x 107 and b%\ILfl\?ﬁ ~ 10719 Mpc=3. The most signal
coming from the decoupling, the volume element at 7, is r2Ar, ~ (10%)2 x 102 Mpc?; thus, we
estimate an order of magnitude of the primary reduced bispectrum (Eq.(4.22)) as

. 2
bg;lmary ~ [QTEAT’* (lQb%) b%\IL % 3:| ~ 14 %92 % 10—17fNL. (423)

Since b fif ~ r20(r — 7.) (see Bq.(4.26)), r2ArbN ff ~ 1. This rough estimate agrees with
the numerical result below (figure 4.2).
Figure 4.2 shows the integrated bispectrum (Eq.(4.19)) divided by the Gaunt integral, G;7}7*",

primary - ywhile the bispectrum is a 3-d function, we show different

which is the reduced bispectrum, by ;. I3
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Figure 4.1: Components of Primary CMB Bispectrum

This figure shows bf'(r) (Eq.(4.20)) and b}“(r) (Eq.(4.21)), the two terms in our calcula-

tion of the primary CMB angular bispectrum, as a function of r. Various lines in the top
panel show [I(I + 1)br(r)/27] x 10'°, where r = ¢ (7 — 7), at 7 = 0.4,0.6,0.8,1.0,1.2,1.4,
and 1.6 x 7, (decoupling time); [bN™(r)fyi] x 100 are shown in the bottom panel. 7o
is the present-day conformal time. Note that ¢y = 11.8 Gpc, and c7. = 235 Mpc
in our cosmological model chosen here. The thickest solid line in the top panel is the
CMB angular power spectrum, [[(I +1)C;/27] x 10'°. C; is shown for comparison.
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1-d slices of the bispectrum in this figure. We plot

-1
I (s + Dls(ls + 1) (a1, alypy @l ) (G027) /(27)?

as a function of [3 in the top panel, while we plot

—1
B+ D)ol + 1) {0k, alymy iy ) (G02™)  /(2m)?

in the bottom panel. We have multiplied each bF(r) which contains Pg(k) by (I + 1)/(27) so
that the Sachs—Wolfe plateau at I3 < 10 is easily seen. We have chosen [; and I3 so as (I1,1l2) =
(9,11),(99,101), (199,201), and (499, 501). We find that the (I 1,l2) = (199,201) mode, the first
acoustic peak mode, has the largest signal in this family of parameters. The top panel has a
prominent first acoustic peak, and strongly damped oscillations in the high-I regime; the bottom
panel also has a first peak, but damps more slowly. Typical amplitude of the reduced bispectrum
l%ﬁ?mdry fxt ~ 10717, which agrees with an order of magnitude estimate (Eq.(4.23)).
Our formula (Eq.(4.22)) and numerical results agree with Gangui et al. (1994) in the Sachs

Wolfe regime, where gr;(k) = —j;(kr.)/3, and
birllj?:ry ~ —6 fNL (CEWCEW + Clslwclss + Cl C’ ) (SW approximation). (4.24)

Each term is in the same order as equation (4.22). Here, C' lSW is the CMB angular power spectrum

in the Sachs—Wolfe approximation,
2 oo
o = / k2dk Py (k)52 (k). (4.25)
97 Jo
In deriving equation (4.24) from (4.22), we have approximated bN(r) (Eq.(4.21)) with

b}“(r)%( fNL) / K2dkejy (er. ) ju(er) = JE‘—LT;%(PT*). (4.26)

The Sachs Wolfe approximation (Eq.(4.24)) is valid only when 14, I3, and [3 are all smaller
than ~ 10, for which Gangui et al. (1994) gives ~ —6 x 10720 in figure 4.2. We stress again
that the Sachs—Wolfe approximation gives a qualitatively different result from our full calculation
(Eq.(4.22)) at I; 2 10. The full bispectrum does change the sign; the approximation never changes
the sign because of using CZSW. The acoustic oscillation and the sign change are actually great
advantages, when we try to separate the primary bispectrum from various secondary bispectra. We

will study this point later.

4.2.3 Primary skewness

The skewness, S3, given by

Sy = <(M;ﬁ)>3>, (4.27)
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The primary angular bispectrum (Eq.(4.19)), divided by the Gaunt integral, G
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Figure 4.2: Primary CMB Bispectrum

mi1meoms3s
lilals

(Eq.(4.4)). The bispectrum is plotted as a function of I3 for (l1,l2) =(9,11), (99,101),
(199,201), and (499,501). Each panel plots a different 1-dimensional slice of the bispec-
trum. The top panel plots ly(la 4+ 1)ls(ls + 1) {a}%, alz . al: ) fxr (gml"”2'm3)‘1 /(27)2,

a’llml algmz al3’ﬂl3 l112l3

while the bottom panel plots I (I1 + 1)la(l> + 1) {al . al . aNE ) foi (gm1m2m3)_1 /(2m)2.

a’llml algmz al3’ﬂl3 111213

Note that we have multiplied the bispectrum in each panel by a factor of 10'Y.
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is the simplest statistic characterizing non-Gaussianity. We expand S’z in terms of By, j,1, (Eq.(4.3)),
or blll2l3 (Eq(45))v as

(201 +1) (2l + 1) (23 + )<11 Iy 13>
S3 = _Z Blll2lsm1Wl2VVl3
111213 4 0O 0 O
2
1 ( L1y I
= = >, (h+ )<12+ )<l3+ <
o2 2T Tuls 0O 0 O
Xy, 151, Wi, Wi, Wi, (4.28)

where W is the experimental window function. We have used equation (4.6) to replace By, 1,1, by
the reduced bispectrum, bj,;,,, in the last equality. Since [ = 0 and 1 modes are not observable,
we have excluded them from the summation. Throughout this chapter, we consider a single-beam

2
window function, W; = e_l(l“)/@”t%), where o, = FWHM/v/81In2. Since a1y ) b 1515 18

1
0 0 0
symmetric under permutation of indices, we change the way of summation as

> —6 > . (4.29)

2<llal3 2< <12<l3

This reduces the number of summations by a factor of ~ 6. We will use this convention henceforth.

The top panel of figure 4.3 plots S3(< l3), which is S3 summed up to a certain I3, for FWHM
beam sizes of 7°, 13/, and 5'5. These values correspond to COBE, MAP, and Planck beam sizes,
respectively. Figure 4.3 also plots the infinitesimally thin beam case. We find that MAP, Planck,
and the ideal experiments measure very similar S3 to one another, despite the fact that Planck and
the ideal experiments can use much more number of modes than MAP. The reason is as follows.
Looking at equation (4.28), one finds that S5 is a linear integral of b;,;,, over [;; thus, integrating
oscillations in bflrli;?:ry around zero (see figure 4.2) damps the non-Gaussian signal on small angular
scales, [ 2 300. Since the Sachs Wolfe effect, no oscillation, dominates the COBE scale anisotropy,
the cancellation on the COBFE scales affects S5 less significantly than on the MA P and Planck scales.
Planck suffers from severe cancellation in small angular scales: Planck and the ideal experiments
measure only the same amount of S3 as MAP does. As a result, measured S3 almost saturates at
the MAP resolution scale, [ ~ 500.

We conclude this section by noting that when we can calculate the expected form of the bispec-
trum, then it becomes a “matched filter” for detecting the non-Gaussianity in data, and thus much
more powerful tool than the skewness in which the information is lost through the coarse-graining.

4.3 Secondary Sources of the CMB Bispectrum

Even if the CMB bispectrum were significantly detected in the CMB map, the origin would not
necessarily be primordial, but rather would be various secondary sources such as the Sunyaev
Zel'dovich (SZ) effect (Zel’dovich and Sunyaev, 1969), the weak lensing effect, and so on, or fore-
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Figure 4.3: Primary Skewness
The top panel shows the primary CMB skewness (Eq.(4.28)) summed up to a cer-
tain Iz, —S3(< I3)fyr x 10'°. The bottom panel shows the error of S3 (Eq.(4.63))
summed up to l3, og,(< Il3) x 10'. The solid line represents the zero-noise ideal
experiment, while the dotted lines show COBE, MAP, and Planck experiments.
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ground sources such as extragalactic radio sources. To isolate the primordial origin from the others,
we have to know the accurate form of bispectra produced by secondary and foreground sources.

4.3.1 Coupling between the weak lensing and the Sunyaev—Zel’dovich effects

The coupling between the SZ effect and the weak lensing effect produces an observable effect in the
bispectrum (Goldberg and Spergel, 1999; Cooray and Hu, 2000). We expand the CMB temperature
field including the SZ and the lensing effect as

AT(h)  AT" (n+VO(n)) N ATS%(n)
T T T
ATT () ATT () AT (1)
~ : f - 7 4.
T +V T VO(n) + T (4.30)
where P denotes the primary anisotropy, ©(n) is the lensing potential,
= _2/ dr’ fir), (4.31)
and SZ denotes the SZ effect,
ATSZ (1 N
% =y(n)j,, (4.32)

where j, is a spectral function of the SZ effect (Zel’dovich and Sunyaev, 1969). y(n) is the Compton

y-parameter given by

. drT,(r,nr) _
y() =g [ LI ooy, (4.3
where o _
_ 0TPgasokBTL poT+ —4 —1 2\ [ k8T po < T )
= =43 x 10" Qph . 4.34
o HeMypmec? s ( ) 1 keV 10 Gpe (4.34)
T, = pgasTe/ Pgas is the electron temperature weighted by the gas mass density, the overline denotes

the volume average, and the subscript 0 means the present epoch. We adopt pu>! = 0.88, where
po ! = ne/(pgas/mp) is the number of electrons per proton mass in the fully ionized medium. Other
quantities have their usual meanings.

Transforming equation (4.30) into harmonic space, we obtain

/ "
A = ap, + Y Y ()G

l/m/ l//m//

107/ 1) — 1 "qn 1
Xl(l +1) l(l—; )+ 171"+ )a%:; /(")l//m//+al8'£

_ m—|—m’+m” mm/m
= ajp, + > (= G

/ /l// 1
><l(l’+1)—l(l )+l”(l”+)
2

/ /@l// m!! + (ZZSTTZL, (435)
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CMB

Figure 4.4: SZ-lensing Coupling
A schematic view of the SZ lensing coupling bispectrum. One of the three CMB photons,
which are decoupled at the last scattering surface (LSS), penetrates through a SZ cluster,
changing its temperature, and coming toward us. As the other two photons pass through
near the SZ cluster, they are deflected by the lensing effect, changing their propagation
directions, and coming toward us. As a result, the three photons are correlated, generating
three-point correlation, the bispectrum.

where G123 is the Gaunt integral (Eq.(4.4)). Substituting equation (4.35) into (4.2), and using

l1lal3

the identity, gl:;g;s—m?—ms = 2?2?;2”13, we obtain the bispectrum,
Wil +1) —bl+ )+ +1) p sz
qulllf;lrz?ms = glmlllzz?ms 92 Cll <®Zk3m3 a13m3>

+5 permutations] . (4.36)

The form of equation (4.5) is confirmed; the reduced bispectrum by, llgns includes the terms in the
square bracket.

While equation (4.36) is complicated, we can understand the physical effect producing the SZ—
lensing bispectrum intuitively. Figure 4.4 shows how the SZ-lensing coupling produces the three-
point correlation. Suppose that there are three CMB photons decoupled at the last scattering
surface (LSS), and one of these photons penetrates through a SZ cluster between LSS and us; the
energy of the photon changes because of the SZ effect. When the other two photons pass through
near the SZ cluster, they are deflected by the gravitational lensing effect, changing their propagation
directions, and coming toward us. What do we see after all? We see that the three CMB photons
are correlated; we measure non-zero angular bispectrum. The cross-correlation strength between
the SZ and lensing effects, <®Z‘3m3 alS3Zm3>, thus determines the bispectrum amplitude, as indicated
by equation (4.36).

Goldberg and Spergel (1999) have derived < 2‘masz>, assuming the linear pressure bias model

Im
(Persi et al., 1995), T, = T,bgasd, and the mean temperature evolution, 7, ~ T,o(1 + z)7, for
z < 2, which is roughly suggested by recent hydrodynamic simulations (Cen and Ostriker, 1999;



4.3. SECONDARY SOURCES OF THE CMB BISPECTRUM 69

Refregier et al., 2000; Springel et al., 2001). They have obtained

4y0b asl oTs — r(2) ( l )

(C] ~ e / d ———PFPo | k=— 4.37
< lmalm> 39 H2 ( ) 7,.275(2:) P ?"(Z) ) ( )
where D(z) is the linear growth factor. Simulations without non-gravitational heating (Refregier
et al., 2000; Springel et al., 2001) suggest that Tpo ~ 0.2 - 0.4 keV and bgas ~ 5 — 10; analytic
estimations give similar numbers (Refregier et al., 2000; Zhang and Pen, 2001). In the pressure bias
model, free parameters except cosmological parameters are T p0 and bgag; however, both actually
depend upon cosmological models (Refregier et al., 2000). Since I3 <®lmalm> ~ 2 X 10’103',,Tp0bg<Ls

(Goldberg and Spergel, 1999; Cooray and Hu, 2000) and [2CF ~ 6 x 1071°, we have
bt o 172 [(PCF) (B (052 ) % 5/2] ~ 178 % 35 1079, T yobgas, (4.38)

_ -1
where T’y is in units of 1 keV, and by,1,1, = BZT?ZZZQm‘”' (Qﬁﬁ?m‘*) is the reduced bispectrum
(Eq.(4.5)). Comparing this with equation (4.23), we obtain

bprimary
1l ~ 171 %10 < Iyu ) . (4.39)

It
b;lzl ens ]V pObgas

This estimate suggests that the SZ lensing bispectrum overwhelms the primary bispectrum in small
angular scales. This is why we have to separate the primary from the SZ lensing effect.

While the pressure bias model gives a rough estimate of the SZ power spectrum, more accurate
predictions exist. Several authors have predicted the SZ power spectrum analytically using the
Press-Schechter approach (Cole and Kaiser, 1988; Makino and Suto, 1993; Atrio-Barandela and
Miicket, 1999; Komatsu and Kitayama, 1999; Cooray, 2000) or the hyper-extended perturbation
theory (Zhang and Pen, 2001). The predictions agree with hydrodynamic simulations well (Refregier
et al., 2000; Seljak et al., 2001; Springel et al., 2001; Refregier and Teyssier, 2000; Komatsu et al.,
2001a). While a big uncertainty in the predictions has been lying in a phenomenological model
which describes the SZ surface brightness profile of halos, Komatsu and Seljak (2001) have proposed
universal gas and temperature profiles, and predicted the SZ profile relying on the physical basis.
Hence, using those universal profiles, one can improve the analytic prediction for the SZ power
spectrum. We expect that the universal profiles describe the SZ profile in the average sense; on the
individual halo-to-halo basis, there could be significant deviation from the universal profile, owing

to substructures in halos (Komatsu et al., 2001c).

4.3.2 Extragalactic radio and infrared sources

The bispectrum from extragalactic radio and infrared sources whose fluxes, F', are smaller than a
certain detection threshold, Fy, is simple to estimate, when we assume the Poisson distribution.
Toffolatti et al. (1998) have shown that the Poisson distribution is good approximation. The Poisson
distribution has the white noise spectrum; thus, the reduced bispectrum (Eq.(4.5)) is constant,

b

= bP5 = constant, and we obtain
l1l2l3 ?

mi1mems __ ~M1MAIM3 Pq
Blll2l3 glll2l3 b (4.40)



70 CHAPTER 4. THEORETICAL PREDICTIONS FOR THE CMB BISPECTRUM

where
n(> Fy)

3-p4
Here, dn/dF is the differential source count per unit solid angle, and n(> Fq) = [f, dF(dn/dF).

We have assumed a power-law count, dn/dF o« F —B=1 for B < 2. The other symbols mean
r = hv/kgT ~ (v/56.80 GHz)(T/2.726 K) ~!, and

o) = 2 (he)? (sinhx/2>2N 1 ( T )3 (sinhx/2)2 (4.42)
~(kpT)? x? ©67.55 MJy st~ \ 2,726 K x? ' '

d
(< Fy) = g3 / AFFS o D= )4 s, (4.41)

Using the Poisson angular power spectrum, CP5, given by

Fy dn (> Fd)
ps — 2 2 _ 2 T\~ 2da)
O™ (< Fa) = g*(a) [ PP = @) 0, (4.43)
we can rewrite bP° into a different form,
2 - B)3/2 _
WP (< Fy) = (Gl n(> F)| Y2 [CP3 (< Eq)PP2. (4.44)

3-p

Toffolatti et al. (1998) have estimated n(> Fq) ~ 300 st~* for Fy ~ 0.2 Jy at 217 GHz. This
Fy corresponds to 50 detection threshold for the Planck experiment at 217 GHz. Refregier et al.
(2000) have extrapolated their estimation to 94 GHz, finding n(> Fq) ~ 7 st~! for Fy ~ 2 Jy,
which corresponds to MAP 50 threshold. These values yield

CP(90 GHz, < 2 Jy) ~ 2x1016, (4.45)
C™(217 GHz, < 0.2 Jy) ~ 1x10°'7, (4.46)

Thus, rough estimates for bP* are

bP5(90 GHz, < 2 Jy) ~ 2x 102, (4.47)
bP5(217 GHz, < 0.2 Jy) ~ 5x 1072, (4.48)

While we have assumed the Euclidean source count (§ = 3/2) for definiteness, this assumption
does not affect an order of magnitude estimate here.

As the primary reduced bispectrum is oc 1= (Eq.(4.23)), and the SZ-lensing reduced bispectrum
is oc 73 (Eq.(4.38)), the point-source bispectrum rapidly becomes to dominate the total bispectrum

in small angular scales:

bZEimary . . fNL
b?lzl lens -3 6 jquObgas

For example, the point sources overwhelm the SZ-lensing bispectrum measured by MAP at [ 2 100.
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What the SZ-lensing bispectrum and the point-source bispectrum look like? Figure 4.5 plots the
primary, the SZ lensing, and the point-source reduced bispecta for the equilateral configurations,
I =11 = Iy = I3. We have plotted 12(1+ 1)%by;/(27)2. We find that these bispecra are very different
from each other in shape on small angular scales. It thus suggests that we can separate these three
contributions on the basis of shape difference. We study this point in the next section.

4.4 Measuring Bispectra

4.4.1 Fisher matrix

In this section, we study how well we can measure the primary bispectrum, and how well we can

obs
l1l2l3 )

by theoretically calculated bispectra, which include both the primary and secondary sources. We

separate it from the secondary bispectra. Suppose that we fit the observed bispectrum, B

minimize x? defined by

b B )2
X2 _ Z (B?llzls - %z AzBlllgl:;) : (451)

2<1; <l»<lI3 Tllsls

where i denotes a component such as the primary, the SZ and lensing effects, extragalactic sources,
and so on. We have removed unobservable modes, { = 0 and 1.

As we have shown in chapter 3, the variance of the bispectrum, 0121 1150 18 the six-point function
of ay, (Luo, 1994; Heavens, 1998). When non-Gaussianity is weak, we calculate it as (Spergel and
Goldberg, 1999; Gangui and Martin, 2000)

0121l2l3 = <Bl211213> - <Bl1l213>2 ~ Cl1CIQClsAl1l2l37 (4'52)

where Ay 1,1, takes values 1, 2, or 6 when all I’s are different, two are same, or all are same,
respectively. C; = Cj + ClN is the total CMB angular power spectrum, which includes the power
spectrum of the detector noise, CN. We calculate CN analytically following Knox (1995) with the
noise characteristics of relevant experiments. We do not include C; from secondary sources, as they
are subdominant compared with the primary C; and C’lN for relevant experiments. Including C
from extragalactic sources (Eqgs.(4.45) or (4.46)) changes our results less than 10%.

Taking 9x2/0A; = 0, we obtain normal equation,

(4) ()
Z [ Z BlllglgBlflglg
2

Bobs B(Z)
A= Y hkbThbls (4.53)

7 le<ii<ibo<is Flilals o<l <la<ly  Zlilals

We then define the Fisher matrix, Fj;, as

(4) (4)
Fij = Z Bl112123Bl1l213

2<1 <lx<l3 Ul1l2l3

2,() ()

2 1 1 N (1 e I3\ 00,0000
_ Z 1 - l - l - _ 10263 010203 4.54
~ > <1+2>(2+2>(3+2><0 0 0) ot (4.54)

2<1<I2<l3
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Figure 4.5: Equilateral Reduced Bispectra

Comparison between the primary (solid line), the SZ lensing (dashed line), and the point-
source (dotted line) reduced bispectra for the equilateral configurations, I = 4, = [y =
I3. We have plotted [I2(I+ 1)%by;/(27)?] x 10%6, which makes the Sachs-Wolfe plateau
of the primary reduced bispectrum on large angular scales, [ < 10, easily seen.
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where we have used equation (4.6) to replace By, 1,15 by the reduced bispectrum, by ,1, (see Eq.(4.5)
for definition). Since the covariance matrix of A; is Fz-;l, we define the signal-to-noise ratio, (S/N);,
for a component i, the correlation coefficient, 7;;, between different components 7 and j, and the

degradation parameter, d;, of (S/N); due to r;;, as

ﬁ) - 4.55

(%), = (1.59)

o = lu (4.56)
V!

di = FF,;". (4.57)

Note that 7;; does not depend upon the amplitude of bispectra, but the shape. We have defined
d; so as d; = 1 for zero degradation, while d; > 1 for degraded (S/N);. Spergel and Goldberg
(1999) and Cooray and Hu (2000) have considered the diagonal component of F 51 We study all
the components to study the separatability between various bispectra.

We estimate an order of magnitude of S/N as a function of a certain angular resolution, I, as

2
follows. Since the number of modes contributing to S/N increases as 13/ 2, and [3 < (l) (l) (l) ) ~

0.36 x I, we estimate (S/N); ~ (Fj;)Y/? as

<§> ~ il3/2 > l3/2
.73

l3b(1) .
& ( L >| s — W 15p(1) % 4 % 1012, (4.58)
T

000 (12Cy)3/2

where we have used [2C; ~ 6 x 10719,
Table 4.1 tabulates Fj;, while table 4.2 tabulates FZ»;I; table 4.3 tabulates (S/N);, while table 4.4
tabulates d; in the diagonal, and r;; in the off-diagonal parts.

4.4.2 Measuring primary bispectrum

Figure 4.6 shows the signal-to-noise ratio, S/N. The top panel shows the differential S/N for
the primary bispectrum at Inl3 interval, [d(S/N)?/dInls] 1/2 fxi» and the bottom panel shows the
cumulative S/N, (S/N)(< l3) fl\?ﬁ, which is S/N summed up to a certain {3. We have computed
the detector noise power spectrum, C}N, for COBE four-year map (Bennett et al., 1996), MAP 90
GHz channel, and Planck 217 GHz channel, and assumed full sky coverage. Figure 4.6 also shows
the ideal experiment with no noise: C¥ = 0. Both [d(S/N)?/d lnlg]l/2 and (S/N)(< l3) increase
monotonically with [3, roughly o I3, up to I3 ~ 2000 for the ideal experiment.

Beyond I3 ~ 2000, an enhancement of the damping tail in C; because of the weak lensing
effect (Seljak, 1996) stops [d(S/N)?/d lnl3]1/2, and hence (S/N)(< l3), increasing. This leads to
an important constraint on the observation; even for the ideal noise-free, infinitesimally thin beam
experiment, there is an upper limit on the value of S/N < 0.3 fny,. For a given realistic experiment,
[d(S/N)?/dInl3) /2 has a maximum at a scale near the beam size.
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Table 4.1: Fisher Matrix

Fisher matrix, Fj; (Eq.(4.54)). i denotes a component in the first row; j denotes a component

in the first column. T is in units of 1 keV, b5: = bP/1072° and b5> = bP5 /1027,

COBE

primary

SZ-lensing

point sources

primary
S7Z lensing
point sources

4.2x 107 f2,

—4.0x 1077 fNLjquObgas

1.3 x 1077 (jquObgas)z

—1.0 x 107 faibb

3.1x 10710 jquObgasbgg

1.1 x 10712 (b5:)?

MAP

primary
SZ-lensing
point sources

3.4 x 1073 f2,

2.6 X 1073 Lﬁ\]LijpObgas
0.14 (§, T pobgas)?

2.4x 1073 furbb:
0.31 5,7 pobgasbis
5.6 (b32)?

Planck

primary
SZ-lensing
point sources

3.8x 1072 f&,

7.2 % 10_2_fNLijp0bgas
39 (ju T pobgas)?

1.6 x 1072 fnp.b5s
5.7 5, T pobgashs
2.7 x 103 (b53)?

Table 4.2: Inverted Fisher Matrix

Inverted Fisher matrix, Fgl The meaning of the symbols is the same as in table 4.1.

COBE primary SZ-lensing point sources
primary 3.5 x 10° fif 1.1 x 10° (fnnjuT pobgas) 1.3 x 107 (fnubbs)
SZ lensing 3.1 x 107 (§,T yobgas) 2 7.8 x 10? (5, T pobgasbs)
point sources 3.1 x 1012 (bh2)~2
MAP
primary 3.0 x 10% fyf —6.1 (fNLJv T pobgas) ™! 0.21 (fnrbhs) ™"
SZ-lensing 8.4 (ju T pobgas) 2 —0.46 (5, T pobgasbhs) ™
point sources 0.21 (b53) >
Planck
primary 26 fl\?f —4.9 x 1072 (fNLjquObgas)_l —5.7x 1070 (fNng;)_l
SZ lensing 2.6 x 1072 (ijpObgaS)_Q —5.4 x 1070 (jquObgasbg;)_l

point sources

3.7 x 1074 (b53) 2




4.4. MEASURING BISPECTRA 75

Table 4.3: Signal-to-noise Ratio

Signal-to-noise ratio, (S/N); (Eq.(4.55)), of detecting the bispectrum. i denotes a compo-
nent in the first row. The meaning of the symbols is the same as in table 4.1.

primary SZ-lensing point sources
COBE 1.7x1073 fxr, 1.8x107% |j_',,|T,Jobgas 5.7 x 1077 bh:
MAP 58 x1072 fxi, 0.34 |5,| T yobgas 2.2 b5:
Planck 0.19 fNL 6.2 |5u| T pobgas 52 bb>

Table 4.4: Signal Degradation and Correlation Matrix

Signal degradation parameter, d; (Eq.(4.57)), and correlation coefficient, 7;; (Eq.(4.56)),
matrix. ¢ denotes a component in the first row; j denotes a component in the first column.
d; for i = j, while r;; for i # j.

COBE primary SZ lensing point sources
primary 1.46 0.33 sgn(j,) 1.6 x 1072
SZ—lensing 3.89 —0.79 sgn(j,)
point sources 3.45
MAP
primary 1.01 —0.12 sgn(j,) 2.7 x 1072
SZ lensing 1.16 —0.35 sgn(j,)
point sources 1.14
Planck
primary .00 —5.9x 1072 sgn(j,) —5.8x 1074
SZ-lensing 1.00 —1.8 x 1072 sgn(j,)

point sources 1.00
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Figure 4.6: Signal-to-noise Ratio

The predictions of the signal-to-noise ratio, S/N, for COBE, MAP, and Planck exper-
iments (see Eq.(4.55)). The differential S/N at Inls interval is shown in the upper
panel, while the cumulative S/N up to a certain I3 is shown in the bottom panel.
Both are in units of fyr. Solid line represents the zero-noise ideal experiment, while
dotted lines show the realistic experiments mentioned above. The total (S/N)fy] are
1.7 x 1073, 5.8 x 1072, and 0.19 for COBE, MAP, and Planck experiments, respectively.
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For COBE, MAP and Planck experiments, the total (S/N)fl\?ﬁ are 1.7 x 1073, 5.8 x 1072, and
0.19, respectively (see table 4.3). To obtain S/N > 1, we need fnr, > 600, 20, and 5, while the
ideal experiment requires fnr, > 3 (see table 4.5). We can also roughly obtain these values by
substituting equation (4.23) into (4.58),

S L
<N>primary ~ [ x10 fNL- (459)

The degradation parameters, dprimary, are 1.46, 1.01, and 1.00 for COBE, MAP, and Planck
experiments, respectively (see table 4.4), suggesting that MAP and Planck experiments will sepa-
rate the primary bispectrum from the others with 1% or better accuracy; however, COBE cannot
discriminate between them very well, as the primary and the secondary sources change monotoni-
cally on the COBE angular scales. On the MAP and Planck scales, the primary bispectrum starts
oscillating around zero, being well separated in shape from the secondaries that do not oscillate.
This is good news for the forthcoming high angular resolution CMB experiments.

4.4.3 Measuring secondary bispectra

Signal-to-noise ratios of detecting the SZ-lensing bispectrum, (S/N)s;_lens, in units of |7, | Tpobgas
are 1.8 x 1074, 0.34, and 6.2 for COBE, MAP, and Planck experiments, respectively (see table 4.3),
where T is in units of 1 keV. Using equations (4.58) and (4.38), we estimate (S/N) s,—lens roughly

as

S P
(N) ~ 12 x 1079 |5,| T yobgas- (4.60)
sz—lens

Hence, (S/N)s,—lens increases with the angular resolution more rapidly than the primary bispectrum
(see Eq.(4.59)). Since |j,| T pobgas should be of order unity, COBE and MAP cannot detect the SZ—
lensing bispectrum; however, Planck is sensitive enough to detect, depending on the frequency, i.e.,
a value of j,. For example, 217 GHz is insensitive to the SZ effect as j, ~ 0, while j, = —2 in the
Rayleigh—Jeans regime.

The degradation parameters, dg, jens, are 3.89, 1.16, and 1.00 for COBE, MAP, and Planck
experiments, respectively (see table 4.4); thus, Planck will separate the SZ-lensing bispectrum
from the other effects. Note that (S/N)s,—1ens values must be an order of magnitude estimation,
for our cosmological model is the COBFE normalized SCDM that yields g = 1.2, which is a factor
of 2 greater than the cluster normalization for €, = 1, and 20% greater than the normalization
for Q,, = 0.3 (Kitayama and Suto, 1997). Hence, this factor tends to overestimate <®2"mals,,%>
(Eq.(4.37)) by a factor of less than 10; on the other hand, using the linear Pg (k) power spectrum
rather than the non-linear power spectrum tends to underestimate the effect by a factor of less
than 10 at [ ~ 3000 (Cooray and Hu, 2000). Yet, our main goal is to discriminate between the
shapes of various bispectra, not to determine the amplitude, so that this factor does not affect our
conclusion on the degradation parameters, d;.

For the extragalactic radio and infrared sources, we estimate the signal-to-noise ratios as
5.7 x 1077(bP5/1072%), 2.2(bP*/10725), and 52(b*/1072") for COBE, MAP, and Planck experi-
ments, respectively (see table 4.3), and the degradation parameters, dps, as 3.45, 1.14, and 1.00
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(see table 4.4). Our estimate is consistent with Refregier et al. (2000). From equation (4.58), we

find s s
=) ~PPx1 —13< ) 4.61
(N>ps x 10 10-25 )’ ( 6 )

thus, S/N of the point-source bispectrum increases very rapidly with the angular resolution.

Although MAP cannot separate the Poisson bispectrum from the SZ lensing bispectrum very
well (see 7; in table 4.4), the SZ-lensing bispectrum is too small to be measured by MAP anyway.
Planck will do an excellent job on separating all kinds of bispectra, at least including the primary
signal, SZ-lensing coupling, and extragalactic point sources, on the basis of the shape difference.

4.4.4 Measuring primary skewness

S\? _ 53

For the skewness, we define S/N as

where the variance is (Srednicki, 1993)

ot = () =6 [ ey

-1

6y (201 +1) (2l + 1) (213 + 1)

2
i1 I 1
< 1 12 5 ) ChCIQClgVVle WfQWli

3
111213 (47) 0 0
2
9 ( 1)( 1)( 1)(11 I 13>
= — Z ll + — lg + — l3 + —
2m% S, 2 2 2 0 0 0
xCp, Cp,Ciy WE WEW. (4.63)

In the last equality, we have used symmetry of the summed quantity with respect to indices
(Eq.(4.29)), and removed unobservable modes, | = 0 and 1. Typically og, ~ 107, as g, ~
[C(0)]*/% ~ 10715, where C(6) is the temperature auto correlation function including noise.

The bottom panel of figure 4.3 plots og,(< I3), which is og, summed up to a certain I3,
for COBE, MAP, and Planck experiments as well as for the ideal experiment. Since ClWl2 =
C’le*l(Hl)"% + w1, where w! is the white noise power spectrum of the detector noise (Knox,
1995), w=! keeps 05, (< [3) slightly increasing with I3 beyond the experimental angular resolution
scale, [ ~ agl. In contrast, S3(< [3) becomes constant beyond [ ~ Ugl (see the top panel of fig-
ure 4.3). As a result, S/N starts slightly decreasing beyond the resolution. We use the maximum
S/N for calculating the minimum value of fyi, above which the primary Ss is detectable; we find
that fnr, > 800, 80, 70, and 60 for COBE, MAP, Planck, and the ideal experiments, respectively,
assuming full sky coverage.

These fnr1, values are systematically larger than those for detecting By, 1,1, by a factor of 1.3, 4,
14, and 20, respectively (see table 4.5). The higher the angular resolution is, the less sensitive the
primary S5 is to non-Gaussianity than Bj,;,;,. This is because the cancellation effect on smaller
angular scales because of the oscillation of Bj;,;, damps Ss.
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Table 4.5: Detection Limit for the Non-linear Coupling Parameter

The minimum non-linear coupling parameter, fni,, needed for detecting the primary non-
Gaussianity by the bispectrum or the skewness with the signal-to-noise ratio greater than
1. These estimates include the effects of cosmic variance, detector noise, and foreground
sources.

Experiments  fnr, (Bispectrum)  fnr, (Skewness)

COBE 600 800
MAP 20 80
Planck 5 70
Ideal 3 60

4.5 Discussion and Conclusions

In this chapter, using the full radiation transfer function, we have numerically computed the primary
cosmic microwave background bispectrum (Eq.(4.19)) and skewness (Eq.(4.28)) down to arcminutes
angular scales. As the primary bispectrum oscillates around zero (figure 4.2), the primary skewness
saturates at the MA P angular resolution scale, [ ~ 500 (figure 4.3). We have introduced the reduced
bispectrum, by, ,1,, defined by equation (4.5), and found that this quantity is more useful to describe
physical properties of the bispectrum than the angular averaged bispectrum, By, 1,1, (Eq.(4.3)).

Figure 4.7 compares the expected signal-to-noise ratio of detecting the primary non-Gaussianity
based on the bispectrum (Eq.(4.55)) with that based on the skewness (Eq.(4.62)). It shows that
the bispectrum is almost an order of magnitude more sensitive to the non-Gaussianity than the
skewness. We conclude that when we can compute the predicted form of the bispectrum, it becomes
a “matched filter” for detecting the non-Gaussianity in data, and thus much more powerful tool than
the skewness. Table 4.5 summarizes the minimum fyy, for detecting the primary non-Gaussianity
using the bispectrum or the skewness for COBE, MAP, Planck, and the ideal experiments. This
shows that even the ideal experiment needs fni, > 3 to detect the primary bispectrum.

We have calculated the secondary bispectra from the coupling between the SZ effect and the
weak lensing effect, and from the extragalactic radio and infrared sources. Only Planck will detect
the SZ lensing bispectrum, while both MAP and Planck will detect the extragalactic point-source
bispectrum (table 4.3).

We have also studied how well we can discriminate between the primary, the SZ lensing cou-
pling, and the extragalactic point-source bispectra. We have found that MAP and Planck will
separate the primary from the other secondary sources with 1% or better accuracy. This con-
clusion is due to the acoustic oscillation in the primary bispectrum that does not appear in the
secondary bispectra. The SZ lensing coupling and the extragalactic sources are well separately
measured by Planck experiment, although COBE and MAP cannot discriminate between them
(table 4.4).

Our arguments on the ability to discriminate between various bispectra have been based upon
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Figure 4.7: Bispectrum vs Skewness

Comparison of the signal-to-noise ratio summed up to a certain I3, S/N(< l3), for the
bispectrum (top panel; Eq.(4.55)) and the skewness (bottom panel; Eq.(4.62)). S/N(< l3) is
in units of fxr. The dotted lines show COBE, MAP, and Planck experiments (dotted lines),
while the solid line shows the ideal experiment. See table 4.5 for fxi, to obtain S/N > 1.
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the shape difference, and thus have not taken into account the spectral difference in frequency
space. Tegmark and Efstathiou (1996) and Cooray et al. (2000) have shown that the multi-band
observation is efficient for discriminating between the primary signal and the other foreground
sources in the CMB power spectrum. Their scheme should be effective on the bispectrum as well,
and will improve the accuracy of the foreground removal further. We thus expect that MAP and
Planck will measure the primary bispectrum separately from the foregrounds.

Simple slowly-rolling single-field inflation models predict fxr, ~ O(10~2) (Salopek and Bond,
1990, 1991; Gangui et al., 1994), while the second order perturbation theory predicts fnr, ~ O(1)
(Pyne and Carroll, 1996); thus, significant detection of the primary bispectrum or the skewness with
any experiments means that these inflation models need to be modified. According to our results, if
the reported detection (Ferreira et al., 1998; Magueijo, 2000) of the bispectrum on the COBE map
were cosmological in origin, then MAP and Planck would detect the primary bispectrum much more
significantly. While Banday, Zaroubi and Gérski (Banday et al., 2000) have shown that the one of
those detections (Ferreira et al., 1998) is accounted for by the experimental systematic effects, the
other (Magueijo, 2000) is significant even after removing such the systematics.

Although we have not discussed so far, spatial distribution of interstellar dust emissions is a
potential source of microwave non-Gaussianity. While it is very hard to estimate the bispectrum
analytically, we can use the dust template map compiled by Schlegel et al. (1998) to estimate
the dust bispectrum. For example, we have found that the dimensionless skewness parameter,
((AT)3) / <(AT)2>3/ ? is as large as 51 on the template map. We have used the publicly available
HEALPix-formatted (Gérski et al., 1998) 100 pm map, which contains 12,582,912 pixels without

sky-cut. The mean intensity in the map is 14.8 MJy srL.

Of course, this skewness is largely
an overestimate for the real CMB measurement; we need to cut a fraction of the sky that con-
tains the Galactic plane, and this will greatly reduce the non-Gaussianity. Nevertheless, residual
non-Gaussianity is still a source of the microwave bispectrum, and has to be taken into account.
Moreover, the form of the measured bispectrum on the dust map reflects the physics of interstellar
dust, which is highly uncertain at present; thus, studying the interstellar dust bispectrum is a

challenging field.



Chapter 5

Measurement of Bispectrum on the
COBE DMR sky maps

Several authors have attempted to measure non-Gaussianity in CMB using various statistical tech-
niques (e.g., Kogut et al. 1996b); as yet no conclusive detection has been reported except for
measurement of several modes of the normalized CMB bispectrum on the COBFE Differential Mi-
crowave Radiometer (DMR) sky maps (Ferreira et al., 1998; Magueijo, 2000). The existence of
non-Gaussianity in the DMR data is controversial. If the CMB sky were non-Gaussian, this would
challenge our simplest inflationary model.

The angular bispectrum, Bj,1,;,, is the harmonic transform of the three-point correlation func-
tion. We carefully distinguish the normalized bispectrum, B, 1,1,/ (C1, Ci, 013)1/2, from the bispec-
trum, By, j,1,. Ferreira et al. (1998) have measured 9 equilateral (11 = I3 = [3) modes of the normal-
ized bispectrum, By, 1,1,/ (011012013)1/2, on the DMR map, claiming detection at 1 = lo = I3 = 16.
Their result has been under extensive efforts to confirm its significance and origin. Bromley and
Tegmark (1999) claim that a few individual pixels in the DMR map are responsible for the most
of the signal. Banday et al. (2000) have proposed an eclipse effect by the Earth against the COBE
satellite as a possible source of the signal. Magueijo (2000) has measured other 8 inter-/ modes
of the normalized bispectrum such as Bj_jj4+1/ (Cl_lClCl+1)1/2, and claims that scatter of the
normalized bispectrum among 8 modes is too small to be consistent with Gaussian. Sandvik and
Magueijo (2000) further report measurement of 24 other inter-/ modes for different lags in [, and
conclude they are consistent with Gaussian.

Thus, until now 41 modes of the normalized bispectrum have been measured on the DMR map.
Here, we simply ask: “how many modes are available in the DMR map for the bispectrum?” The
answer is 466, up to a maximum multipole of 20 that corresponds to the DMR beam size; thus, it is
conceivable that the claimed detection of the normalized bispectrum at {1 = lo = I3 = 16 would be
explained by a statistical fluctuation, as 9 modes are expected to have statistical significance above
98% out of 466 independent modes even if CMB is exactly Gaussian. In this chapter, we measure
466 modes of the CMB bispectrum on the COBE DMR sky maps, testing the claimed detection
of the bispectrum and non-Gaussianity. We take into account the covariance between these modes
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due to the Galactic cut, which has not been done in the previous work.

On the theoretical side, several predictions for the CMB bispectrum exist. Several authors (Falk
et al., 1993; Luo and Schramm, 1993; Gangui et al., 1994) have predicted the primary bispectrum
(or equivalently three-point correlation function) on the DMR angular scales from slow-roll inflation
models. In chapter 4, we have extended the prediction down to arcminutes scales using the full
radiation transfer function.

In addition to the primary one, secondary sources in the low-redshift universe and foreground
sources produce the bispectrum through their non-linearity. Luo and Schramm (1993) and Spergel
and Goldberg (1999) have calculated the secondary bispectrum arising from non-linear evolution
of gravitational potential; Goldberg and Spergel (1999) and Cooray and Hu (2000) have calculated
the one from the gravitational lensing effect coupled with various secondary anisotropy sources.
In chapter 4, we have calculated the foreground bispectrum from extragalactic radio and infrared
point sources. While the bispectrum is not the best tool for detecting the signature of rare highly
non-linear events, e.g., textures (Phillips and Kogut, 2001), it is sensitive to weakly non-linear
effects.

Having theoretical predictions is a great advantage in extracting physical information from
measurement; one can fit a predicted bispectrum to the data so as to constrain parameters in a
theory. Since the DMR, beam size is large enough to minimize contribution from the secondary and
the extragalactic foreground sources, the only relevant source would be the primary one. In this
chapter, we fit a theoretical primary bispectrum (Komatsu and Spergel, 2001a) to the data.

The Galactic plane contains strong microwave emissions from interstellar sources. The emissions
are highly non-Gaussian, and distributed on fairly large angular scales. Unfortunately, predicting
the CMB bispectrum from interstellar sources is very difficult; thus, we excise the galactic plane
from the DMR data. We model the residual foreground bispectrum at high galactic latitude using
foreground template maps. By simultaneously fitting the foreground bispectrum and the primary
bispectrum to the DMR data for three different Galactic cuts, we quantify the importance of the
interstellar emissions in our analysis.

This chapter is organized as follows. In § 5.1, we define the angular bispectrum, and show how
to compute it efficiently from observational data. In § 5.2, we study statistical properties of the
bispectrum and the normalized bispectrum. We then measure the normalized bispectrum from
the COBE DMR four-year sky maps (Bennett et al., 1996), testing Gaussianity of the DMR map.
In § 5.3, we fit predicted bispectra to the DMR data, constraining parameters in the predictions.
The predictions include the primary bispectrum from inflation and the foreground bispectrum from

interstellar Galactic emissions. Finally, § 5.4 concludes.

5.1 Angular Bispectrum

The CMB angular bispectrum consists of a product of three harmonic transforms of the CMB
temperature field. For Gaussian fields, expectation value of the bispectrum is exactly zero. Given
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statistical isotropy of the universe, the angular averaged bispectrum, By, ;,i,, is given by

l l l
Blllglg - Z < ! 2 3 )allmlalzmgalgm[;? (51)

all p \ ML T2 M3

where the matrix denotes the Wigner-3;5 symbol, and harmonic coefficients, ay,,, are given by

AT (1
o= [ Sy a). (5.2)
Qobs T

Qops denotes a solid angle of the observed sky. By, 1,1, satisfies the triangle condition, |I; — ;] <
lx < 1; + 1 for all permutations of indices, and parity invariance, [1 + l2 + 3 = even.
We can rewrite equation (5.1) into a more useful form. Using the identity,

ll lg l3 l1 l2 l3 - (47T)3
mip Mg M3 0 0 O (2l1+1) (2l2+1) (2l3+1)

d*n . . .
R Vi, ()i () Vi (), (5.3
we rewrite equation (5.1) as
holy I3\ [d*
1 b2 13 . . .
Biyip15 = < 0 0 0 > Ar ell(n)eb(n)els(n)v (5'4)

where the integral is not over Qgp,s, but over the whole sky; e;(n) already encapsulates the infor-
mation of incomplete sky coverage through a;,. Following chapter 3, we used the azimuthally
averaged harmonic transform of the CMB temperature field, e;(n),

Z i Yim (ﬁ) (5.5)

Similarly, we write the angular power spectrum, C, as

d*n
4

Cy = e?(n). (5.6)

Thus, ¢;(n) is a square-root of C] at a given position of the sky. Equation (5.4) is computationally
efficient, as we can calculate e;(n) quickly with the spherical harmonic transform for a given [.
Since the HEALPix pixels have the equal area (Gorski et al., 1998), the average over the whole sky,
[ d*n/(47), is done by the sum over all pixels divided by the total number of pixels, N ~* >N

5.2 Measurement of Bispectrum on the DMR Sky Maps

5.2.1 The data

We use the HEALPix-formatted (Gdérski et al., 1998) COBE DMR, four-year sky map, which con-
tains 12,288 pixels in Galactic coordinate with a pixel size 1°83. We obtain the most sensitive sky
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Table 5.1: Monopole and Dipole Subtraction

The monopole, Ty, and the dipole, T7, anisotropies that have been subtracted from the DMR,
sky maps. We show the subtracted values for zero, 20°, 25°, and 30° cuts. The rightmost
column shows the directions of the subtracted dipole in Galactic coordinate.

bewt| To (K] Ty [uK]  T1/Ti (1,b)
0° 1.40 63.1  (28°07, 2°12)
20°  —70.3 262  (89°23, —4°17)
25°  —72.4 269  (84°89, —5°13)
30°  —73.4 286  (97°32, —6°31)

map to CMB by combining 53 GHz map with 90 GHz map, after coadding the channels A and B
at each frequency. We do not subtract eclipse season time-ordered data; while Banday et al. (2000)
ascribe the reported non-Gaussianity to this data, we will argue in this paper that the claimed
detection of the normalized bispectrum at [y = ls = I3 = 16 (Ferreira et al., 1998) can also be
explained in terms of a statistical fluctuation.

We reduce interstellar Galactic emissions by using three different Galactic cuts: 20°, 25°, and
30° in Galactic latitude. Since we want to see how the different Galactic cuts affect the measured
bispectrum, we use the three different Galactic cuts instead of the extended Galactic cut (Banday
et al., 1997), which is commonly used for analyzing the DMR sky maps. Then, we subtract the
monopole and the dipole from each cut map, minimizing contaminations from these two multipoles
to higher order multipoles through the mode-mode coupling. The coupling arises from incomplete
sky coverage. This is very important to do, for the leakage of power from the monopole and the
dipole to the higher order multipoles is rather big. We use the least-squares fit weighted by the
pixel noise variance to measure the monopole and the dipole on each cut map. Table 5.1 shows the
amplitude of the subtracted monopole and the dipole for the different Galactic cuts.

We measure the bispectrum, By,z,1,, on the DMR sky maps as follows. First, we measure ay,,
using equation (5.2). Then, we transform ay,, for —I < m <[ into ¢;(n) through equation (5.5).
Finally, we obtain Bj,,1, from equation (5.4), arranging [1, I, and I3 in order of [; < Iy < I3, where
the maximum [3 is set to be 20. In total, we have 466 non-zero modes after taking into account
|li — U] <lp <li+1; and l1 + l2 + I3 = even. Measurement of 466 modes takes about 1 second of
CPU time on a Pentium-I11I single processor personal computer.

5.2.2 Monte—Carlo Simulations

We use Monte Carlo simulations to estimate the covariance matrix of the measured bispectrum.
Our simulation includes (a) a Gaussian random realization of the primary CMB anisotropy field
drawn from the COBE-normalized ACDM power spectrum, and (b) a Gaussian random realization
of the instrumental noise drawn from diagonal terms of the COBE DMR noise covariance matrix
(Lineweaver et al., 1994). For computational efficiency, we do not use off-diagonal terms as they
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are smaller than 1% of the diagonal terms (Lineweaver et al., 1994).

We generate the input power spectrum, Cj, using the CMBFAST code (Seljak and Zaldarriaga,
1996) with cosmological parameters fixed at Qcam = 0.25, Qx4 = 0.7, Q, = 0.05, h = 0.7, and n = 1;
the CMBFAST code uses the Bunn and White (1997) normalization.

In each realization, we generate ay,, from the power spectrum, multiply it by the harmonic-
transformed DMR, beam, G; (Wright et al., 1994), transform G ja;,, back to a sky map, and add an
instrumental noise realization to the map. Finally, we measure 466 modes of the bispectrum from
each realization. We generate 50,000 realizations for one simulation; processing one realization
takes about 1 second, so that one simulation takes about 16 hours of CPU time on a Pentium-111

single processor personal computer.

5.2.3 Normalized bispectrum

The input power spectrum determines the variance of the bispectrum. Off-diagonal terms in the
covariance matrix arise from incomplete sky coverage. When non-Gaussianity is weak, the variance
is given by (Luo, 1994; Heavens, 1998; Spergel and Goldberg, 1999; Gangui and Martin, 2000)

(Bl ) = (C1) (Ci) (i) Aoty (5.7)

where Ay, 1,1, takes values 1, 2, or 6 for all I’s are different, two are same, or all are same, respectively.
The brackets denote the ensemble average.

The variance is undesirably sensitive to the input power spectrum; even if the input power
spectrum were slightly different from the true power spectrum on the DMR map, the estimated
variance from simulations would be significantly wrong, and we would erroneously conclude that
the DMR map is inconsistent with Gaussian. It is thus not a robust test of Gaussianity to compare
the measured bispectrum with the Monte Carlo simulations.

The normalized bispectrum, By, 1,1,/ (011012013)1/ 2 is more sensible quantity than the bare
bispectrum. Magueijo (1995) shows that the normalized bispectrum is a rotationally invariant
spectrum independent of the power spectrum, as it factors out fluctuation amplitude in az,,, which
is measured by C’ll/ 2, By construction, the variance of the normalized bispectrum is insensitive to
the power spectrum, approximately given by Ay, ,i,.

One might wonder if the normalized bispectrum is too noisy to be useful, as the power spectrum
in the denominator is also uncertain to some extent; however, we find that the variance is actually
slightly smaller than Aj,;,. Figure 5.1 compares the variance of the normalized bispectrum,
<B1211213/ (CllCZQC’l?,)>, with that of the bispectrum, <B1211213> / ((C1,) (C1y) (Ciy)). The top-left panel
shows the case of full sky coverage. We find that the variance of the normalized bispectrum is
precisely 1 when all I’s are different, while it is slightly smaller than 2 or 6 when two [’s are
same or all I’s are same, respectively. This arises due to correlation between the uncertainties in
the bispectrum and the power spectrum, and this correlation tends to reduce the total variance
of the normalized bispectrum. The rest of panels show the cases of incomplete sky coverage.
While the variance becomes more scattered than the case of full sky coverage, the variance of the
normalized bispectrum is still systematically smaller than that of the bare bispectrum. Thus, the
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normalized bispectrum is reasonably sensitive to non-Gaussianity, yet it is not sensitive to the
overall normalization of power spectrum.

What distribution does the normalized bispectrum obey for a Gaussian field? First, even for a
Gaussian field, the probability distribution of a single mode of By, ;,;, is non-Gaussian, characterized
by a large kurtosis. Figure 5.2 plots the distributions of 9 modes of Bj,;,;, drawn from the Monte—
Carlo simulations (solid lines) in comparison with Gaussian distributions calculated from r.m.s.
values (dashed lines). We find that the distribution does not fit the Gaussian very well. Then,
we examine distribution of the normalized bispectrum, By, 1,15/ (Ci,Cl, 013)1/ . We find that the
distribution is very much Gaussian except for [ = ls = I3 = 2. Figure 5.3 plots the distributions of
the 9 modes of the normalized bispectrum (solid lines) in comparison with Gaussian distributions
calculated from r.m.s. values (dashed lines). The distribution fits the Gaussian remarkably well;
this motivates our using standard statistical methods developed for Gaussian fields to analyze
the normalized bispectrum. We could not make this simplification if we were analyzing the bare
bispectrum. Furthermore, the central limit theorem implies that when we combine 466 modes the
deviation of the distribution from Gaussianity becomes even smaller.

Ferreira et al. (1998) claim detection of the normalized bispectrum at [ = Iy = I3 = 16;
Magueijo (2000) claims that the scatter of the normalized bispectrum for 11 =lo —1 and I3 = ls+ 1
is too small to be consistent with Gaussian. The former has analyzed 9 modes, while the latter has
analyzed 8 modes. In the next section, we analyze 466 modes, testing the statistical significance
of the non-Gaussianity with much more samples than the previous work. We calculate C; from
equation (5.6), and then divide By, 1,1, by (C1,Cl, C’l3)1/2 to obtain the normalized bispectrum.

5.2.4 Testing Gaussianity of the DMR map

We characterize statistical significance of the normalized bispectrum as probability of the measured
normalized bispectrum being greater than those drawn from the Monte-Carlo simulations. We
define the probability P as

P, =

M 2 ] o

Niotal —|IDMR|

where I, is the normalized bispectrum, Niyo = 50, 000 is the total number of simulated realizations,
and a = 1, 2, 3, 4,..., 466 represent (l1,12,13) = (2,2,2), (2,3,3), (2,2,4), (3,3,4),..., (20,20,20),
respectively, with satisfying {1 < lo <Is, |l; — ;| <l <1; +1;, and 1 + I3 + I3 = even. FMC(2) is
the probability density distribution function (p.d.f) of the simulated realizations for the normalized
bispectrum, z = IMC. The p.d.f is normalized to unity: e drFMC(z) = 1; thus, P, lies in
0< P, <1.

By construction, the distribution of P, is uniform, if the DMR map is consistent with the
simulated realizations, i.e., Gaussian. We give the proof as follows. By rewriting equation (5.8) as
P, = f(‘]o]?MR‘), we calculate the p.d.f of P,, G(P,), as

GFa) = [ dys[Pa=F(lyD PR (y)
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Figure 5.1: Variance of Normalized Bispectrum and Bare Bispectrum

Variance of the normalized bispectrum, (Bf ./ (Ci,C1,Cy,)), in comparison with variance
of the bare bispectrum, (B, )/ ((C1,) (Cl,) (Cl,)). These are derived from simulated
realizations of a Gaussian sky. The top-left panel shows the case of full sky coverage,
while the rest of panels show the cases of incomplete sky coverage. The top-right, bottom-
left, and bottom-right panels use the 20°, 25°, and 30° Galactic cuts, respectively.
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Figure 5.2: Distribution of Bispectrum

Distribution of the bare bispectrum drawn from the Monte-Carlo simulations (solid
lines). The 20° Galactic cut is used. By, ,1,/ ((Cl,) <012)<C’l3))1/2 is plotted, where
the brackets denote the ensemble average over realizations from the Monte Carlo sim-
The dashed lines plot Gaussian distributions calculated from r.m.s. val-
ues. Each panel represents a certain mode of (l,l3,l3) as quoted in the panels.

ulations.
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Figure 5.3: Distribution of Normalized Bispectrum

Distribution of the normalized bispectrum (solid lines), Bj, i1,/ (CllC[ZCl3)l/ ’,in com-
parison with Gaussian distributions calculated from r.m.s. values (dashed lines). The
20° Galactic cut is used. The meaning of the panels is the same as in figure 5.2.
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o0 _ -1
_ /0 dy 0 [y —df];dy(Pa)] [FCI?MR(y) +F01?MR(_y)]

= /OOO dy o [y = f71(Pn)]

FPME(y) + FPMR(_y)
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(5.9)

where FPMR(y) is the p.d.f of the measured normalized bispectrum on the DMR map, y = IPME,
Our goal is to see if FPMR(y) is consistent with the DMR data being Gaussian. It follows from
equation (5.9) that G(P,) = 1, when FPMR(y) = FMC(y) regardless of the functional form of
FMC(y). In other words, the distribution of P, is uniform, if the distribution of the measured
normalized bispectrum is the same as the simulated realizations. Since our simulation assumes the
DMR map Gaussian, the P distribution, G(P), tests the Gaussianity of the DMR map. If the P
distribution is not uniform, then we conclude the DMR data to be non-Gaussian.

A Gaussian field gives equal number of modes in each bin of P. For example, it gives 46.6 modes
in AP = 10% bin: 466 x G(P)AP = 466 x 0.1 = 46.6. If we detect the normalized bispectrum
significantly, then we find that G(P) is not uniform, but increases rapidly as P increases.

The top panel of figure 5.4 plots the P distribution for the three different Galactic cuts. We
find that the distribution is uniform, and the number of modes in the bin (AP = 10%) is consistent
with the expectation value for Gaussian fluctuations (46.6).

To further quantify how well it is uniform, we calculate the Kolmogorov Smirnov (KS) statistic
for the P distribution in comparison with the uniform distribution. The bottom panel of figure 5.4
plots the cumulative P distribution, for which we calculate the KS statistic. The probability of the
distribution being uniform is 6.7%, 77%, and 52% for the three Galactic cuts, respectively. While
we have confirmed that the normalized bispectrum at [ = lo = I3 = 16 has P = 97.8% for the 20°
cut and P = 99.3% for the 25° cut as similar to Ferreira et al. (1998), our result shows that it is
well within statistical fluctuations. Thus, the properties of the normalized bispectrum of the DMR
map are consistent with CMB being a Gaussian field.

5.3 Model Fitting

In this section, we fit predicted CMB bispectra to the measured normalized bispectrum. The
predictions include the primary bispectrum from inflation and the interstellar foreground bispec-
trum from the Galactic emissions. Then, we constrain a parameter characterizing the primary
bispectrum.

5.3.1 Primary bispectrum

For the primary bispectrum from inflation, we consider weakly non-Gaussian adiabatic perturba-
tions generated through non-linearity in slow-roll inflation. The simplest weak non-linear coupling
gives

(x) = L(x) + fru | 0F (x) - (#f(x))], (5.10)
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Figure 5.4: KS Test for Gaussianity with Bispectrum

P distribution (Eq.(5.8)). P is the probability of the CMB normalized bispectrum,
Blllzls/(ChC’lzC[S)lm, measured on the COBE DMR 53 + 90 GHz sky map, being
larger than those drawn from the Monte-Carlo simulations. There are 466 modes in
total. The thick dashed, solid, and dotted lines represent the three different Galac-
tic cuts as quoted in the figure. The thin solid line shows the expectation value for
a Gaussian field. The top panel shows the P distribution, while the bottom panel
shows the cumulative P distribution, for which we calculate the KS statistic. The KS
statistic gives the probability of the distribution being consistent with the expectation
for Gaussianity as 6.7%, 77%, and 52% for the three Galactic cuts, respectively.
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where the square bracket denotes the volume average, and ®r(x) is a linear Gaussian part of
curvature perturbations. We call fyi, the non-linear coupling parameter.

Salopek and Bond (1990, 1991) and Gangui et al. (1994) show that slow-roll inflation gives this
coupling; Pyne and Carroll (1996) shows that the second-order general relativistic perturbation
theory gives this. The former predicts fni, as a certain combination of slope and curvature of a
inflaton potential (3 = —2fNp, in Gangui et al. (1994)). The latter predicts fnxr, ~ O(1). In
chapter 4, we have given the exact form of By,;,;, for this model; we do not repeat it here. fnr, is
the parameter that we try to constrain by measuring the CMB bispectrum.

Since the theoretical bispectrum assumes full sky coverage, we must correct it for the bias arising
from incomplete sky coverage. We use an approximate correction factor for the bias, Q ghs /47, which
we have derived in chapter 3. Moreover, the theoretical bispectrum must also be convolved with
the DMR beam. We use the harmonic transform of the DMR beam, Gj, given in Wright et al.
(1994). Hence, the observed bispectrum is related to the theoretical one through

Qob
407: Bltlhlz(z;yGllGlgGl;;- (5.11)

obs __
Bl1lgl3 -

Note that Qups/4m = 1 — sin |beyt| for an azimuthally symmetric cut within certain latitude b cyt;
Qobs/4m = 0.658, 0.577, and 0.5 for |by| = 20°, 25°, and 30°, respectively.

5.3.2 Foreground bispectra from interstellar emissions

Although we cut a fraction of the sky to reduce interstellar emissions from the Galactic plane,
there should be some residuals at high Galactic latitude. Kogut et al. (1996a) have found signifi-
cant, correlation between COBE DMR maps at high Galactic latitude and COBE Diffuse Infrared
Background Experiment (DIRBE) maps which mainly trace dust emission from the Galactic plane.

The interstellar emissions are highly non-Gaussian. For example, the one-point p.d.f of the all-
sky dust template map (Schlegel et al., 1998) is highly skewed. We find the normalized skewness,
((AT)3) / <(AT)2>3/ > ~ 51. Since these non-Gaussian emissions would confuse the parameter
estimation of the primary CMB bispectrum, we take the effect into account.

We estimate the foreground bispectra from interstellar sources by using two foreground template
maps. One is the dust template map of Schlegel et al. (1998); the other is the synchrotron map of
Haslam et al. (1981). Both maps are in the HEALPix format (Gdrski et al., 1998).

We extrapolate the dust map to 53 GHz and 90 GHz with taking into account spatial variations
of dust temperatures across the sky (Finkbeiner et al., 1999). We then cross-correlate the extrap-
olated maps with the DMR maps to confirm that the extrapolation is reasonable. We find that
while the dust-correlated emission in the DMR 90 GHz map is consistent with the extrapolated
dust emission, that in the DMR 53 GHz map is much larger than the extrapolated one. This is
consistent with the anomalous microwave emission of Kogut et al. (1996a). To take the excess
emission into account, we multiply our extrapolated 53 GHz maps by factors of 3.66, 2.59, and
2.45 for the 20° cut, the 25° cut, and the 30° cut, respectively. Note that we do not essentially
need the correction for the excess emission, as it does not alter spatial distribution of the emission.
Nevertheless, we do it for convenience of subsequent analyses.
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We also extrapolate the synchrotron map to these two bands, assuming the spectrum of the
source, T'(v) o< v=29. We do not need the extrapolation of the synchrotron template map either, as
the extrapolation does not alter spatial distribution of the emission in contrast to the dust template
map in which the extrapolation does alter it. We find no significant correlation between the DMR
maps and the extrapolated synchrotron maps at both 53 GHz and 90 GHz.

After coadding the extrapolated 53 and 90 GHz maps with the same weight as used for the
DMR maps, we measure Bj,,1, from the maps for the three different Galactic cuts, multiplying it
by G1,G1,G, to take into account the DMR beam.

5.3.3 Constraints on non-linearity in inflation

We simultaneously fit the primary, dust, and synchrotron bispectra to the measured bispectrum on
the DMR map. We use the least-squares method based on a x? statistic defined by

’

=D M-S pE ) (e (M= AT (5.12)
J J

(6707

I7 is a model bispectrum divided by (<C’ll\fc> <C’}Z{C> <Cll\,fc>)1/2, where j represents a certain
component such as the primary, dust, and synchrotron. f; is a fitting parameter for a component
J, where forimary = fnu, is the non-linear coupling parameter (Eq.(4.11)). faust and feyne characterize
amplitude of the foreground bispectra.
Cyor 18 the covariance matrix of the normalized bispectrum calculated from the Monte Carlo
simulations: N
Cont = 5y 22 (10 = (121)) (1Y~ (1)) (513
i=
where N = 50,000 is the number of realizations. The bracket denotes an average over all realiza-
tions, Ig/lc = N1 Ziv ch(i). Here, we have implicitly assumed the non-Gaussianity weak, so
that we calculate the covariance matrix from Gaussian realizations.
As we have observed in the previous section, distribution of I, is very much Gaussian; thus,
x2(f;) should obey the x? distribution to good accuracy. Hence, minimizing x?(f;) with respect to
fj gives the maximum-likelihood value of f; as a solution to the normal equation:

fi=> (F_l)ji [Z (™) IBMR] : (5.14)

i
where

Fy=Y L(C7") L. (5.15)

We estimate statistical uncertainties of the parameters using the Monte Carlo simulations; we
obtain parameter realizations by substituting I for IPMR in equation (5.14).

Figure 5.5 plots the measured values of the non-linear coupling parameter, fnr,, as well as the
simulated realizations, for the three different Galactic cuts. The measured values are well within
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the cosmic variance: we place 68% confidence limits on fnr, as |fnp| < 1.6 x 103, 1.7 x 103, and
2.0 x 103, for the 20°, 25°, and 30° cuts, respectively.

Figures 5.6 and 5.7 plot constraints on faust and fsync, respectively. There is no indication
of either component contributing to the measured bispectrum significantly. The constraints are
rapidly weakened as the Galactic cut is widened.

5.3.4 Null test of the normalized bispectrum

Using x? defined by equation (5.12), we can test Gaussianity of the DMR map. While the min-
imization of x?( fj) gives constraints on the parameters, a value of x2( fj) tells us goodness-of-fit;
x2(0) tests a hypothesis of the bispectrum being zero. When x?2(0) is either significantly greater
or smaller than those drawn from the simulations, we conclude that the DMR map is inconsistent
with zero bispectrum.

x2(0) is similar to what several authors have used for quantifying statistical significance of non-
Gaussianity in the DMR map (Ferreira et al., 1998; Magueijo, 2000; Sandvik and Magueijo, 2000).
They use only diagonal terms of the covariance matrix; however, the matrix is diagonal only on the
full sky. As lack of sky coverage correlates one mode to the others, we should include off-diagonal
terms as well. We did so in equation (5.12).

Figure 5.8 compares X g (0) with x31(0) for the different Galactic cuts. The measured values
are x3\r(0) = 475.6, 464.8, and 460.2 for the corresponding cuts, respectively, while (x3;-(0)) =
466. We find the probability of x3;(0) being larger than x g (0) to be P (x31c > X5ngr) = 36.9%,
49.7%, and 54.2%, respectively.

We conclude that the DMR map is comfortably consistent with zero normalized bispectrum.
We explain the claimed detection (Ferreira et al., 1998) by a statistical fluctuation without invoking
the eclipse effect of Banday et al. (2000).

There is no evidence that the scatter of the normalized bispectrum is too small to be consistent
with Gaussian, in contrast to the claim of Magueijo (2000) based on x 2(0) derived from 8 modes.
To clarify, our analysis does not reject the possibility that the CMB sky is non-Gaussian for only a
small number of modes; however, in the absence of a theoretical motivation for limiting the analysis
to a specific set of modes, we choose to treat all the bispectrum modes on an equal footing. Sandvik
and Magueijo (2000) claim that the non-Gaussianity found by Magueijo (2000) does not spread to
other modes. This is consistent with our result.

Incidentally, we plot in the figure 5.8 the x? distribution for 466 degrees of freedom, x3g4, in
filled circles; we find that the distribution of x3;5(0) is very similar to the x%, distribution for a
smaller cut as expected, while it becomes slightly broader for a larger cut for which the distribution
of the normalized bispectrum at some modes deviates from Gaussian appreciably. Yet, we find
that the 20° — 25° cuts reasonably retain the Gaussianity of the distribution of the normalized
bispectrum.
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Figure 5.5: Constraint on Non-linearity in Inflation

DMR constraint on the non-linear coupling parameter, fnr, which characterizes non-
linearity in inflation (Eq.(4.11)). The dashed, solid, and dotted lines represent the
three different Galactic cuts as quoted in the figure. The thick vertical lines plot the
measured values of fyr from the COBE DMR maps, while the histograms plot those
drawn from the Monte-Carlo simulations for each cut. 68% confidence limits on fnr, are
IfnL| < 1.6 x 103, 1.7 x 103, and 2.0 x 103 for the three Galactic cuts, respectively.
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Figure 5.6: Constraint on Dust Bispectrum

DMR constraint on the amplitude of the interstellar dust bispectrum at high Galac-
tic latitude, fqust- The meaning of the lines is the same as in figure 5.5.
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Figure 5.7: Constraint on Synchrotron Bispectrum

DMR constraint on the amplitude of the interstellar synchrotron bispectrum at high
Galactic latitude, fsync. The meaning of the lines is the same as in figure 5.5.
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Figure 5.8: Null Test of Normalized Bispectrum

Testing hypothesis of the normalized bispectrum, Bllms/(C’hClzC’lS)lm, being zero in
the COBE DMR four-year 53 4+ 90 GHz sky map. The dashed, solid, and dotted lines
represent the 20°, 25°, and 30° cuts, respectively. The thick vertical lines plot the
measured x?(0), while the histograms plot those drawn from the Monte Carlo simu-
lations. The filled circles plot the y? distribution for 466 degrees of freedom.
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5.4 Discussion and Conclusions

In this chapter, we have measured all independent configurations of the angular bispectrum on the
COBE DMR map, down to the DMR beam size. Using the most sensitive sky map to CMB, which
combines the maps at 53 and 90 GHz, we test the Gaussianity of the DMR, map.

We find that the normalized bispectrum, By, 1,1,/ (Ci, Cl, 013)1/2, gives more robust test of Gaus-
sianity than the bare bispectrum, By ;,;,. We compare the measured data with the simulated
realizations, finding the DMR map comfortably consistent with Gaussian. We explain the reported
detection of the normalized bispectrum at {1 = Iy = I3 = 16 (Ferreira et al., 1998) by a statistical
fluctuation as an alternative to the "eclipse effect” proposition made in Banday et al. (2000).

We fit the predicted bispectra to the data, constraining the parameters in the predictions, which
include the primary bispectrum from inflation and the foreground bispectra from interstellar dust
and synchrotron emissions. We find that neither dust nor synchrotron emissions contribute to the
bispectrum significantly.

We have obtained a weak constraint on the non-linear coupling parameter, fnr,, that charac-
terizes non-linearity in inflation. We interpret the constraint in terms of a single-field inflation as
follows. According to the analysis of non-linear perturbations on super horizon scales (Salopek and
Bond, 1990), we can explicitly calculate fnr, as

5 0?In H
fNL—_247rG< 952 ), (5.16)

where H is the Hubble parameter during inflation. When applying the slow-roll conditions to an
inflaton potential V' (¢), we have 91n H/0¢ ~ (dInV/d¢)/2; thus, fnr is on the order of curvature of
a slow-roll potential, implying that |fnr| should be smaller than 1 in slow-roll inflation. Therefore,
the obtained constraint, | fNL| < 1.6 x 103, seems too weak to be interesting; however, any deviation
from slow-roll could yield larger | fni,|, bigger non-Gaussianity.

The next generation satellite experiments, MAP and Planck, should be able to put more strin-
gent constraints on fnr,. In chapter 4, we have shown that MAP and Planck should be sensitive
down to |fnL| ~ 20 and 5, respectively. We find that the actual constraint from COBE (figure 5.5)
is much worse than the estimate. This is partly due to different cosmology used for the model,
but mainly due to incomplete sky coverage; the statistical power of the bispectrum at low multi-
poles is significantly weakened by the Galactic cut. Since MAP and Planck probe much smaller
angular scales, and their better angular resolution makes an extent of the Galactic cut smaller,
the degradation of sensitivity should be minimal. Moreover, the improved frequency coverage of
future experiments will aid in extracting more usable CMB pixels from the data. At this level of
sensitivity, any deviation from slow-roll could give an interesting amount of the bispectrum, and
MAP and Planck will put severe constraints on any substantial deviation from slow-roll.

While we have explored adiabatic generation of the bispectrum only, isocurvature perturbations
from inflation also generate non-Gaussianity (Linde and Mukhanov, 1997; Peebles, 1997; Bucher
and Zhu, 1997). They are in general more non-Gaussian than the adiabatic perturbations; it is

worth constraining these models by the same strategy as we have done in this chapter.



Chapter 6

In Pursuit of Angular Trispectrum

The angular trispectrum, the harmonic transform of the angular four-point correlation function,
carries cosmological information which is independent of the power spectrum and the bispectrum.

Several authors show that the weak lensing effect produces non-trivial connected CMB angular
trispectrum or four-point correlation function on small angular scales (Bernardeau, 1997; Zaldar-
riaga and Seljak, 1999; Zaldarriaga, 2000; Hu, 2001). On large angular scales, Inoue (2001a,b)
shows that the connected trispectrum is produced if topology of our universe is closed flat or closed
hyperbolic. These effects do not produce the bispectrum, the angular three-point harmonic spec-
trum, but the trispectrum. Hence, while we have not found significant bispectrum on the DMR
map in chapter 5, we could find the trispectrum.

The connected angular trispectrum contributes to the power spectrum covariance matrix. It
increases the variance, and produces non-zero off-diagonal terms in the covariance matrix. Mea-
suring the connected trispectrum thus constrains how much the connected trispectrum contributes
to the power spectrum covariance. This is important to do. We have to know the power spectrum
covariance matrix as accurate as possible, when we measure the power spectrum with better than
1% accuracy, and determine many of cosmological parameters with better than 10% accuracy.

So far, there has been no attempt to measure the angular trispectrum of the CMB anisotropy.
In this chapter, we present the first measurement of the CMB trispectrum on the DMR map. We
measure all independent terms of the angular trispectrum down to the DMR beam size, and test
Gaussianity of the DMR data.

This chapter is organized as follows. In § 6.1, we give our method of measuring the angular
trispectrum from CMB sky maps. In § 6.2, we study statistical properties of the normalized
trispectrum. In § 6.3, applying the method to the DMR data, we measure the angular trispectrum.
We then test Gaussianity of the DMR data with the normalized trispectrum. Finally, § 6.4 concludes
this chapter,
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6.1 Angular Trispectrum

The angular trispectrum comprises four harmonic transforms of the CMB temperature anisotropy

field, a7, m, 1omy Qi3ms@iym,, Where
AT (n)_,, .
Gy = / i BTy (6.1)
Qobs T
Qobs denotes a solid angle of the observed sky. A rotationally invariant angular averaged trispec-
trum, ﬂl;llf (L), takes the form (Hu, 2001)

D) = <2L+1>zz<—1>M( bk A@)( bob _ﬁw)

all m M mi M2 ms. My
XAlymy Alomeo Alsmz Al ymy s (62)

where the Matrices denote the Wigner-35 symbol. By construction, l1, lo, and L form one tri-
angle, while l3, l4, and L form the other triangle in a quadrilateral with sides of [, ls, I3, and
l4. L represents a diagonal of the quadrilateral. Figure 3.5 sketches a configuration of the an-
gular trispectrum. When we arrange [1, ls, I3, and [4 in order of {1 < Iy < I3 < l4, L lies in
max(ly —l1,l4 — l3) < L < min(ly + lg,l3+ l4). Hence, I3 =I5 and I3 = I for L = 0. Parity invari-
ance of the angular four-point correlation function demands l1+1s+ L = even and l3+14+ L = even.
The angular trispectrum generically consists of two parts. One part is the unconnected part,
the contribution from Gaussian fields, which is given by the angular power spectra (Hu, 2001),

(Tiy: (L)>unconnecte L = (it V@0 + 12+ 1) (C1) (Cly) 011,010,010
H(2L+ 1) (Ci) (Co) [(= 1) Gy, 1500,0, + G0, 0115] - (6:3)

For [1 <y < I3 < Iy, the unconnected terms are non-zero only when L = 0 or l1 = Iy = I3 = 4.
We have numerically confirmed that our estimator given below (Eq.(6.4)) accurately reproduces
the unconnected terms (Eq.(6.3)) on a simulated Gaussian sky.

The other part is the connected part whose expectation value is exactly zero for Gaussian fields;
thus, the connected part is sensitive to non-Gaussianity. When none of I’s are same in Tll;llj (L),
one might expect the trispectrum to comprise the connected part only; however, it is true only on
the full sky. The unconnected terms on the incomplete sky, which are often much bigger than the
connected terms, leak the power to the other modes for which all I’s are different. We should take
this effect into account in the analysis.

Using the azimuthally averaged harmonic transform, e;(nn) (Eq.(3.9)), we rewrite equation (6.2)

into a much more computationally efficient form,

L
1
111 - l1lo* 413l
T = gy X e (6.4
where )
2L+1 (1, 1o L\
Iily _ 1 o . . . o
= (0 ; 0) [ i len Ghyen, ()] g () (65)
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Since tlﬁ]l@ is the harmonic transform on the full sky, we can calculate it quickly. This method

makes measurement of the angular trispectrum computationally feasible even for the MAP data in
which we have more than millions of pixels; thus, the methods developed here can be applied not
only to the COBE DMR data, but also to the MAP data.

For the DMR data for which the maximum I, is 20, we have 21,012 non-zero trispectrum
modes after taking into account the triangle conditions in a quadrilateral and parity invariance.
Measurement of 21,012 modes takes about 5 second of CPU time on a Pentium-III single processor
personal computer.

We use Monte-Carlo simulations to estimate the covariance matrix of the angular trispectrum.
We have described details of our simulations in chapter 5. We generate 5,000 realizations for one
simulation; processing one realization takes about 5 second, so that one simulation takes about
7 hours of CPU time on a Pentium-III single processor personal computer. In total, we run 6

simulations, generating 30,000 realizations.

6.2 Normalized Trispectrum

In general, analytic forms of the angular trispectrum covariance, <Tll;llf (L)Tllgll,2 (' )>, are highly
complicated (Hu, 2000); however, one can reduce them to rather simplified forms for {1 < ls <
I3 <lqy and L # 0 (chapter 3). The covariance of these terms on the full sky is diagonal, and the
variance is given by equation (3.34),

([T ) = L+ 1) (0 (C) (Co) (Cu) (14 Bt + Gty + i) (66)

I3l4

One finds that the variance of the trispectrum is very sensitive to the power spectrum normalization.
A slight difference in the power spectrum normalization alters the variance of the trispectrum
substantially. This makes a test for Gaussianity with the “bare” trispectrum very difficult, as it
requires precise determination of the power spectrum normalization.

We overcome the difficulty by normalizing the trispectrum as

Tl1l2 (L)

I3ly

[(2l/+-1)(&1C52CQ3C%4]1/2‘

6.7)

This statistic, the normalized trispectrum, is analogous to the normalized bispectrum that we
have used in chapter 5. As similar to the normalized bispectrum, the variance of the normalized
trispectrum is insensitive to the power spectrum normalization, and systematically smaller than
that of the bare trispectrum. The normalized trispectrum is thus reasonably sensitive to non-
Gaussianity.

Figure 6.1 compares the variance of the normalized trispectrum with that of the bare trispec-
trum, for full sky coverage as well as for incomplete sky coverage. We have used 11 <y <3 <4
and L # 0 terms, and calculated the variance from simulated realizations of a Gaussian sky. We
confirm that the variance of the normalized trispectrum is systematically smaller than that of the
bare trispectrum, and that the variance distribution becomes more scattered on the incomplete sky.
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Figure 6.1: Variance of Normalized Trispectrum and Bare Trispectrum

Comparison of the variance of the normalized trispectrum with that of the bare trispec-
trum for [ < Iy < I3 < Iy and L # 0 (group (a)). These are derived from simulated
realizations of a Gaussian sky. The top-left panel shows the case of full sky coverage,
while the rest of panels show the cases of incomplete sky coverage. The top-right, bottom-
left, and bottom-right panels use the 20°, 25°, and 30° Galactic cuts, respectively.
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6.3 Testing Gaussianity of the DMR Map

In this section, we test Gaussianity of the DMR, data using the normalized trispectrum. Before
performing the analysis, we should recall that even if CMB is exactly Gaussian, there are significant,
non-zero unconnected trispectrum terms for L = 0 or {1 = I, = I3 = l4. We should analyze these
configurations separately from the others for which the unconnected terms vanish.

6.3.1 Classification of trispectrum configurations

We divide the measured 21,012 modes into four groups:
(a) I3 # 13, and L # 0 (16,554 modes)
(b) la =13, I3 # ls, and L # 0 (4,059 modes)
(¢) li =la =13 =14, and L # 0 (209 modes)
(d) L =0 (190 modes)

Note that all the groups satisfy 11 < ly <3 < Iy, max(lo — l1,ly — I3) < L < min(ly + l2, 3 + l4),
li+ 1o+ L =even, and I3+ 4 + L = even.

The groups (a) and (b) are most sensitive to non-Gaussian signals, as for which the unconnected
terms (Eq.(6.3)) vanish on the full sky. On the other hand, the groups (c) and (d) are dominated
by the unconnected terms, and thus less sensitive to non-Gaussianity. These statements should,
however, depend upon what kind of non-Gaussianity exists in the data. If non-Gaussian signals
are subject to the groups (c) and (d) only, then the groups (a) and (b) become the least sensitive
modes to the non-Gaussianity.

On the incomplete sky, the unconnected terms also contaminate the groups (a) and (b) through
the mode-mode coupling. We take this effect into account by using the Monte-Carlo simulations
that use the same Galactic cut as the data.

We discriminate between the group (a) and the group (b) in terms of the covariance matrix:
the covariance matrix of the group (a) is diagonal, while that of the group (b) is not diagonal in
L. We discriminate between the group (c¢) and the group (d) in terms of the statistical power: the
group (d) has no statistical power of testing Gaussianity. The reason is as follows. For the group
(d), the estimator given by equation (6.2) becomes Tll;ll; (0) = (=1)hHb /(20 + 1) (213 + 1)Cy, C.
The normalized bispectrum for the group (d) is thus just a pure number,

Thl(0)

I3l3

Cnln (—1)111s /(20 + 1)(205 + 1). (6.8)

This property holds regardless of Gaussianity. Even strongly non-Gaussian fields give exactly the
same number. It thus follows from this result that we cannot measure the connected trispectrum
for L = 0.
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This is unfortunate. It is the connected part of Tll;ll; (0) that contributes to the covariance

matrix of the power spectrum,

2 N
(CiCr) —(Cy) (Cy) = 221<(il>1 o + \/(2l(+ 3(25’ .y <Tllfln (0)>c’ (6.9)

where <Tll,ll/(0) >C is the ensemble average of the connected T3, (0). Even if we find the groups (a) (c)
consistent with Gaussianity, we can conclude nothing about the power spectrum covariance, unless
we have a model for the connected trispectrum. We will discuss this point in § 6.4.

Henceforth, we analyze the groups (a) (c¢) only, while we have used the group (d) to see if our
code works properly. Our code reproduces equation (6.8) very well, and the numerical error is at
most of order 1074,

6.3.2 Gaussianity test

To quantify statistical significance of the measured trispectrum, we use a statistic P, which is
the probability of the measured normalized trispectrum being greater than those drawn from the
Monte—Carlo simulations:

N (] > e

P, = )
Ntotal

(6.10)

where J, denotes the normalized trispectrum, Niota = 30, 000 is the total number of the simulated
realizations, and « represents a set of (11,2, (3,14, L). The distribution of P, is uniform if the DMR
map is consistent with Gaussian, for which there are equal number of modes in each bin of P. For
example, when we calculate P, for all 21,012 o’s, we expect a Gaussian field to give 210.12 modes
in AP = 1% bin. If we detect the normalized trispectrum significantly, then the number of modes
having higher P is much larger than the expectation value for a Gaussian field.

In chapter 5, we have proven the P distribution uniform, if the DMR data are consistent with
the simulated realizations (see Eq.(5.9)). We have also shown that this property holds regardless
of the distribution function of JMC.

We calculate the KS statistic for the P distribution in comparison with the uniform distribution,
to quantify how well the P distribution is uniform. We calculate the KS statistic for the groups (a)
(c) separately. Table 6.1 summarizes the KS-test results, and figures 6.2 6.4 plot the cumulative P
distribution, for which we have calculated the KS statistic. We find that the measured trispectrum
is comfortably consistent with Gaussianity for all of the analyzed groups, (a)—(c).

Since the groups (a) and (b) are zero for Gaussian fields, these groups provide the strongest
constraint on generic non-Gaussian fluctuations. As we have done in chapter 5 for the angular
bispectrum, if we have predictions for the CMB angular trispectrum (e.g., appendix D), then our
measurement tests those predictions.
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Cumulative P Distribution (Eq.(6.10)), for which we calculate the KS statistic.
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Figure 6.2: KS Test for Gaussianity with Trispectrum I

the group (a) (L # 0 and ;1 < Iy

< l3 < ly), measured on the COBE DMR
53 + 90 GHz sky map, being larger than those drawn from the Monte—Carlo simula-
tions. There are 16,654 modes. From left to right panels, we use the 20°, 25°, and 30°
Galactic cuts, respectively. The dashed lines show the expectation value for a Gaus-
sian field. The KS statistic gives the probability of the distribution being consistent

1/2

with Gaussianity as 5.4%, 12%, and 48% for the three Galactic cuts, respectively.
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Figure 6.3: KS Test for Gaussianity with Trispectrum 11

The same as figure 6.2 but for the group (b) (lo = I3, I3 # ly, and L # 0). There are
4,059 modes. The KS statistic gives the probability of the distribution being consistent
with Gaussianity as 38%, 2.5%, and 5.2% for the three Galactic cuts, respectively.
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Figure 6.4: KS Test for Gaussianity with Trispectrum 111

The same as figure 6.2 but for the group (c) (I = lo = I3 = Iy and L # 0). There
are 209 modes. The KS statistic gives the probability of the distribution being consis-
tent with Gaussianity as 41%, 73%, and 63% for the three Galactic cuts, respectively.
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Table 6.1: Gaussianity Test with Normalized Trispectrum

Probability of the measured trispectrum being consistent with Gaussianity (the rightmost
column) for the three different Galactic cuts. The probability is derived from the KS test for
the P distribution in comparison with the uniform distribution. The group (a) comprises
the modes of Iy # I3, and L # 0 (16,554 modes), the group (b) of s =3, l; # Iy, and L # 0
(4,059 modes), and the group (c) of i1 =y =l3 =l4, and L # 0 (209 modes).

group # of modes Galactic cut probability [%)]

(a) 16,554 20° 5.4
25° 12
30° 48
(b) 4,059 20° 38
25° 2.5
30° 5.2
() 209 20° 41
25° 71
30° 63

6.4 Discussion and Conclusions

In this chapter, we have presented the first measurement of the CMB angular trispectrum on the
COBE DMR sky maps. We have measured all the trispectrum terms, 21,012 terms, down to the
DMR, beam size. Since 190 L = 0 modes have no statistical power of testing Gaussianity, we have
used 20,822 L ## 0 modes to test Gaussianity of the DMR, data, and found that the DMR map is
comfortably consistent with Gaussianity.

Our results do not directly constrain the connected trispectrum for L = 0, Tll,ll, (0), which con-
tributes to the power spectrum covariance through equation (6.9). We can thus conclude nothing as
to whether the covariance matrix is diagonal on the DMR angular scales. Moreover, T’ llll(O) increases
the power spectrum variance; we have no idea how much the contribution is. We need to use other
statistics than the angular trispectrum to investigate the power spectrum covariance. Otherwise,
we have to have a model for the connected trispectrum, and constrain Tll,ll,(O) by measuring the
other trispectrum configurations.

One example for a trispectrum model is the one produced in a closed hyperbolic universe. Inoue
(2001b) suggests that the closed hyperbolic geometry produces non-zero connected trispectrum. In
appendix D, we have derived an analytic prediction for the connected trispectrum produced in a
closed hyperbolic universe (Eq.(D.9)). For L = 0, we reduce the prediction to

<T11l1(0)>c = (—1)htls \/(2l1 + 1)(2l3 + 1) (2F115) + 4F131, 01415, (6.11)

I3l3

where

Fiuiy = 3 Po0)gt, (V) (v V) (|Em, )1) (IE2gms 0)I) (6.12)
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and v = Vk? — 1 is a discrete wavenumber, ®(v) is the primordial curvature perturbation, g;(v) is
the radiation transfer function, and &;,,,(v) describes eigenmodes in a closed hyperbolic geometry.
Hence, a single function, Fj;, determines the connected trispectrum completely.

Fyr contributes to the power spectrum covariance directly. Using the prediction, we find the
power spectrum covariance matrix in a closed hyperbolic universe (Eq.(D.10)),

2
(CiCp) = (Cy) (Cp) = i1 (<Cl>2 + 2Fll> oy + 2Fy. (6.13)

The power spectrum is given by
() =" Po)gt(v) {|&m()*) (6.14)

Note that (C7) (Cy) > Fy. 1t follows from this equation that to constrain the contribution of the
connected Tll,ll, (0) to the power spectrum covariance, we need to constrain Fj.

In addition to L = 0 modes, fortunately, a closed hyperbolic universe also produces the con-
nected trispectrum for the group (c¢), I1 = lo = I3 = ly = [ and L # 0. The prediction is
<Tllll (L)> = 4(2L 4 1)Fy. We may constrain this term with our measurement of the group (c).
The groucp (¢) is, however, the most noisy group, and the constraint from the DMR measurement
is too weak to be useful yet.

The most promising way to investigate the angular trispectrum in near future is to use the MAP
CMB sky maps. The big advantage of MAP over COBE is the much higher angular resolution.
The high-resolution measurement is important even on large angular scales, as we can minimize
the effect of the Galactic cut. Since the rather big COBFE Galactic cut has been the main cause of
numerous complications in the data analysis, we expect that the MA P data will measure the angular
trispectrum with much better sensitivity, and with much smaller systematic errors than COBE.
The MAP trispectrum will put strong constraints on several challenging non-Gaussian models: the
non-Gaussianity induced from topology of the universe, the weak lensing effect, and so on, which
are not probed by the angular bispectrum.
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Appendix A

Slow-roll Approximation

In this appendix, we describe the slow-roll approximation, which has played a central role in the
analysis of inflation dynamics. We then apply the approximation to the effective mass of scalar-field
fluctuations, mi(T), to show explicitly the approximation that we have used in equation (2.22).

A slowly-rolling scalar field on a potential, V(¢), is a key ingredient of a successful inflation
model, for to achieve the accelerated expansion of the universe the kinetic energy of ¢ needs to be
smaller than the potential energy (see Eq.(2.2)),

(%)’ <vio, ~

It then follows from this condition that the second-order time derivative, d?¢/dt?, needs to be

smaller than the potential slope, dV/d¢,

d’¢
dt?

av
o |’

These conditions provide us an useful scheme of approximation, the slow-roll approximation. The

(A.2)

approximation demands that the 1.h.s’s of the conditions be much smaller than the r.h.s’s.
The trace-part Einstein equation and the Friedmann equation give the exact relation between
the time derivative of H and d¢/dt,

2
C;—Ij e (@> . (A.3)
Hence, we obtain another form of the slow-roll condition, |dH /dt| < 4wGV (¢). In the slow-roll ap-
proximation, the dimensionless variables such as V =1 (d¢/dt)?, (Hdg/dt) = (d*¢/dt?), H=2(dH/dt),
and so on, are small order parameters which control the approximation.
By the physical requirement, the accelerated expansion of the universe, the slow-roll conditions
are defined by the time derivative with respect to the physical time, t. If we use the conformal

time, 7 (dr = a~'dt), then we have ¢ = a(d¢/dt), and

. . d*¢
d):aHgZ)—{—aQW, (A.4)
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where the dots denote the conformal time derivative: & = d¢/d7. In contrast to d2¢/dt?, ¢ is not so
small compared with dV'/d¢ because of the first term. From this, we obtain a rule for the slow-roll
analysis: evaluate the second- or the higher-order time derivative with respect to the physical time,
not the conformal time. Using this rule, we can use the slow-roll approximation consistently in the
conformal time coordinate.

Using the slow-roll approximation, we derive the approximation to the effective mass of scalar-
field fluctuations, mi, which we have done in chapter 2 (Eq. (2.22)). To derive

H d?(¢/H) 2V dH 2
we begin with
Hd$/H) H ¢ H($ H
At (S ) .
where
i Y b (@0
T = —aH — 87TGE =aH — 87TG% <W) , (A7)
¢ . v
g = 24°H? —2aH — QQW, (A.8)
b ¢
g aH + GQW. (A.9)

Here, to calculate ¢, we have used the Klein-Gordon equation for a homogeneous scalar field,
b+ 2aHp+ a%(dV/dg) = 0. These equations are exact.
We then neglect the higher-order slow-roll terms such as H? and (d%¢/ dt2)H , and obtain

Hd*(¢/H) [d*V , _dHY\ ,
—— ~ —2H*+5— . A.10
§  dr? b2 T (A.10)
Next step is to relate H to the conformal time, 7, through
dt da 1 a
= Z= ] = =__— _ [ da——. Al
’ / a / o’H H “aH)3 (A-11)

By rewriting the conformal-time derivative in the second term with the physical-time derivative,
[da(dH/dt)/(a*H?), and neglecting the higher-order slow-roll terms, we obtain the first-order
slow-roll correction to the conformal time,

1 dH/dt
aH aH3 "’

and hence H? ~ (a1)~! —2(dH/dt). Finally, substituting this for H? in equation (A.10), we obtain

(A.12)

T~

Hd*(p/H 2V dH 2
-3 (dT/2 ) <d¢2 +9E> - 5. (A.13)




Appendix B
Wigner 3-7 Symbol

In this appendix, we summarize basic properties of the Wigner 3-5 symbol, following Rotenberg et
al. (1959). The Wigner 3-j symbol characterizes geometric properties of the angular bispectrum.

B.1 Triangle conditions

The Wigner 3-j5 symbol,

Lo 1y Iy (B.1)
mi1; Mg M3 ’ '

is related to the Clebsh—Gordan coefficients which describe coupling of two angular momenta in
the quantum mechanics. In the quantum mechanics, [ is the eigenvalue of the angular momentum
operator, L = r x p: L?Y},, = I(I + 1)Y},,. m is the eigenvalue of the z-direction component of the

angular momentum, L,Y;,, = mYy,.

(—1)’“3( b b ) (B.2)

mip m2 —ms3

The symbol such as

describes coupling of two angular-momentum states, L1 and Ls, forming a coupled state, Lg =
Li + Lo. It follows from L; + Ly — Lg = 0 that mq + mgs — mg = 0; thus, the Wigner 3-j
symbol (B.1) describes three angular momenta forming a triangle, L1 + Ly + L3 = 0, and satisfies
m1 + mo +mg = 0.

Since Ly, Lo, and L3 form a triangle, they have to satisfy the triangle conditions, [L; — L;| <
Ly < L; + Lj, where L; = |L;|. Hence, Iy, I3, and I3 also satisfy the triangle conditions,

i — 1] <lp <1 + 153 (B.3)

otherwise, the Wigner 3-j symbol vanishes. The triangle conditions also include m 1 +ms+mg = 0.
These properties may regard (I, m) as vectors, 1, which satisfy 11 +15 +135 = 0. Note that, however,

L#1L
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For [1 = [ and m3 = 0, the Wigner 3-5 symbol reduces to

(—1)m< Lo ) GV (B.4)

m —-—m O V2041 ro-
In chapter 3, we have used this relation to reduce the covariance matrix of the angular bispectrum
and trispectrum. We have also used this relation to reduce the angular trispectrum for L = 0 (see
Eq.(3.27)).
B.2 Symmetry

The Wigner 3-7 symbol is invariant under even permutations,

<11 ly 13>:<13 l 12>:<12 I 11>’ (B.5)
mi1; Mg M3 ms3 mip M2 mo M3z 1M1

while it changes the phase for odd permutations if {1 + lo + I3 = odd,

(_1)11+12+13< bl 3 ) (B.6)

mip m2 ms3

_ <12 hL zg>_<11 I3 52>_<13 Iy z1>. B.7)
mo M1 M3 mi1 m3z Mo m3 Mg MM

The phase also changes under the transformation of my + mg + ms — —(my + ms + mgs), if

l1+ 1+ 13 =o0dd,

L o I3 = (1)t A l2 I3 (B.8)
mi1 Mo M3 —mi1 —mz —mMm3 ’ .

If there is no z-direction component of the angular momenta in the system, i.e., m; = 0, then the

Lol I3
B.9
(bt 39)

is non-zero only if [; + lo + I3 = even. This symbol is invariant under any permutations of [;.

Wigner 3-j symbol of the system,

In chapter 4, we have frequently used the Gaunt integral, G'}7"*", defined by
G = [ ARy (8)Yiama (8)Yigma ()

l1lol3
_ \/(211+1)(212+1)(2z3+1)<z1 Iy 53>

dm 0 0 0

x( bbb > (B.10)
mi1; Mg M3

to calculate the angular bispectrum. By definition, the Gaunt integral is invariant under both the
odd and the even permutations, and non-zero only if {1 + I + I3 = even, m1 + mg + mg = 0,
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and |l; — lj| <l < l; +1j. In other words, the Gaunt integral describes fundamental geometric
properties of the angular bispectrum such as the triangle conditions.
The Gaunt integral for m; = 0 gives the identity for the Legendre polynomials,

2
[% renene= (). (B.11)

In chapter 3, we have used this identity to derive the bias for the angular bispectrum on the
incomplete sky (Eq.(3.41)). Here, we have used

Yio () — ,/2141 Pi(cos). (B.12)

The Wigner 3-7 symbol has the following orthogonality properties:

l l l [ [ {
Z (2[3 + 1) ( ! 2 3 ) < ! 2 5 ) = 6m1m’16m2m’27 (B13)

/ /
lsms mi1 Mg M3 my Moy M3

! 0 ’5mm'
Z(ll lo l3><l1 ly l3>:M, (B.14)
203+ 1

/
My mi1 Mg M3 mip Mmz2 Mg

B.3 Orthogonality

and

or

2
Z( okl ) =L (B.15)

all m mip mg M3

The orthogonality properties are essential for any basic calculations involving the Wigner 3-7 sym-
bols. Note that these orthogonality properties are consistent with orthonormality of the angular-
momentum eigenstate vectors, and unitality of the Crebsh—Gordan coefficients, by definition.

B.4 Rotation matrix

A finite rotation operator for the Euler angles «, 3, and v, D(«, 3, 7), comprises angular momentum
operators,
D(a,B,7) = e~iolz gmiBLy g=ivLla (B.16)

Since the Wigner 3-j symbol describes coupling of two angular momenta, it also describes coupling
of two rotation operators. Using the rotation matrix element, Dgl),m = (l,m'|D|l, m), we have

() ) (13)* L Iy I3 L Iy I3
Dyt Doty = 223 +1) > Dyt ( ) ( . (B.17)

/ / /
13 m3m/3 ml m2 m3 ml m2 m3

In chapter 3, we have used this relation to evaluate rotationally invariant harmonic spectra. Note
that the rotation matrix is orthonormal,

S DU DO, = G (B.18)
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B.5 Wigner 6-; symbol

The Wigner 6-5 symbol,
li Iy g }
, (B.19)
{ oy 1y

describes coupling of three angular momenta. We often encounter the Wigner 6-j symbol, when we

calculate the angular bispectrum which has more complicated geometric structures (Goldberg and

Spergel, 1999). The angular trispectrum also often includes the Wigner 6-7 symbol (Hu, 2001).
The Wigner 6-7 symbol is related to the Wigner 3-j symbols through

o b V(b
B A A mi; mo m
1 by 13 1 2 3

- Z (—1)matmytmsg

all m/

Lol vl |/ B9
X m / _ ! _ ! !/ !/ _ ! ‘ ( * )

In appendix C, we use this relation to derive the angular bispectrum from isocurvature fluctuations
in inflation (Eq.(C.7)). By using equation (B.15), we also obtain

(_l)l’1+l’2+lg{ li Io l3} _ Z (_1)m/1+m/2+mé
all mm/

holh 0
(b b Lot
mi me Mms m1 mh —mh

1 l I I !
(ot ) (e ) o0
1 2 M3 my my M3



Appendix C

Angular Bispectrum from
Isocurvature Fluctuations

In this appendix, we derive the angular bispectrum from isocurvature fluctuations generated in
inflation. The mechanism of generating isocurvature fluctuations we consider here is that of Linde
and Mukhanov (1997): a massive-free scalar field, o, oscillating about ¢ = 0 during inflation.

Quantum fluctuations of o produce Gaussian fluctuations, do. Since there is no mean o-field
because of the oscillation about o = 0 in the model, the model predicts density fluctuations which
are quadratic in do:

5po ~ m?cdo +m*(do)? = m?(60)>% (C.1)

dpo is thus non-Gaussian. Moreover, since the energy density of o does not dominate the universe
during inflation, dp, does not perturb the spatial curvature, being isocurvature density fluctuations.

After inflation, dp, may produce the spatial curvature perturbations in the Newtonian gauge,
®, through the evolution. If dp, becomes dominant in the universe at some point, then the linear
perturbation theory gives ® = £(8ps/po)(a/aeq) in the radiation era, and ® = $(5p,/p,) in the
matter era (Kodama and Sasaki, 1984). ® then produces CMB fluctuations through the Sachs
Wolfe effect, AT /T = —2®. Since dp, is non-Gaussian, ¢ is also non-Gaussian, so is AT/T.

Our goal in this appendix is to calculate the CMB angular bispectrum from the ®-field bispec-
trum. We start with writing ® as a Gaussian-variable-squared in real space, ®(x) = 7 %(x)—(n?(x)),
where 7 is Gaussian. We have subtracted the mean from &, ensuring (®(x)) = 0. Transforming
®(x) into Fourier space, we obtain

3
w(k) = [ 555 e pn*(p) = 2)"6000 (100)). (€.2)

Using the 7 power spectrum, P, (k), we write the & power spectrum, Pg(k), as

3
Pah) =2 [ 85 PP, (). (©3)
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If we use a conventional power-law spectrum, Pg(k) o< k"%, then we find P, (k) o< k™~ 7/2. On
the other hand, quantum fluctuations of a massive-free scalar field give P, (k) fp=3+2m?/(3H 2),
where H is the Hubble parameter during inflation (chapter 2). It then follows from ® x dp, that
Py(k) o Py (k) oc k=3t2m*/GH?) “and n = 1+ 4m?/(3H?); thus, the model predicts a tilted “blue”
spectrum (Linde and Mukhanov, 1997).

The ®-field bispectrum is

@lRtI00) = (@05 k) [ 52 R0)

x [Py (k1 +pl) Py (k2 — pl)
+P, (k2 + pl) P, (ks — pl)
+5 ([ks + p|) Py (k1 — p[)]- (C.4)

The delta function has appeared in the formula to satisfy the triangle condition, k1 + ko + kg = 0.
Since we will work in harmonic space eventually, it may be useful to expand P, (|k £ p|) into
harmonic space,

Py(k£pl) =" P'Y (ko) Yiar(k) Yy (D). (C.5)
LM

The next step is to project the 3-dimensional ®-field bispectrum onto the 2-dimensional CMB
angular bispectrum. We write the harmonic coefficients of the CMB anisotropy, ay,, with ® and
the radiation transfer function, g1;(k), as

&k o
i = 47(=1)" [ 20K gn(k)Yis () (C6)
(2)
On large angular scales, the Sachs—Wolfe effect gives g1i(k) = —27; [k(70 — Tdec)], where 79 and 7qec

are the present-day conformal time and the decoupling-epoch conformal time, respectively. On
small angular scales, we need the full radiation transfer function for isocurvature fluctuations.

We then calculate (aj,m, @iym,Qizms)- A key point on calculations is to expand the delta function
in equation (C.4) into harmonic space with the Rayleigh’s formula. After lengthy calculations, we
obtain the CMB angular bispectrum from isocurvature fluctuations in inflation

8 o] o0
<al1m1 QAlymeo alsm3> = glmlézzzms g /0 7“2d7‘/0 dep Pn (p)

11151
Fhilals
> Tt

L
2 [ ~ . T
X;/o kidk Péz)(khp)grrh(/fl)Jl’l(/flr)(—Z)ll g
2 [ ~(_ . T
X;/o kidks PéL)(k2,p)ngg(k2)Jl’2(k27“)(—2)12 £

2 [ .
X;/o k3dks grig(ks) i, (ksr)
+(1-22<3)+ (1< 3,2« 1), (C.7)
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where g{f;;;?m and ]:l,lll?f.j‘ represent geometric structures of the bispectrum. They are written
21

with the Wigner 3-7 and 6-7 symbols,

mimams _ (2[1 + 1) (2[2 + 1) (2[3 + 1) 1 Iy I3 1 Iy I3
9111213 = 1 , (C.8)
™ 0 0 0 mi1 Mo M3

1
Flibls  _ @+ D@L+ DRL+Y) (L 1 3 h o I3
ol 4m 0 0 0 I I L
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Appendix D

Angular Trispectrum in Closed
Hyperbolic Universe

In this appendix, we derive the angular connected trispectrum in a closed hyperbolic universe. If
topology of our universe is infinite flat, then we can expand the harmonic coefficients of the CMB
anisotropy into Fourier series,

d*k
(2m)3

where ®(k) is the primordial curvature perturbation, and gr;(k) is the radiation transfer function.

(k) gmi(k) Yy, (k). (D.1)

Al = 471'(71)1/

Hence, statistical properties of aj,, take over statistical properties of ® directly; if ® is Gaussian,
then ay, is also Gaussian.

If topology of our universe is closed hyperbolic, then the relation between aj,, and ® becomes
(Inoue, 2001Db)

apm = Z (1) gri(V)m(v), (D.2)

where v = VA2 —1 is a discrete wavenumber, and new expansion coefficients, &, (), describe
eigenmodes in a closed hyperbolic geometry. The complex conjugate of &, is given by & (v) =
(=1)™&_m(v). Since a closed hyperbolic universe is globally inhomogeneous, &5, (v) is also a
function of observer’s positions and orientations in the universe. Inoue (2001b) have shown that
this property makes &;,,,(v) behave as if it were a Gaussian random number with the covariance
matrix diagonal,

(Eam )& () = (|Em ()* ) (=1)™ S0t 0, (D.3)

and <|§lm(1/)|2> o v~ 2, where the bracket denotes the ensemble average over observer’s positions
and orientations in the universe. Hence, in addition to ®, statistical properties of £, also affect
statistical properties of ay,,. If ® is Gaussian, then it follows from the relation among a,, ®, and
&im (Eq.(D.2)) that ag, comprises two independent Gaussian random numbers.
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The angular power spectrum, Cj, is given by
(1) = (Jam[*) = > Pa(v)ghilv ) {lem @), (D.4)

where Py (v)d,,, = (P(v)®*(V')). The ensemble average for ® is taken over initial conditions. We
should keep in mind that the ensemble average for &, is taken over all possible observer’s positions
and orientations in the universe. Hence, there exist those observers who measure C) different
from (C7) substantially. In other words, there exists theoretical uncertainty in (C;) arising from
uncertainty as to where we are.

We calculate the angular trispectrum from equation (D.2) as follows. We begin with

(@1, Oy Wyms Qgmy) =, 911, (V1) g1, (v2)gmi, (v)gmy, (va)
all v

X (P(11) P (v2) P (v3)P(ra))
X <§l17n1 (V1)5l2m2 (V2)€l3m3(7/3)§l4m41 (V4)> : (D'5)

If @ is Gaussian, then this equation yields 9 terms. First, we reduce the second line to

<(I)(V1)(I)(V2)(I)(V3)(I)(V4)> = P‘I:‘(VI)P<I>(V3)6V1V25U3U4
+Po (VI)P<I> (VQ) (61/11/35!/21/4 + 61’11/451/21/3) : (D'6)

We then evaluate the first three terms in the trispectrum:

> gri, (v1)gri, (V1) g (v3) g1, (v3) Po (1) Po (v3)

vivs

X [(&ymiy (V1)&1ams (1)) (€1gms (V3)E14ma (V3))

+ (&Gama (V1) E13ms (V3)) (E1ams (V1) &1umy (V3))

+ (&ama (V1) €14ma (V3)) (€1ams (V1) E1gms (v3))]
= (Ch,) (Cly) (=)™ ™ 61,1 61314Omy —ms Ormg —ms

+Ellz (_1)m3+m4 (51113512l45m1—m3 5m2—m4 + 6l1l4élgl35m1—m4 6mg —ms) 5 (D7)

where

i, = 3 Pt (0ot 0) (um ()

€1, () \2> . (D.8)

The first term in the r.h.s. of equation (D.7) is the unconnected term, while the second and third
terms are the connected ones. By collecting all the connected terms, we obtain

<allm1algmgalgm3al4m4>c
= Fl112(_1)7n3+m4 (5l1135l2145m1—m35m2—m4 + 5lll45l2l35m1—m45m2—m3)
+(2 < 3)+ (2 4).

Actually, the functional form of this equation is exactly the same as the unconnected terms, if
we replace 2F,;, with (Cy,) <Cl j>. Hence, by substituting 2Fy,;, for (Cy,) <C’l j> in the formula of
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the unconnected trispectrum (Eq.(3.25)), we find the angular connected trispectrum in a closed
hyperbolic universe

<i’}l§ff (L)>C = (=Dhts \/(211 +1)(2l3 + 1) (2F1,14) 01410151460
+(2L +1) (2F},1,) [(—1)l2+‘3+L5hlsélzl4 + 6111461213] . (D.9)

Unfortunately, the unconnected terms always contaminate the connected terms produced in a
closed hyperbolic universe: there is no non-Gaussian signal in the modes for which the unconnected
terms vanish. Since what we measure is the sum of the unconnected terms and the connected terms,
(C1,) <C’lj> + 2Fy,;, we have to subtract (CY,) <C’lj> from measurement to obtain 2Fj,;,. Although
F,1; is difficult to measure because of the contamination, if we detect non-Gaussian signals that
exist only in these limited modes (L = 0, or [; = ly = l3 = l4), then it may suggest that the universe
is closed hyperbolic.

The connected trispectrum for L = 0 contributes to the power spectrum covariance matrix
(Eq.(3.12)). Using our prediction for the connected trispectrum (Eq.(D.9)) for L = 0, we obtain
the power spectrum covariance matrix in a closed hyperbolic universe,

(CiCr) = (C){Cr) = 55 ((O)* + 2F) bwr + 2F. (D-10)

2
2041
The variance is amplified, and the off-diagonal terms appear in the covariance matrix; these prop-
erties may be used to search for a signature of closed hyperbolic geometry in the CMB angular
power spectrum covariance.



