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ABSTRACT

Cosmological inflation is the leading candidate for the origin of structure in the Universe. How-
ever, a huge number of inflationary models currently exist. Higher-order statistics, particularly
the bispectrum and trispectrum, of the primordial curvature perturbation ¢ can potentially be used
to discriminate between competing models. This can provide an insight into the precise physical
mechanism of inflation.

Current constraints on inflationary models using the amplitude fni of the bispectrum are
quoted for specific templates. This results in much of the inflationary parameter space remaining
unexplored. By utilizing the symmetries of the underlying quasi-de Sitter spacetime to construct a
generic ‘effective field theory’ Lagrangian with adjustable parameters, one can encompass many
single-field models of inflation in a unifying framework. In the first part of this thesis we perform a
partial-wave decomposition of the bispectrum produced at horizon-exit by each operator in the ef-
fective Lagrangian, which we use to find the principal components using a Fisher-matrix approach.
This allows us to probe much more of the parameter space. Cosmic Microwave Background bis-
pectrum data is used to estimate the amplitude of each component, which can then translated into
constraints on particular classes of single-field models. We consider the implications for DBI and
ghost inflation as examples.

In the second part of this thesis we extend the transport formalism, first introduced by Mulryne,
Seery and Wesley, to calculate the trispectrum generated during superhorizon evolution in infla-
tionary models with multiple fields. We provide transport equations that track the evolution of the
local trispectrum non-linearity parameters 7y, and gnp throughout inflation. We compute these

for several models as examples.
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INTRODUCTION

0.1 PrELUDE

We are living in a very exciting time, where it is possible to probe the very beginnings of our
Universe using sophisticated satellites and telescopes. The theory of inflation not only manages
to iron out the creases in the Standard Model of cosmology, but also offers a simple mechanism
to create the seeds of the stars and galaxies and is thought to be the source of the temperature
fluctuations in the Cosmic Microwave Background (CMB) radiation. Very importantly, inflation
makes some predictions that we are able to put to the test.

But the story doesn’t end there. Inflation is a stage in which the play and actors are unknown;
there are many different models of inflation, each with their own unique particles and interactions.
A tremendous theoretical and observational effort is underway to understand the precise details
of inflation by using even more intricate predictions to constrain these models. Not only will this
help shed more light on the early Universe, but it will also give us a greater insight into particle
physics at extremely high energies.

Inflationary models can be constrained using the statistics of the curvature perturbation £. The
predictions from the various inflationary models for the statistics of this observable are met with
precision measurements of the temperature and polarization of the CMB. By doing so, we aim to
understand the physical mechanisms that drove inflation.

In recent years, a great deal of attention has been focussed on using the higher-order statistics
of { to constrain the possible range of inflationary models, particularly the bispectrum and trispec-
trum. A reason for this is that the power spectrum, measuring two-point correlations of £, is not
sufficient to discriminate between the models.

One day we hope we will be able to pinpoint a single model for the origin of structure that
exactly describes our Universe. That goal is still a long way off, but in the last 20 years we have

made significant progress and so there is certainly reason to be hopeful for the future.
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“FEach piece, or part, of the whole of nature is always merely an approximation to the complete
truth, or the complete truth so far as we know it. In fact, everything we know is only some kind of
approximation, because we know that we do not know all the laws as yet. Therefore, things must
be learned only to be unlearned again or, more likely, to be corrected ... The test of all knowledge

is experiment. Experiment is the sole judge of scientific ‘truth’.” —Richard Feynman.

0.2 Hor Bic BANG cosMOLOGY

The Hot Big Bang (HBB) model has been so successful in describing the evolution of our Uni-
verse that it is now firmly established as the Standard Model of cosmology. Its foundations are
based on the premise that the density of the Universe is homogenous and isotropic with respect to
the largest scales, simply a restatement of the Cosmological Principle: that there are no preferred
locations or directions in the Universe. The HBB model posits that our Universe has expanded
and consequently cooled from an extremely hot, dense initial state. Underpinning this model is
substantial observational evidence. The first piece of compelling evidence came to light when Sli-
pher (1913) provided observational proof that the Universe was expanding, confirming that the
Universe must have been hotter and denser in the past.! Objects are redshifting away from us at a
rate of v = Hr, where v is the recessional velocity, H is the Hubble parameter and r is the physical
distance to the object. Recent measurements from the Planck satellite have constrained the age of
the Universe to be 13.82 Gyr (Ade et al. 2013a).

The HBB model also provides a mechanism to explain the formation of light elements in the
Universe, a period known as ‘Big Bang Nucleosynthesis (BBN)’ (Schramm and Turner 1998;
Pagel and Tautvaisiene 1995). From an understanding of nuclear physics a Universe that was hot
and dense at early times would have facilitated the formation of Helium and Deuterium among
several other elements, but in smaller quantities. As well as providing an explanation for how the

light elements were produced, it also predicts their observed abundances to a very high precision,

'The discovery of the redshifting of galaxies is often incorrectly attributed to Hubble. More information can be

found on this page by John Peacock: http://www.roe.ac.uk/ jap/slipher/.
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thereby supplying even further evidence in favour of the model. 2 The epoch of BBN is thought
to have occurred during the first few minutes after the Big Bang, when the temperature of the
Universe cooled sufficiently for protons and neutrons to bind into atoms.

Arguably the most successful prediction of the HBB model was the existence of ‘relic radi-
ation’ (the ‘afterglow’ of the Big Bang) permeating the Universe with a black body spectrum, a
result of photons decoupling from electrons 380,000 years after the Big Bang during an epoch
known as recombination. This Cosmic Microwave Background (CMB) radiation was first dis-
covered by Penzias and Wilson (1965) and has since been under intense study. By 1990, with
the data from the NASA satellite mission COBE (Fixsen et al. 1996), it was clear that a Universe
consistent with a Hot Big Bang could have produced it. The most recent measurement of its mean
temperature is 7p = 2.7255 +0.0006 (Aghanim et al. 2013), showing impressive uniformity to one
part in 103. The CMB has been shown to be isotropic, but assuming that we do not occupy a spe-
cial vantage point in the Universe then homogeneity can also be implied. Studying the statistical
properties of its temperature provides us with a wealth of data on the very early Universe. Com-
bining this with our understanding of high-energy particle physics gives us the unique possibility
to probe as far back as the very first few moments of the Universe, corresponding to huge energy
scales unattainable in terrestrial experiments.

Observations of the large scale structure in our Universe from galaxy surveys show that the
Universe is consistent with homogeneity and isotropy on large scales (Colless et al. 2001). These
observations have instilled confidence in the HBB model and as a result, we can use it as an arena
in which to conduct precision cosmology. The following section introduces the tools that are

needed in subsequent chapters.

Units.—The speed of light and Planck’s constant is set to unity throughout this thesis, c = = 1.
The reduced Planck mass is defined as Mp = (87G)~!/2, where G is Newton’s constant. We
adopt the metric signature (—, +,+,+). Greek letters {a, 8,7,. ..} are chosen to denote spacetime
indices, whereas lowercase Roman indices {i, j, k,. ..} are used to denote solely spatial indices.
An overdot denotes a derivative with respect to proper time, e.g. ¢ = da/df and a prime denotes
a derivative with respect to conformal time (defined by (18)), e.g. a’ = da/dn. In some cases we
denote a partial derivative with a comma 0X/dx* = 0,X = X ;, and a covariant derivative with a

semi-colon VX, = X,,. They are related via

X5 = X5 + T, x° (M

2The first success of the Hot Big Bang model was the striking agreement between the BBN prediction for the

primordial Helium abundance and observations (Burles, Nollett and Turner 2001).
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where I/} vp 18 the Christoffel symbol, which can be defined in terms of g, , the metric, as

1
F\flp = Eg'uo-(apgva + avgpo— - aO'ng) )

FLRW wmEeTrIc.—The background evolution of the Universe is given by the maximally-symmetric
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric, which has the appropriate form to de-
scribe a Universe that is homogeneous and isotropic on spatial 3D hypersurfaces of constant proper

time ¢ (Weinberg 1972)

ds? = —d* + a(r)? (d—r2 +r2(de* + sinzedtpz)) (3)

1 -Kr?

where r,0, ¢ are polar co-ordinates and K is a parameter that characterizes the spatial curvature.
It has the values {+1,0,—1} for an open, flat or closed Universe respectively. All of the time
dependence is encoded in the scale factor a(t), a function that increases with time due to the
expansion of the Universe, which we normalize to be one at the present epoch a(tg) = 1, where
t = to corresponds to the present day. The scale factor relates physical distance dr and comoving

(i.e. moving with the expansion) distance dx via dr = adx.

The Riemann (curvature) tensor is defined as

R’“yﬁa = aa]"v aﬁr#a + I“é_‘al—v -T* re . (4)

oBiva:
The dynamics of gravity in the Universe is described by the Einstein-Hilbert action

Sen = f d*xv—g ( MZR - A) (5)
where the quantity in the first square root is the determinant of the metric, g = det(gu,), R is the
Ricci scalar, the contraction of the Ricci tensor R, and A is called the cosmological constant.

The Ricci tensor is itself the contraction of the Riemann curvature tensor R, = RY . Including

upv-

matter, described by the action Sy, = f d*x+/=g L, the full spacetime action is given by

S = Sen + Sm = f d4x\/_( MER - A+ £M) (6)
Einstein’s field equations are derived by varying (6) with respect to the spacetime metric g,
yielding
1 1
Gy = Ry = 38R = —5 (T + Agy) (7)
P

where G, is the Einstein tensor. The energy-momentum (EM) tensor (also known as the stress-

energy tensor) defined by

0Ly
T,uv = 28 v +g,uv~£Ma (8)

characterizes the matter content of the Universe. The homogenous and isotropic components of

the FLRW Universe can be described by a perfect fluid® with an EM tensor in a generic inertial

3A perfect fluid defines one that is isotropic in its local rest frame so that 70 = 0.
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frame satisfying
" = (p+p)UHU" - pguy ©)

where p denotes energy density, p is the pressure and U (x,¢) is the fluid 4-velocity describing

the fluid flow. The EM tensor satisfies conservation of energy
T, =0. (10)
The first diagonal component of this equation is known as the continuity (or fluid) equation

((li—f+3H(l+w)p:O, (11)

where the equation of state is given by w = p/p. Integrating the continuity equation, assuming w

is constant,* gives

p o« a(t)_3(1+w), (12)

therefore we see that non-relativistic matter (w,, = 0), which includes baryons and cold dark
matter (CDM), dilutes with the expansion as the volume scale pp, o« a(t)™3. The equation of
state for radiation (photons and neutrinos) is wrg = 1/3 implying the energy density of radiation
redshifts as ppaq o a(t)™. A pure cosmological constant (vacuum energy), wa = —1 results in the
energy density remaining constant. Solving for the time-time component of the Einstein equations
gives the Friedmann equation, essentially an evolution equation for the scale factor
=t K. A (13)
3M;  a* 3
where the Hubble parameter H = d/a is the expansion rate. The present value Hy is measured
to be Hy = (67.4 £ 1.4)km S_lMpC_] (68%; Planck). Integrating (13) for matter, radiation
and vacuum energy domination respectively gives the solutions ap (f) o 1*/3, agq(t) o t'/? and
apn « exp(Ht). Combining the Friedmann equation with the continuity equation results in the
second Friedmann (acceleration) equation

a P A
—=——_(1+43w) + —. 14
a 6M1§( ) 3 (14

We can recast the Friedmann equation in terms of a density parameter € that is a ratio of the total

energy density to the critical density,

P K _p

-1= -1= = -1 15
3M}§H2 a’H? Perit ( )

where the critical density pcit = 3M§H 2. We can also write it as
Q) + Qg (1) = Qu(t) + Qrag (1) + QA (F) = 1, (16)

4In general, the equation of state is a time-dependent parameter.
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A

I For all other

where Qg (1) = —K/(a?H?) is the curvature density parameter and Q(f) =
types of matter ; = p;/pcric- In a flat Universe, where K = 0, the density is given by p = peit
and Q = 1.

The cosmological redshift z of a given epoch is defined as

ﬂobs =1+4+z= a(t()) ’
Aemit a(temit)

(17)
where Aepit i the wavelength of light that was emitted at femir and Aqps is the wavelength we
observe the light to have now. The wavelength of light stretches with the cosmological expansion
so typically Aogbs > Aemit- Using dr = adn we can define the comoving (particle) horizon n as the
maximum distance light could have travelled since the beginning of the Universe 3

2 da ody
’IEf (18)
0

@2H _ Jo a@)

where 7 is also often referred to as conformal time dnp = dt/a.6
The number of e-foldings N, as in the number of times the Universe expands by a factor of e,

between a scale factor a; at ¢; and a, at ¢, is defined as
12
sz@=j‘Hw (19)
ag 1

ScaLEs AND HORIZONS.—A physical length scale A can be written in terms of its wavenumber k,
as A = 2ra/k, where k~! is a comoving scale or “mode”. The Hubble radius, H~!, defines the
boundary of causal processes because it is an estimate of how far light can travel in a Hubble
time. 7 For this reason, we will use the term horizon and Hubble radius interchangeably to mean
H~'. 8 The region inside our horizon is often referred to as the “observable” Universe, which
is part of a much larger “unobservable” Universe that we are currently unable to communicate
with yet. Comoving scales that are inside the horizon are referred to as subhorizon, k > aH and
are in causal contact. Those modes that are outside the horizon are referred to as superhorizon,
k < aH. “Horizon crossing” is the point when a particular comoving scale passes outside the
horizon, which occurs at k = aH.

Despite its successes, the Hot Big Bang model leaves several important outstanding questions.
We discuss these in the next section, as well as introducing a speculative, but generally well-

accepted extension to the model that attempts to answer them.

5We have taken the beginning of the Universe to be a = 0. However, in practice our understanding of energy scales

above the Planck mass breaks down— corresponding to energy scales above 1.2209 x 101°GeV/c2.
5This coordinate is useful as it is comoving with the expansion.
7It can either be a distance or a time since we are using units where ¢ = 1.
8This horizon should not be confused with the particle horizon (18).
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0.3 INTRODUCTION TO COSMOLOGICAL INFLATION

The theory of cosmological inflation, a period of quasi-exponential expansion in the very early
Universe, was originally conceived by Guth (1981) as a means to resolve various puzzles regarding
initial conditions that cannot be explained by the HBB model alone. A number of other authors
were also working on the idea around the same time, including Brout, Englert and Gunzig (1978);
Starobinsky (1980); Kazanas (1980); Sato (1981); Linde (1982); Linde (1983); Albrecht and
Steinhardt (1982). This section will outline the motivations for inflation and give a brief overview

of the simplest slow-roll model.

0.3.1 MOTIVATIONS FOR INFLATION

Our Universe is observed to be flat, ® corresponding to K = 0. From (15) this corresponds to a
density parameter of Q = 1 today. However, the comoving Hubble radius (aH)~! increases as the
Universe evolves throughout matter and radiation dominated eras, i.e. our horizon grows with time
under the gravitational influence of matter satisfying the strong energy condition. Since Q is so

close to one today, (15) implies that it must have been extremely close to one at earlier times, be-

K

cause the GHY

term will always serve to drive it away from one as the Universe evolves through-
out the radiation and matter dominated epochs. Using the Friedmann equation (13) and (12) we
can see that

Q@) -1« Ka't3® (20)

This raises several related issues that puzzled cosmologists, broadly known as the flatness problem.
Why is the Universe so flat? Why is it flat at all? The Hot Big Bang model is unable to provide
answers to these questions.

A second problem with the HBB model is known as the horizon problem. Two photons sep-
arated by more than the comoving horizon size, given by (18), at decoupling, which corresponds
to an angular separation of about 2° on the current CMB sky if we assume the Universe has only
been radiation and matter dominated previously, could never have been causally connected be-
fore that time. Therefore they could not have equilibrated to the same temperature before they
were scattered at decoupling. Yet measurements from CMB experiments, such as the latest Planck

mission (Aghanim et al. 2013), revealed that the entire Universe is the same temperature to an

9100Qk = —0.101%-.6625 95% C.L. (Planck+lensing+WP+highL+BAO) (Ade et al. 2013b)
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exceptional accuracy, with an almost perfect black body spectrum. How could two photons that
have never been able to exchange thermal information have the same temperature?

There is also the problem of “missing” relic particles. These particles, which include magnetic
monopoles ('t Hooft 1974), cosmic strings, topological defects, gravitinos and many others, are
not detected in the Universe but are predicted by many particle physics theories, so where are
they?

The temperature of the CMB is very homogeneous and isotropic, but with variations of O(107)
from the average. These “fluctuations” are thought to be sourced from tiny perturbations in the
underlying energy density of the very early Universe. Also, looking at the matter in the Universe
today on the very largest scales we see that it is also very uniform, but with inhomogeneities on
the (relatively) smaller scales of stars, galaxies and clusters. The same primordial perturbations
that seeded the temperature fluctuations in the CMB are also believed to grow via gravitational
instability into the large scale structure we see in the Universe today and their origin cannot be
explained using the standard HBB model alone. Clearly, finding a theory capable of producing
these cosmological density perturbations is of fundamental importance to our understanding of the
Universe.

None of the aforementioned problems invalidate the HBB model and all of them can be simply
included in the model as fine-tuned initial conditions. However, from a physics perspective this is
unsatisfactory. The key issue is why do we have a Universe that is flat, devoid of relic particles and
smooth on large scales with small-scale inhomogeneities? We require a dynamical mechanism

capable of generating these initial conditions for the subsequent Big Bang evolution.

0.3.2 REQUIREMENTS FOR INFLATION

As Guth discovered, all of the above Big Bang issues can be elegantly resolved by inflation. It is
defined simply as a brief period in the very early Universe preceding the epochs of radiation and
matter domination, where the scale factor was accelerating, ¢ > 0, causing exponential expansion.
This would result in an approximately constant Hubble rate, H ~ constant, and the comoving
Hubble radius (aH)~! decreasing in time, unlike all other periods in the Universe’s history where
it always increases with time.
d (1

éi>0=>&(a—H)<() (21)

Normal matter obeys the strong energy condition, which states that p + 3p > 0. From (14) it is

clear that the behaviour of normal matter can only cause the scale factor to decelerate, therefore
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Figure 1: Behaviour of comoving scales throughout the evolution of the Universe

the substance responsible for inflation needs to have very different behaviour to ordinary matter,

i.e. a fluid that violates the strong energy condition.
i>0 = p+3p<0 (22)

Assuming that density is always positive p > 0, then it is a fluid with negative pressure that is
required to dominate the energy density in order to generate accelerated expansion.

By inspection of (15), one can see that an inflationary epoch can resolve the flatness prob-
lem since d@ > 0 and the consequent behaviour of the comoving Hubble radius will drive Q(r)
extremely close to one, making |€(¢) — 1| an attractor solution. As long as inflation lasts for a
sufficiently long time then Q(¢#) will not deviate very far from one for the rest of history to the
present day, therefore the current spatial curvature of the observable Universe will be very close
to zero, consistent with what we observe.

Inflation also solves the horizon problem since it allows for a microscopically small, causally
connected patch of the Universe, which was in thermal equilibrium before inflation, to expand to
a size larger than the current observable Universe. So for example, some generic cosmological
comoving scale k! that we observe to be entering our horizon now was at some time in the past
inside the horizon, but the shrinking behaviour of the comoving horizon during inflation caused
it to pass outside the horizon and is only just re-entering now. This can be seen in Figure 1.
This means, as a result of inflation, that all the photons that we currently “see” in the observ-
able Universe shared a causal past. Since they were in causal contact, they were able to share
information about their temperature and reach thermal equilibrium. As a result, they are naturally
all at the same temperature today, thus solving the horizon problem. So by invoking an epoch

of inflation prior to the onset of radiation- and matter-dominated epochs we circumvent the need
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to specify flatness, homogeneity and isotropy as initial conditions. Inflation can also solve the
problem of missing particles: the abundances of these particles will be diluted to such an extent
by the accelerated expansion during inflation that they would be difficult to detect in the present
Universe. However, one must be careful because inflation can actually lead to the production of
topological defects such as domain walls or particles as it ends in some models. This issue is
discussed in Sakellariadou (2008). Therefore the inflationary model must be chosen such that it
ensures that these particles or effects are not produced. Even though solving the problems with
the HBB model was the reason inflation was invoked in the first place, inflation itself requires a
degree of fine-tuning— avoiding the production of these particles being one of them. The problems
with conditions for inflation will be discussed further in §0.3.4.

Later on we will see how inflation also offers a natural explanation for the origin of structure
and the small anisotropies observed in the CMB. Now we are left with the task of finding a con-
sistent model that will give us all of the above desired outcomes. Below we present the simplest

model of inflation.

0.3.3 SCALAR FIELD INFLATION

Current observations suggest that the cosmological constant is very small. In the early Universe it
will have negligible effect on the dynamics, so when considering inflation we will set A = 0. Dur-
ing inflation, the curvature redshifts away after a few e-foldings, therefore in the rest of this thesis
we will also set K = 0. In order for inflation occur, the dominant component driving the energy
density has to be a substance with an equation of state w < —1/3. An ideal candidate with this
type of behaviour is a homogeneous scalar field ¢(¢). The hypothetical scalar field responsible for
inflation is dubbed the “inflaton”. The inflaton could be embedded in some high energy theory, but
for the purposes of considering the simplest case we can assume its presence and study its effects.
There are many different “models” of inflation that can all exhibit the appropriate inflationary
behaviour, but in some cases involve discernibly different physics. For example, different forms
for the self-interacting potential energy V (¢) of the scalar field correspond to different models of
inflation. Therefore inflation can be thought of as a framework containing thousands of models
that all satisfy the condition ¢ > 0. Our aim later will be to use observables as a way to constrain
these models in order to learn more about the dynamics of inflation. However, in the very simplest

case, the Universe during the inflationary epoch is thought to be filled with a single scalar field
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minimally!® coupled to gravity in curved spacetime, leading to the action (Maldacena 2003)

S = I f d*xv=g[M3R — (V)* — 2V ()] + 1 f d*x ViK, (23)
2 8 Jam

where the expression in the square brackets is the Lagrangian density £ = Lgg + L. The first
term corresponds to the Einstein-Hilbert term (5) and next two terms characterize the matter con-
tent, in this case assumed to be dominated by a scalar field. The last term is known as the Gibbons-
Hawking- York boundary term, where the boundary of the spacetime manifold M is denoted d M
and h,,, is the induced metric on the boundary. The kinetic term (V)? is known as a canonical
kinetic term. Any deviation from this form for the kinetic term is known as non-canonical. The
scalar field ¢ can be split into a homogeneous background value (), which is independent of
position, with a small, spatially-varying perturbation d¢(X,t), giving ¢(X,f) = ¢o(t) + dp(X,1).
The perturbations will be very important later on, but since d¢(x,t) < 1, the background evol-
ution of the scalar field can be considered without it. By minimizing the action, 6§ = 0, with
respect to the scalar field, we get the following equation of motion for the background component

of the scalar field
dVgo) _,

s , (24)

¢0+3H¢0 +

where the second term acts as Hubble drag, a friction term that acts to slow down the scalar field
as a result of the expansion of the Universe. On the assumption that all other components of the
Universe are negligible, the Friedmann equation can be written as

H? = %Mg (%9502 + V) . (25)
Differentiating this equation and using the field equation (24) we get an equation for the evolution

of the Hubble parameter
)
%o

= . (26)
2M3

Using (8) and the Lagrangian density £y = (V¢)? — 2V (¢) we can write the energy—momentum

tensor describing the scalar field as

1
T/.lV = y¢6v‘p — 8uv (E(V‘P)z + V(SO)) . (27)

0There are models in which the inflaton field non-minimally couples to gravity. Models of this kind will lead to terms
in the action of the form %Rgoz, where ¢ is the coupling constant describing the strength of the interaction between the
inflaton and gravity. For simplicity, the coupling is assumed to be small, so £ is set to zero and we say that the field is

minimally coupled.
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0.3.4 SLOW-ROLL CONDITIONS

Comparing the EM tensor for the scalar field (27) with the EM tensor for a perfect fluid (9) we see

that the energy density and pressure of the scalar field can be expressed as

1

P = 40" +V(p), (28)
L.,

Pe = %"= V(g (29)

where gbz /2 is the kinetic term and V (¢) is the potential energy. We can see from (29) that the
scalar field will have negative pressure whenever the potential energy dominates over the kinetic
energy

1
V(go) > §¢2, (30)

causing the inflaton to roll slowly, so that the kinetic term is not completely zero. This leads to
quasi-exponential expansion, sometimes referred to as quasi-de Sitter expansion. It is important
that the kinetic term is not exactly zero, which corresponds to a cosmological constant (a pure de
Sitter spacetime), because inflation would never end. 1! We also require that the inflaton accelerates

slowly in order for there to be enough inflation to solve the Big Bang problems

'—dV(""‘)) > 14l 31

de

Thus the inflaton potential is required to be nearly constant throughout inflation. Under these
approximations we can neglect the kinetic term in (25) and the ¢ term in (24), leading to the

following slow-roll equations

1
H? = —V. (32)
3M}
dv
3Hgy = -2 (33)
de
which we can use to define the following slow-roll parameters
H
€H = — ﬁ, (34)
and
€H
= . 35
=y (35
UIn the case where the kinetic term is exactly zero, (28) implies that the equation of state is precisely w = —1 and

therefore non-dynamical. We need the equation of state to be dynamical otherwise the Universe will continue to inflate

forever.
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The slow-roll approximation corresponds to eg < O(1) and |ny| < O(1). Inflation will occur
for eg < 1. The above parameters are written in the Hamilton-Jacobi formulation.'> We can also

write down potential slow-roll parameters

M2 V/ 2
ey = 71’ (7) < 0(1) (37)
and
2‘///
T]V:MP7 < O(]) (38)

This form of the slow-roll conditions is helpful because the effect of the potential on inflation is
made more apparent. We can see that ey characterizes the slope of the potential and 7y character-
izes the curvature. Therefore, if we assume that the inflaton is initially displaced from its potential
minimum then inflation occurs if the potential is sufficiently flat for a sufficient amount of time in
order to achieve enough observable inflation. In the slow-roll limit the slow-roll parameters in the
two formalisms are related by ey — ey and ng — nv — ey. Figure 2 depicts the behaviour of the
potential during a period of slow-roll inflation. It is the vacuum energy that drives inflation and
will result in all other particles diluted to negligible quantities. The simplest model of inflation

satisfying the flatness conditions (37) and (38) has the potential

Voo o, (39)

Models with a potential of this type are known as chaotic inflation, first proposed by Linde (1983).
Satisfying these slow-roll conditions requires a certain degree of fine-tuning of initial conditions to
ensure that the potential is flat enough that the scalar field is sufficiently displaced from its minima
to give the required amount of inflation. More sophisticated models of inflation may be embedded
in a high energy theory such as string theory, however, it still turns out that initial conditions need
to be specified. So even though inflation provides a dynamical mechanism to generate the initial
conditions for the Big Bang, it also requires us to specify initial conditions in order to obtain

enough inflation to solve the problems.

2]n single-field inflation we can think of the scalar field as the time variable, allowing us to write the Friedmann
equation as

3 1
H ()] - == H(¢) = ———V(¢), (36)
[H ()] e ) =-3 v ¢
which we now call the Hamilton-Jacobi equation. It enables us to consider the evolution of the scalar field in terms of
the more geometric quantity H (¢) instead of V (¢). This is known as the Hamilton-Jacobi formulation (Lyth and Liddle

2009).
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0.3.5 DURATION OF OBSERVABLE INFLATION

The amount of observable inflation can be characterized in terms of the number of e-folds between
when a scale k!, corresponding to the largest structures we see, leaves the horizon and the end of

inflation. Using the slow-roll approximation (32) we can write (19) as

8 Pend V
N=-T f — de, (40)
MP Pr—1 4

where ¢, -1 is the field value when k~! leaves the horizon and @end 18 the field value at the end
of inflation. To solve both the flatness and horizon problems requires approximately 60 — 70 e-
foldings of observable inflation to be compatible with current cosmological observations. Inflation
could have lasted longer than this, but 60 — 70 e-foldings of inflation ensures that any residual
spatial curvature or large-scale inhomogeneities will be on a scale well outside our current horizon
Hy !, which is our largest relevant cosmological scale. Observable inflation is usually is taken to

begin when the scale k~! ~ Hy ! leaves the horizon during inflation.

0.3.6 REHEATING

Inflation ends when the slow-roll conditions are violated, ey = 1. The scalar field will continue
to roll down the potential until it reaches the minimum. Here, a process known as “reheating”
occurs. The precise details of reheating vary depending on the model, but in all cases the aim
is to recover the Hot Big Bang. The oscillatory behaviour in the reheating minimum causes the
inflaton to redshift like matter. The coupling to other particles subsequently causes the inflaton to
gradually decay into the Standard Model particles thereby transferring all of its energy to reheat

the Universe.

0.4 CoSMOLOGICAL PERTURBATIONS FROM INFLATION

The section above introduced a mechanism that causes the background to inflate, provided the
potential stays sufficiently flat throughout, which solves the flatness, horizon and relic particles
problems. However in this simplistic picture, there currently exist no perturbations. One of the
main successes of inflation is its ability to provide a mechanism to generate the source perturb-

ations from which structures originate. Later on we will see that predictions from models of
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>

Pk Yend reheating

Figure 2: In single-field, slow-roll models of inflation the inflaton field ¢ slowly rolls down the potential with speed ¢. Observable
inflation commences when scales of cosmological interest leave the horizon. However, inflation could have begun much
earlier. Inflation ends when the inflaton reaches the minimum of the potential. There are small fluctuations d¢ about

inflaton’s background trajectory.

inflation can be met with precision measurements of statistical observables in the CMB. In this

section we will discuss how perturbations are generated in this simplest inflationary model.

0.4.1 QUANTUM FLUCTUATIONS

One of the central points in quantum field theory is that all fundamental particles are an epiphen-
omenon of its associated underlying quantum field permeating the entirety of space. Quantum
fluctuations correspond to a small change in energy or brief excitation of the field allowed by
the uncertainty principle AEAt =~ h/2n. Therefore for a very brief time At particles with energy
AE can pop out of the “vacuum” and will quickly disappear again so that if we averaged over a
macroscopic period of time we would measure only an effect on the zero-point energy, such as
in the Casimir effect. Ordinarily these transient oscillations occurring at a quantum level have
no physical relevance, other than this contribution that is of the form of a cosmological constant.
However, during inflation these fluctuations play a vital role in describing how the initial perturb-
ations formed.

On a classical level inflation acts to ensure that the horizon size at the end of inflation lies well
within a “smooth”!3 patch of the Universe in order to solve the problems with the Big Bang model.

However, it also results in tiny quantum mechanical fluctuations §¢ of some particular scale k!

B3]t is smooth in the sense that it is spatially flat, in thermal equilibrium and devoid of relic particles.
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in the nearly free!# scalar field to pass outside the horizon during inflation due to the characteristic
decreasing behaviour of the comoving Hubble radius.

Inside the comoving Hubble horizon (aH )~!, the modes can oscillate. However, as inflation
continues, these modes pass outside the comoving horizon. The speed at which the wavelength
of the fluctuation becomes much larger than the horizon is so rapid that the fluctuation cannot
propagate in order to disappear again before it is stretched out of the sphere of causality. It gets
stuck with a nonzero amplitude. The modes are believed to undergo a quantum-to-classical trans-
ition (Lyth and Seery 2008; Lyth 1985b; Guth and Pi 1985; Polarski and Starobinsky 1996).
Outside the horizon the commutator of the inflaton field ¢ and its conjugate momentum m goes to
zero, [, ] — 0, which is believed to be evidence for this classicalization process, allowing us to
measure field correlations that have a persistent value. These modes remain superhorizon for the
remainder of inflation and in the absence of other fields,'S can no longer evolve until they are able
to re-enter the horizon much later in the Universe’s evolution, where their fate lies as the “prim-
ordial seeds” that then evolve under gravitational instability into the observed perturbations. It is
the study of these perturbations that enables us to constrain the dynamics of inflation. The tools
that particle physicists have been using for decades will enable us to make detailed predictions of
inflation. The first authors that performed such calculations include Guth and Pi (1982); Bardeen,
Steinhardt and Turner (1983); Sasaki (1986); Mukhanov (1985) and Lyth (1985a).

0.4.2 PERTURBING THE ACTION

Now we are going to consider tiny perturbations in order to describe the small inhomogeneities
that we observe. As mentioned in the previous section, we can decompose the scalar field as
e(x,1) = @o(t) + op(x,t), where ¢((t) describes the background classical evolution of the field
and d¢(x,t) is a small perturbation. This is a fair assumption, given the very small size of the
inhomogeneities observed in the CMB. In the same manner as the scalar field, we split the metric
into an unperturbed and perturbed part. The unperturbed metric is just the standard FLRW metric
describing a flat, homogeneous and isotropic Universe. In conformal time dt = adn this can be
expressed as

ds? = a? (—dn2 + 6,-]-dxidxj) 41)

ADM FormarLism.— Due to coordinate reparametrization invariance associated with the action for

14A free field is non-interacting, i.e. only quadratic terms in the Lagrangian. The interaction terms, corresponding to

higher-order terms in the Lagrangian are responsible for non-Gaussianity as we shall see in the next section.
5We will consider more complicated scenarios later.
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the scalar field coupled to gravity, (23), there are other unphysical modes that can be “gauged
away” by an appropriate choice of foliation and threading. Choosing a foliation corresponds to
“slicing” our four-dimensional spacetime into three-dimensional hypersurfaces. The foliation and
threading that proves to be most convenient in this case is a 3 + 1 decomposition of the spacetime
into ¢+ = constant hypersurfaces. The threading in this case corresponds to the worldlines of

possible observers (Lyth and Liddle 2009). Each hypersurface has a spatial 3-metric
hij = Clz(t)ezl//é‘ij, (42)

where i is a scalar fluctuation in the metric. The proper time between slices is given by N dt. This
is known as the Arnowitt-Deser-Misner (ADM) Hamiltonian formulation and the proper distance

between coordinates (¢,x") and (¢ + dt, x' + dx’) on two generic hypersurfaces is given by
ds? = —N2dr* + hij(dx’ + Ndr)(dxd + N dr), (43)

where N is the lapse function and N/ is the shift vector, which we can think of as Lagrange
multipliers because they appear without derivatives (Arnowitt, Deser and Misner 2008a). We
see in the limit that we have no perturbations, ¥ = 0, N = 1 and N = 0, we arrive at the
standard background metric (41). We can then rewrite the action (23) in the language of the ADM

formalism as (Arnowitt, Deser and Misner 2008b)
1 y . y
=3 f VEINR® 2NV + N"UEEY — E}) + N™N (¢ = N'9;9)? = Nh79,00;¢]  (44)

where R® is the Ricci scalar on the spatial hypersurfaces, E;; = %(hl- i — ViN; = V;N;) and
E = El’ This action contains ten metric perturbations: one in N, three in N; and six in h;;,
and one scalar perturbation ¢. However, we shall see in the next section that they are not all
independent and eight can be eliminated by solving for the constraints. We will only be left with
one physical propagating scalar degree of freedom ¢, the curvature perturbation. There are also
two physically propagating tensor degrees of freedom that correspond to gravitational waves. They
decouple from scalar perturbations at linear order so they can be ignored in this calculation. We
consider tensor perturbations in §0.4.5. In principle there are also vector perturbations, but they
decay rapidly in an expanding Universe in the absence of a continuous source. The scalar degree
of freedom ¢ is split between the scalar field perturbation d¢ and the scalar metric perturbation
. This is a result of the energy density being coupled to the metric via Einstein’s equations, i.e.
any perturbation in the density is also going to induce a perturbation (scalar gravitational “back-
reaction”) in the curvature of spacetime. The density and curvature are uniquely related by the
gauge invariant definition (Bardeen 1980)

(=y -2 (45)
Jo
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Since the scalar field ¢ is the dominant contribution to the energy density p during slow-roll in-
flation, this equation can be written as { = ¢ — H %"0. The curvature perturbation £ is the true
physical degree of freedom, i.e. ¢ and d¢ don’t get independent quantum fluctuations: only the
combination ¢ gets an independent fluctuation. It is thought that all subsequent scalar perturba-
tions originated solely from this initial condition.!¢ It therefore completely describes the vacuum
fluctuations generated during inflation, which subsequently become classical perturbations after
they leave the horizon. ¢ enables us to track the subsequent evolution of the perturbations long
after inflation ends because in single-field models it is not affected by reheating. When the scalar
field decays, it transfers all its energy into radiation, but the gauge-invariant quantity { remains
constant and it is conserved on superhorizon scales!” (Bardeen, Steinhardt and Turner 1983; Lyth
1985b; Weinberg 2004; Lyth, Malik and Sasaki 2005; Rigopoulos and Shellard 2003).

The comoving curvature perturbation ¢ is an important tool for linking theory with observation
since it is possible to compare the correlation functions and other statistical observables predicted

from inflation with the observed ones, using data from the Cosmic Microwave Background.

CoNsTRAINT EQuaTions.—Varying (44) with respect to N and N gives us the familiar Einstein

energy and momentum constraint equations
ViINTN(E; - 6E)] =0 (46)

R® -2V - NXEEV - E*) - N72¢* =0 47)

Once we substitute these back into the action we will have successfully removed the metric per-
turbations associated with N and N;.®® The constraints N' and N; will remove eight degrees of
freedom in total giving us the result advertised in the last section, namely ¢ is the only true phys-

ically propagating scalar degree of freedom.

16This is only true if the perturbations are adiabatic, i.e. the relative perturbation dpx /px for all the components
of the Universe is the same, where X denotes the species. An adiabatic perturbation is a perturbation in the overall
energy density. Trivially this is true for single-field slow-roll inflation. However, if more than one field species was
present during inflation then you can get independent perturbations in all species. In general, there can be a relative
perturbation between the densities of different species, known as isocurvature perturbations or isocurvature modes,
defined as Sxy = 3H(6px/px — Spy/py). Different values of Sxy label different inflationary trajectories and

therefore will in general lead to different values for the final value of the curvature perturbation £.
7By the end of inflation, £ has a coherent value over a scale of ~ 60 Hubble volumes. Reheating is a local process

and can in principle be different within each Hubble volume, therefore it would be a violation of causality for the
physics within one particular Hubble volume to change the value of £. This implies that £ will be conserved. We have
assumed that there are no isocurvature modes present (Maldacena 2003). In the case of multiple fields, £ will in general

be time-dependent - see §0.7.2.
18We can do this because they are non-dynamical, i.e. they enter in the Lagrangian without derivative terms.
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CHoosiNG A GauGe.—However, we still need to fix a gauge as we still have some freedom in how
we choose our foliation of spacetime, i.e. our surfaces of constant time. A gauge is simply a
specification of a co-ordinate system and a gauge transformation encodes how to go from one
coordinate system (gauge) to another. We can choose to either have the single scalar degree of
freedom expressed in terms of the metric perturbation i, corresponding to spatial hypersurfaces
with uniform density 6p = 0, or in terms of a perturbation in the density 6p # 0, which corres-
ponds to spatially-flat hypersurfaces ¢ = 0. In the former case, the perturbation will manifest itself
as a perturbation in the intrinsic curvature R of the spatial slices, as it is related to  via (Wands

et al. 2000)

6K 12K 4

RY = — + —y + =Vy. (48)
a a

a2
It proves most physically intuitive to work in the comoving gauge corresponding to slices ortho-
gonal to comoving worldlines, i.e. in the local rest frame of the observer where the momentum
density Ty; is zero. This is physically equivalent to hypersurfaces of uniform density on superhori-
zon scales,” 6 p = 0 and 3-metric h;; = a’(1)e*s; ; from (45). Therefore, in the comoving gauge,
{ = and so characterizes the curvature to linear order (hence its name). There are many different
gauge choices, all with their own benefits. However, for the purposes of calculating observables
from scalar fluctuations during inflation it suffices to consider the comoving gauge or the spatially
flat gauge. Calculations in the comoving gauge can be tricky so we will sometimes find it simpler

to work in the spatially flat gauge, especially when considering multiple-field models.

Seconp ORDER AcTioN.— Choosing first the comoving gauge and by setting N; = 0;y + NTi (with
(9iNT" = 020 and N = 1 + N7 (Maldacena 2003), we can now calculate the constraints (46)-(47)

to first order, resulting in (Maldacena 2003)

N = £ ND = Oiy, where ¥ = £ + azﬁa_zf- (49)
H® e H 2H?

Then we substitute these into (23), expand to second order, integrate by parts and use the back-

ground equation of motion, (24) to get the second order action
; 2 (3
_ e acl [ L (602 — 2V — ) + 42 (L2 _ % o0
Sz—fdtdxae [H(6H 2V ¢)+4H2(2§ S (00) | (50)
By substituting in { = —vaVy2ey we arrive at the Mukhanov-Sasaki action (Mukhanov, Feldman
and Brandenberger 1992)

1 V44
Sms = 5 f dn d (v'2 _(9v)? - Z—v) : (51)
Z

When the momentum density Ty; = ¢0; ¢ is zero it implies that 9;¢ = 0 and so the scalar field takes a uniform

value on spatial hypersurfaces. This will only be true on superhorizon scales when pressure effects no longer contribute.
20Here, we have decomposed N; into a scalar, irrotational and vector part, divergent-free but ; only has 3 degrees

of freedom, so in order to write it like N; = 9;y + N; we need this extra condition.
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where z = aV2ey.

0.4.3 POWER SPECTRUM

Now that we have the second order action, we are in a position to calculate the two-point correlator.
We do this using the “in—in” formalism of quantum field theory that is discussed in more detail in

Appendix 1.A. The full Hamiltonian density for this system is
H=ni-L, (52)

where the canonically conjugate momentum is defined as

0
= —L (53)
74
The Hamiltonian density can be split into a free part and an interacting part
H = Ho + Hine (54)
where H) is the free Hamiltonian and contains only second order terms
1
Hy = 2ey | =72 + 2(90)? (55)
2 2
and Hiy involves the interaction terms. We can write Hin = — Line, Where Ly is the Lagrangian

density of the third order action, (93). Splitting the Hamiltonian in this way corresponds to the
interaction picture. It is a hybrid of the Schrodinger picture, where states evolve in time, and
the Heisenberg picture, where the operators evolve in time. The free part Hj describes the back-
ground which is well-understood, with Hi acting as a small perturbation to the time-dependent
background. It is possible to describe {7, where the subscript I denotes we are now working in the

interaction picture, by a superposition of harmonic oscillators?!

d*k .
an = [ Sames (56)

with each harmonic oscillator, or mode, {x characterized by a comoving wavenumber k.

Assume that whilst the modes are far inside the horizon k£ > aH and p — —oo, the short-
wavelength limit, the spacetime is to a good approximation flat Minkowski. This choice of vacuum
corresponds to the Bunch-Davies vacuum (Bunch and Davies 1978), which is annihilated by the

positive frequency modes £ | 0) = 0. To quantize {; we write

d + :
{r(x,1) = f W{az(k)uk(f) + aj (=kup (D)™™ = £F (x.0) + {7 (x.1), (57)

2This is possible because the evolution of {7 is determined by H which describes a free field.
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and
( t) f 71'3 { ( ) - (t) aT( k)u*(t)}el ’ (58)
1 ) (2 )3 al l( uk I k ’

where a; (k) and a;(k) obey the following commutation relations
lar(k).a; (k)] =0, [af(K).af(-k)| =0 [a;(K).a}(-K")] = @m)*6(k +K').  (59)

Switching to conformal time, i.e. dn = 1/adt, the linear order Mukhanov-Sasaki equation of
motion is
144

u + (k2 - Z—) = 0. (60)
Z

The solutions to this equation are called mode functions u (17). To find the correct normalization
for uy (1), remember the commutation relations between {; and its conjugate momentum 7; =
OHo/0¢ = 2eya® are

i

(1) (K )] = 5560k +K') (61)
where
£1(k,m) = ar (K () + af (K (1) (62)
and
(k) = (ar (Kuj, () + af (K (7)) - (63)

where we have transformed to conformal time and we are now working in momentum space.
Therefore by computing (61), we find that the mode functions must satisfy the following Wron-
skian condition

2ey @ (wx (muy’ (7) — u (M, () = i. (64)

We require oscillatory behaviour far inside the horizon when 7 — —oco. Therefore the fully nor-

malized Bunch-Davies mode function is

ur () = (1 + ikn)e~ 1. (65)

Evk3

In the limit corresponding to the Minkowski vacuum k > aH, the ikn term dominates and it
can be shown that the mode function has the required oscillatory behaviour (Chen 2010)
Hn
V46Vk

Therefore we can write the two-point correlation function of the curvature perturbation as

u () = — e ik, (66)

01 Zrk)¢r(k2) 1 0) O1 &7 &) + 7 )T (ko) + {7 (ko)) | 0)

H2
- Q)3 (1 = ikn) (1 + ik)é (ki + ko)
devk;

Py (k)(2n)*5(k; + ko) asnp — 0, (67)
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where the angular brackets denote a quantum expectation value, but outside the horizon we can
treat it as a classical ensemble average. The power spectrum of the perturbations is defined as

H2

— 68
46Vk3 ( )

Py(k) =

which is a measure of the variance of the fluctuations in Fourier space. It is often convenient to
define a dimensionless power spectrum

i3 H\? [ H\*
= o= (2] (2

7o) \or ©

k=k.
where we used the fact that ey = ¢§/2H2. The pivot scale k. is arbitrary and can be chosen for

convenience. The power spectrum is often parametrized by

ng—1+(1/2)(dn /dInk)In(k /k..)
) (70)

Prk) = As (k_*

dng

where n is the spectral tilt and g

is the running, which are defined below. In simple inflation
models, we assume we start with a vacuum state and therefore the outcome of the measurement
has a Gaussian distribution (Lyth and Liddle 2009). For purely Gaussian random fields, the modes
on different scales k are uncoupled and are only correlated via the reality condition ¢ = £*. All the
statistical information of the perturbation is encoded in the power spectrum, which implies that all
even higher order correlators are determined by (67) and the odd correlators vanish.?? (/) = 0 can

be chosen because it can always be absorbed into the unperturbed background.

0.4.4 SPECTRAL TILT AND RUNNING

The scalar spectral index is defined as

| dInPe(k))

~ — 2nvy. 1
Tk bey + 2nv (71)

k=k.

ng —

where the second equality was derived by Liddle and Lyth (1992). A spectrum is scale-invariant,
corresponding to ng = 1, if it is independent of wavenumber k. In this case it known as a Harrison-
Zel’dovich spectrum (Harrison 1970; Zeldovich 1970). Any deviation from ng = 1 describes a
tilted spectrum. The spectrum is referred to as blue if ngy > 1 and red if ny < 1. The simple

inflationary models discussed in §0.3.3 typically produce a slightly red spectrum of perturbations.

22A Gaussian field can be completely specified by its mean and variance, therefore we can only ever write higher
order correlators in terms of these variables. The variance corresponds to the two-point function, therefore all higher

order correlators must be in terms of the two-point correlator.
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The possible running of the spectral index is given by

dn 2 2
a; = dlnsk ~ =24ey + 16eyny — 2£4, (72)

where £2 is the second-order slow-roll parameter

e =mt (73)

0.4.5 GRAVITATIONAL WAVES FROM INFLATION

The perturbations described in §0.4.2 are a result of quantum mechanical fluctuations in the density
that have been magnified by an inflationary epoch. However, in the same manner, there will be
quantum fluctuations in the gravitational field that will also be amplified by inflation. They are a
key prediction of many models of inflation with Einstein gravity. The perturbed spacetime metric
is

guv = @ (N)[=dn® + (61 + yij)dx'dx’] (74)
where |y;;| < 1. The perturbations in the gravitational field, y;;, are known as tensor modes or

“gravitational waves” and are characterized by
Yij = 7+e;3 + 7><€,~>_<,~- (75)

The polarization tensors are given by e:.rjtx and the y, x are the two independent gravitational
wave amplitudes.

The power spectrum of gravitational waves is given by

2 H?> [ k\™
Pi(k)=——|— 76
where 7, is the spectral index of the tensor perturbations
dIn®; (k)
=——=x -2 77
n Ak €v (77)

The ratio of the spectrum of gravitational waves to the scalar perturbations spectrum is referred to

as the tensor-to-scalar ratio

_ Pk MZ(V_'

2
= = ~ 1 7
r P{(k*) P % ) 6€H ( 8)

The consistency relation r = —8n, applies for slow-roll. A value of r gives us an upper bound on
the energy scale of inflation since the power spectrum is only dependent on the expansion rate at

that time (Linde 1983; Lyth 1984)

V = (1.94 x 10'°GeV)*(r/0.12) (79)
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Figure 3: Artist’s impression of Planck satellite. Credit: ESA

The amplitude of the primordial curvature perturbation Ay, spectral index ng, running g and
tensor-to-scalar ratio r provide us with the necessary link between inflationary models and ob-
servations. All of these observables can be measured with exceptional accuracy using statistical
information encoded in the temperature fluctuations in the CMB. The values predicted by any
given model act as a “fingerprint” of that particular model and therefore allows us to constrain
models of inflation using data. In the next section we outline the observational bounds on these

parameters.

0.5 CURRENT OBSERVATIONAL CONSTRAINTS

The CMB is the oldest observable in our Universe. It provides a window into the Universe when
it was very young and has revolutionized our understanding of early Universe cosmology, partic-
ularly inflation.

We are now well into a era of precision cosmology where we can place constraints on the ob-
servables discussed above. The successor to the COBE satellite (Bennett et al. 1996) was WMAP,
which in 2012 released its final dataset after nine years of activity (Hinshaw et al. 2013) and
provided a huge amount of data. The ESA funded Planck surveyor satellite, shown in Figure 3,
provides the most precise data yet (Ade et al. 2013b). The improvement in their precision capabil-
ities can be seen in Figure 4. Due to the degeneracies in measuring cosmological parameters, con-

straints are normally combined with data from other experiments, such as BOOMERanG (Balloon
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Planck

Figure 4: Focus of satellites. Credit: NASA/JPL-Caltech/ESA

Figure 5: Planck. Credit: ESA

Observations Of Millimetric Extragalactic Radiation and Geophysics) experiment (Melchiorri et
al. 2000; Bernardis et al. 2000), Baryon Acoustic Oscillations (BAO) in galaxy distributions (Bas-
sett and Hlozek 2009) and supernovae surveys from the Hubble Space Telescope (HST) (Clocchi-
atti et al. 2006). Degeneracies occur as a result of several parameters having a similar affect on
the data, therefore making an independent measurement of a parameter from another experiment
can help break this degeneracy. For example, in Figure 7, we can see that the independent meas-
urement of r has helped break the degeneracy that exists between n, and r when only using the
Planck data.

The things we measure in the CMB are its temperature anisotropies. The latest full-sky tem-
perature anisotropy map from Planck is shown in Figure 5. The temperature fluctuations 67 /T

can be expanded in spherical harmonics (Gradshteyn and Ryzhik 2007)

A o  +C
(=1 m=—¢

where the a.,, are the multipoles measured in the CMB, Yz, (fi) and fi represents an orientation
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Figure 6: Power Spectrum from Planck. Credit: ESA

on the sky. The temperature fluctuations are thought to have originated as a result of the perturb-
ations produced during inflation. The observed multipoles are linearly related to £, the primordial

curvature perturbation, via

d3k N
dem = 4n(—D)' f Gy AL () () (81)

where A,(k) is a transfer function encoding the evolution of the perturbations from inflation to
the surface of last scattering. Therefore by measuring statistical observables of the temperature
fluctuations, we can derive strong constraints on the perturbations from inflation.

The power spectrum from Planck, shown in Figure 6, provides a wealth of information on the
Universe.?*> Here we will only focus on the constraints relevant for inflation. The amplitude of
the primordial curvature perturbation power spectrum (70) is very accurately constrained by the

Planck satellite to be (Ade et al. 2013b)

A = (2.23+0.16) x 1077, (82)

with pivot scale k, = 0.05Mpc~!.

be (Ade et al. 2013b)

The spectral index is constrained assuming no running to

ng = 0.9603 £ 0.0073 (68% C.L.), (83)

which is a 5.40 deviation from exact scale-invariance ng = 1. The bounds quoted on the running

23For more information, see the Planck results papers, which can be found at http://www.sciops.esa.int.
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Figure 7: 10 and 20 confidence limits for the spectral index versus tensor-to-scalar ratio, allowing running. We define rg ooz as the

primordial tensor-to-scalar ratio (78) at a pivot scale k.. = 0.002Mpc~!. Image credit: BICEP2 collaboration.

of the spectral index are
ay = —0.011 £0.008 (68% C.L.; Planck+lensing+WP+highL). (84)

A measurement of the tensor-to-scalar ratio r has been hailed a “smoking gun” for inflation be-
cause it is difficult to produce in non-inflationary models. It is extremely difficult to measure
because the amplitude of the power spectrum of tensor modes is so much lower than the power
spectrum of the scalar modes. Planck intends to measure r < 0.1. In early 2014, the Background
Imaging of Cosmic Extragalactic Polarization (BICEP2) telescope (Ade et al. 2014a; Ade et al.
2014b) detected a tensor “B”’-mode signal in the polarization of the CMB, measuring the tensor to
scalar ratio to be

r=02"9% (85)
disfavouring r = 0 at 5.90. Planck polarization data that is due to be released in late 2014 will

hopefully provide a confirmation of this result.

0.6 CONTACT WITH OBSERVATIONS

To recap, the simplest model of inflation involves
e asingle scalar field ¢

e slowly-rolling
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minimally coupled to Einstein gravity, described by the action (23)

canonical kinetic term

e beginning in the Bunch-Davies vacuum state (65)

a potential of the form (39)

As well as solving the problems with the standard Big Bang model, this simple model has very

clear predictions, which can be summarised as follows

e Perturbations that are almost scale-invariant (Bardeen, Steinhardt and Turner 1983)
e Perturbations that are adiabatic.
e The production of primordial gravitational waves

e The anticorrelation peak in the temperature-polarization (TE) cross-angular power spectrum
on large angular scales (I ~ 150) is evidence for superhorizon fluctuations, which strongly
supports an inflationary origin for the perturbations. (Bennett et al. 2003; Kogut et al. 2003;
Spergel et al. 2003; Peiris et al. 2003)2*

e Density perturbations that are Gaussian distributed

A huge success of inflation is that all but the last of the predictions above have been observationally
verified. The perturbations appear to be very consistent with Gaussianity (Ade et al. 2013d),
however there is still some possibility that this isn’t strictly true. Gaussianity is the default and
could be produced by a classical mechanism, e.g. perhaps a central-limit theorem-like effect.
However, if we detected a deviation from Gaussianity, this would provide strong support for an
inflationary (quantum mechanical) origin for the perturbations.

So far we have only considered the simplest inflationary model. However, there are many more
models that also predict values for these observables consistent with the current bounds. Any
modification to the simplest inflation model will typically result in microphysics that no longer
gives rise to purely Gaussian perturbations. They may predict some amount of non-Gaussianity, a
powerful tool that we can use to discriminate the microphysics of inflation.

Non-Gaussianity may be observed in the statistics of the CMB and therefore could potentially
offer a way to break the degeneracy between these models, giving an insight into the physics that

powered inflation. This will be the topic for the remainder of this thesis.

24During recombination, photons are interacting with free electrons via Thomson scattering. When two photons of
different intensities scatter with an electron at 90° the outgoing radiation has a net polarization. Measurements of this

polarization can be used in conjunction with the temperature data to further our understanding of inflation.
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0.7 GENERALIZED INFLATIONARY SCENARIOS

For the simplest models of inflation described above, the power spectrum, spectral index, running
and tensor-to-scalar ratio provides enough information to completely characterize the perturba-
tions arising from these models. However, if we consider more complicated models,?5 where one
or more of the simple inflation model requirements outlined in §0.6 is modified, the parameter
space which we can probe becomes richer. Considering different models is a very important task
for several reasons. As it stands, we have introduced inflation as an “add-on” to the standard Big
Bang cosmological model without really understanding how it started or why. A key motivation
for considering more complicated models is that they can be embedded in a high-energy theory,
such as string theory. With few exceptions (e.g. Higgs inflation (Bezrukov and Shaposhnikov
2008)), all inflationary models, including the simplest scenario, involve field theory beyond the
Standard Model of particle physics. Therefore inflation provides an excellent opportunity to probe
physics beyond our current understanding and at energies much higher than can be reached by
experiments on earth.

The simplest inflationary scenario may not necessarily be the correct one so it is important to
consider every possible model allowed by the data. There are many different classes of models
with wide-ranging inflationary dynamics. It is not our intention to provide an inventory of all
possible models here. Lyth and Riotto have an excellent review of particle physics models of
inflation (Lyth and Riotto 1999), though it is a little out of date. A slightly more recent review of
developments can be found in Alabidi and Lyth (2006).

Inflation model-building has been a very active area ever since its inception. Even with con-
straints on the observables from the CMB slowly ruling out models, there are still swathes of viable
candidates. To constrain the plethora of models on the market in a systematic way we can divide
them into different classes. Classes of models that will not be considered here, but are equally im-
portant, include quasi-single-field models (Chen and Wang 2010), non-trivial vacua models (Chen,
Huang et al. 2007; Holman and Tolley 2008; Meerburg, Schaar and Corasaniti 2009; Ashoorioon
and Shiu 2011), feature models (Wang and Kamionkowski 2000b; Chen, Easther and Lim 2007;
Chen, Easther and Lim 2008) and many, many more. Here we will consider two important classes
of models important for the work presented in this thesis. The first is the class of single-field mod-
els that have non-trivial kinetic terms. The second is a class of models with an arbitrary number

of fields present during the inflationary expansion known as multiple-field models. We will now

25Each model is essentially an effective field theory that applies during inflation.
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provide a brief introduction to both in turn.

0.7.1 GENERAL SINGLE-FIELD MODELS

Models with non-canonical/higher derivative kinetic terms are abundant in the inflationary literat-
ure and have been studied by many authors. Examples that have been proposed in this category
include ghost inflation (Arkani-Hamed et al. 2004), DBI (Alishahiha, Silverstein and Tong 2004),
k-inflation (Armendariz-Picon, Damour and Mukhanov 1999) and many more (Chen, Huang et al.
2007). Every model has a unique Lagrangian that characterizes the inflationary dynamics that al-
lows us to calculate their predictions in the same way as outlined for the simple model considered

above.

EFFECTIVE FIELD THEORY FOR INFLATION.— It was first pointed out in Cheung et al. (2008) that many
single-field inflation models can be described by one unifying effective field theory (EFT) Lag-
rangian. The EFT Lagrangian is constructed by allowing all possible operators that are compatible
with the resulting symmetries of an inflating background spacetime. Each of these operators comes
with a coeflicient that will determine its relative weighting. By adjusting these coefficients we can
obtain the limit corresponding to a particular existing single-field model, for example DBI or ghost
inflation. However, within the general framework of EFT these coefficients are free parameters,
therefore as well as encompassing models that have previously been well-studied, we also have
the capacity to probe regions of the large inflationary parameter space that lie out-with these spe-
cific realizations. Therefore the effective field theory for inflation is an insightful and efficient
method for studying single-field models. In Paper 1 we use the EFT approach in order to place
constraints on models in this class. The EFT approach does not include models with sharp features
or oscillations (Starobinsky 1992; Adams, Ross and Sarkar 1997; Adams, Cresswell and Easther
2001; Hailu and Tye 2007; Bean et al. 2008; Achucarro et al. 2011; Joy, Sahni and Starobinsky
2008; Hotchkiss and Sarkar 2010; Nakashima et al. 2011; Adshead et al. 2011). In this thesis,
we will only consider the effective field theory for single-field inflation. In multiple-field models
of inflation, the shift symmetry that organizes the operators in the effective field theory into an
expansion in powers of energy no longer holds due to the evolution of the perturbations outside
the horizon (Senatore and Zaldarriaga 2012). There are an infinite number of operators that could

be important at all energies, therefore the usefulness of the EFT approach is lost.
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0.7.2 MULTIPLE-FIELD MODELS

Multiple-field models were first considered by Linde (1985); Kofman and Linde (1987); Silk
and Turner (1987). Many high-energy physics inspired inflationary models contain multiple
fields (Linde 2006; McAllister and Silverstein 2008). For example the string theory landscape (Suss-
kind 2003) and super-gravity theories (Binetruy et al. 2004; Choi et al. 2004). In order to account
for multiple fields during inflation, we can generalize the scalar field Lagrangian (23) to give (Sa-

saki and Stewart 1996; Nakamura and Stewart 1996)

1

S=3 f d*x V=g[R = Gapdup® 0" ¢ — 2V (p)] (86)

There will also be generalizations of the background equations of motions and the slow-roll equa-
tions. The new fields lead to much richer dynamics. We recall that in single-field models, ¢ is
conserved on superhorizon scales. Since there is only one field ¢, there is only one inflationary
trajectory and a generic perturbation can be characterized by small shifts along the trajectory in the
1D field space. Perturbations along the trajectory are adiabatic as they only correspond to shifts in
the overall energy density. In multiple-field models it is not possible to describe a generic perturb-
ation purely in terms of an adiabatic perturbation. In general, there will be relative perturbations
between the densities of the different fields, i.e. non-adiabatic, or isocurvature, perturbations. As
an example, consider a two-field model with fields ¢ and y and field perturbations d¢ and J y
respectively. The background trajectory (shown in purple) through the inflationary field space for
this model is depicted in Figure 8. It is convenient to decompose a generic perturbation into a basis
with a component along the trajectory and orthogonal to it. By definition, the adiabatic perturb-
ation do,q is the component of the perturbations along the trajectory. Isocurvature perturbations
00iso are defined to be orthogonal to the adiabatic (curvature) perturbation. This component rep-
resents a displacement onto a different trajectory. Comparing with the earlier definition in §0.4.2,
adiabatic perturbations have no relative perturbation between the fields ¢ and x, Sy, = 0. Iso-
curvature characterizes relative perturbations between species, i.e. Sy, = d¢/¢ —ox/x # 0.
Isocurvature modes, if present can have a large effect on the evolution of the perturbations and
significant non-Gaussianities can be sourced. They can transfer power to the adiabatic mode on
superhorizon scales, resulting in non-linear evolution. One also must careful to track this non-
linear evolution potentially through reheating (a review of multiple fields and reheating can be
found in Bassett, Tsujikawa and Wands (2006)) and beyond, as { may continue to evolve sub-
stantially through the post-inflationary epoch, until all isocurvature modes have decayed. This is

referred to as the adiabatic limit (Elliston et al. 2011). Planck and its predecessors have found
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Figure 8: Phase space for a two-field inflationary model, where y and ¢ correspond to the active fields. Adiabatic perturbations are
defined as those tangent to the ‘phase space flow’, i.e. the trajectory through the phase space. Isocurvature perturbations

are orthogonal to the trajectory. Adapted from Gordon et al. (2001).

no evidence for isocurvature modes at the epoch of recombination (Ade et al. 2013c) therefore all
isocurvature modes must decay before that time. In Paper 2 we use non-Gaussian observables to

constrain multiple-field models of inflation.

0.8 NoN-GAUSSIANITY

Non-Gaussianity has received a great deal of attention in recent years due to its potential ability
to break degeneracies amongst competing inflationary scenarios (Komatsu, Afshordi et al. 2009).
Different models of inflation predict different levels and shapes of non-Gaussianity therefore, by
making a precise measurement of it, we can potentially discriminate between them. Planck has
been able to place very stringent constraints on non-Gaussianity (Ade et al. 2013d). A free field
theory predicts a Gaussian spectrum of quantum fluctuations. A non-Gaussian signal may there-
fore allow us to investigate the microphysics of inflation much more thoroughly. A significant
detection of primordial non-Gaussianity would rule out all canonical slow-roll, single-field mod-
els (Maldacena 2003), which would imply that much richer physical dynamics were at work during
the inflationary epoch.

First introduced in Allen, Grinstein and Wise (1987) and worked on by several other au-
thors (Falk, Rangarajan and Srednicki 1993; Gangui et al. 1994; Wang and Kamionkowski 2000a;

Salopek and Bond 1990), non-Gaussianity became firmly established in the field of inflation after
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Figure 9: (a) Equilateral (b) squeezed and (c) folded shape configurations.

a ground-breaking paper by Maldacena (2003). The observationally relevant deviations are those
that occur on the level of the three-point function and four-point function, known in Fourier space

respectively as the bispectrum and trispectrum.

0.8.1 BISPECTRUM

For a Gaussian field, the three-point function vanishes by the rules of Gaussian statistics (Lyth and
Liddle 2009), therefore we can use it to determine deviations from Gaussianity. It has the general

form

(k) (k)L (k3)y = (271)°6° (ki + ko + k3) By (k1 k2, k3) (87)

where the §-function imposes the triangle closure condition. We can consider various triangular
momentum configurations. Common choices are: where the momenta are all approximately equal
ki1 = ky = k3, known as the “equilateral” limit; where one of the momenta is taken to zero k; <«
ko = k3, dubbed the “squeezed” (or local) limit and the limit where k| ~ 2k, ~ 2k3, the so-called
“folded” (or flattened) configuration. These are shown in Figure 9. However, generally there are
many different shapes of non-Gaussianity depending on the overall dependence of By (k1, k2, k3)
on the momenta. We discuss shapes further in §0.8.2. For convenience when making contact with
the data, standard templates are traditionally considered. A popular choice is the local template,
given by

Bi?cal(kl,kz,kg) = g ll\?f“l [Pg(kl)Pg(kz) + cyclic permutations.] , (88)

where fll\?]fal is a non-linearity parameter associated with the bispectrum. It is essentially a num-

ber that represents the amplitude of non-Gaussianity. Non-Gaussianity of this sort peaks in the
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squeezed configurations. Other choices include the equilateral template (Creminelli et al. 2006)

. - 1 1 1 2
Bequﬂ.(kl ky. k3) = 6A2fequ1( B _ _ _ + [ + Sperms]) (89)
: >k, NL 3.3 3.3 3.3 21212 213 ’
kiky kiky  koky o kikyks o Lkikgky

which has its dominant contribution in equilateral configurations, the flat template (Meerburg,

Schaar and Corasaniti 2009)

1 1 3
B (ky, ko, k3) = 6A2 ﬂat( + + + - [ +5perms]) (90)
4 > e NL 313 313 313 21,2712 3 ’
L S S S S =) =) SR § Y = &

that has its maximal amplitude in the folded/flattened triangular configuration and the orthogonal
template (Senatore, Smith and Zaldarriaga 2010)

3 3 3 8,3
313 313 313 21,212 213
BB KB KR Kk

B8 (ki ka, k3) = 64 ;ﬁhO( - + sperms), (91)

which peaks in the both the flattened and equilateral limit. Constraints on fni are typically quoted
for these templates. The latest constraints are quoted later in §0.8.7. The definitions above assume
that fnr is scale-independent, however it could have a weak scale-dependence offering even more

discriminating information. This situation is discussed in Byrnes, Gerstenlauer et al. (2010).

0.8.2 BISPECTRUM SHAPES

We can define a shape function as

By (ky, ko, k3)

Sys(ky, ko, k -
¢k k2. ka) Brer(k1, ko, k3)

92)

where Bief(k1, k2, k3) is an arbitrary reference bispectrum. Plotting the shape of the bispectra can
be a useful tool for visualising the different types of interactions occurring. In what follows we will
choose the reference bispectrum to be the constant bispectrum B™'(ky, ky,k3) o 1/(k 1kak3)?.
Defining the axes x = k;/k3 and y = k»/k3 and normalising the shape function to be 1 when it re-
sembles the equilateral configuration, the 3D function we plot is x2 yzB(x, v,1)/B(1,1,1) (Babich,
Creminelli and Zaldarriaga 2004; Chen 2010). As an example we show shape plot for the equi-
lateral template in Figure 10. The shapes can also be plotted with a different parametrization

discussed in Fergusson and Shellard (2009).

0.8.3 CALCULATING THE BISPECTRUM: SUBHORIZON SCALES

In this section we will first revisit the simplest inflationary model (single-field, slow-roll, Bunch-
Davies vacuum, Einstein gravity and canonical kinetic terms) and calculate its three-point function

using the approach discussed in §0.4.3 before considering more complex scenarios.
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Figure 10: Shape plot of the equilateral bispectrum template (89). Shape peaks when all the k’s are equal.

TaRD OrRDER AcTioN.—To0 calculate the three-point function we will first need to calculate the
action to third order, which can be obtained by plugging (49)2¢ into the action (44). Working in

the comoving gauge the action to third order in the perturbations is given by (Maldacena 2003)

3 = f dt & @® |40 - 2a€4{(00) (W) + aey(30) + gevﬁgzg‘

1 oL
+ = Nacapory + Lo @w)?] + 2102 (93)
2 a 4a 74
where the first order equation of motion is
oL .
5 = @evd) - evd’s (94)

and

1 . 1
F©) = 10+ 8+ s [(90) + 072000169,
1

2a’H

+

[(00)(@w) - 072(8:0;(8:¢0;))| . (99)

where 9~ is simply given by k=2 in Fourier space. We are now in a position to calculate the three-
point correlator using (93). As with the calculation of the two-point function, we make use of the
Schwinger-Keldysh “in—in” formalism. This procedure is detailed in Appendix 1.A where we
give an explicit calculation of the bispectrum arising from the effective field theory action (Bartolo
et al. 2010). Since conservation of the curvature perturbation on superhorizon scales implies that
the correlation functions also remain constant, it suffices to compute the correlation functions at
horizon-exit.

The final result for the three-point correlation function of the comoving curvature perturbation

26The higher order terms in N and N; do not contribute, as in the second order case.
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in the simplest, singe-field, slow-roll model is found to be (Maldacena 2003)
H* 1 1
M} (kikaks)? 42,

[%Zk?+%V(—Zkf+2kik;+k%2ki2k?)],

i#j i>j

(£ (1,00 (k2,0){ (k3,0)) =(271) 6 (ki + ko + ks)
(96)

where k; = ki + ko + k3. From (68) and (88) it can be shown that this is proportional to a slow-roll

parameter

local

N~ O(ev,nv). (97)

This suggests that no large non-Gaussianity can be generated in the simple inflation model (Ac-
quaviva et al. 2003; Maldacena 2003). However, single-field models with non-canonical kinetic
terms or having a violation of slow-roll for a period of time may produce detectable amounts of
non-Gaussianity with a peak in the equilateral configuration. This is a result of the non-standard
kinetic terms, which tend to produce large interaction terms at the horizon. Since in single-field
inflation there is no significant interaction between subhorizon and superhorizon modes, the only
modes that can participate in these interactions are the modes that cross the horizon at the same
time, where they will have similar wavelengths k; ~ ko ~ k3, corresponding to a peak in the

equilateral configuration (Chen 2010).

Gauce cHoIcEs.— Alternatively we can choose to calculate the correlation functions in the spatially-
flat gauge in which we set ¢ = 0 on the hypersurfaces of constant time. Therefore the perturbation
will manifest itself as a perturbation in the scalar field, ¢ = ¢@ + §¢ and the metric will just be

given by the usual background 3-metric
hij = az(d,-j) (98)

Sometimes this gauge will be more convenient, as it is technically simpler. However, it is not
possible to completely specify the perturbation in terms of the scalar field without any effect on the
metric. The perturbation will manifest itself as a “back-reaction” via the shift and lapse functions,

N and N;, ie.

N =1+a(5p) (99)
N; = b(6¢) (100)

hij = az(t)éij (101)
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However, in the comoving gauge, the perturbation manifests itself as follows

N =1+ c(6y) (102)
N; = d(5y) (103)
hij = a*(t)e* &, (104)

where a, b, c and d are functions. Therefore, in single-field inflation, in the comoving gauge we can
fully describe the perturbation solely in terms of the metric without having to consider any effects
in the inflaton field ¢. This is a key advantage of working in the comoving gauge when considering
models with only one field. However, the spatially flat gauge and the comoving gauge are related
by a gauge transformation given to first order by (45) and all the results that we outlined above
can also be derived in the spatially flat gauge (Maldacena 2003). The spatially flat gauge is useful
when considering multiple fields because it is easier to keep track of isocurvature perturbations.
It has been shown that the non-Gaussianity generated on subhorizon scales in multiple-field
models is also negligible (Seery and Lidsey 2005). However, since ¢ is no longer conserved on
superhorizon scales, this can lead to a significant amount of non-Gaussianity. It is possible to
extend the in—in calculation for multiple-fields to later times, such as the end of inflation. How-
ever, there exist much simpler methods for calculating the level of non-Gaussianity generated on

superhorizon scales that we introduce in §0.8.5.

0.8.4 CONSISTENCY CONDITION

In the squeezed limit, k; < k» =~ k3, k; will cross the horizon much earlier than the other two
modes. As described in §0.4.1, when a mode passes out of the horizon, it WKB classicalizes.
Therefore it will just perturb the background and change the time the other two modes cross the
horizon by dt, = —{1/H since it merely amounts to a rescaling of the scale factor (Maldacena

2003). We deduce that

1d
()l ()L (k3)) ~ (L (k)L (k) )y (L (K2 (K3)) (105)

where >« signifies evaluation when kj left the horizon and * signifies evaluation when k, and k3

left the horizon. Using (71) and rewriting d Ink = Hdt we can write?’

_ dIn(Py(k))
- dlnk

ng —

1d *
~ =2y = bey = = In (L (k¢ k) [ (106)

27k = aH, sodInk = dlna + dInH, but H ~ const. during inflation. Therefore we see that d Ink = d(li%dt = Hdt.
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Rewriting the logarithm we see that

1d
7 q; G k)L(ks)) = (ns = DXL (k)L (k3)), (107)

and substituting this into (105) we get a consistency condition (Maldacena 2003)

(kD) (ko)L (k3)) ~ 2m)°8(ky + ka + k3) (6ey — 2nv) P (k1) Py (k). (108)

This relation must hold for single-field inflation and rules out models with single fields if it is
not satisfied. Unfortunately, observing a very long wavelength mode is severely constrained by

cosmic variance.

0.8.5 CALCULATING THE BISPECTRUM: SUPERHORIZON SCALES

In multiple-field inflation there can be non-linear evolution on superhorizon scales that is local in
space and therefore non-local in momentum space (Huston 2010), and which peaks in the squeezed
configuration k| < kp =~ k3.

The most natural form for local non-Gaussianity is (Gangui et al. 1994; Verde et al. 2000;
Wang and Kamionkowski 2000b; Komatsu and Spergel 2001)

3 oca
g:gg—gll\ml*gé (109)

where {,, is Gaussian and * denotes a convolution. This comes from performing a Taylor expan-
sion about {, for superhorizon evolution in single-field inflation, where we have also assumed that
the background is an attractor.?® This form for the non-Gaussianity leads to a bispectrum of the

form of (88). The factor of 3/5 is historical.

0N metHOD.— The separate universe assumption is a useful approach that enables us to invoke
the 6 N formalism that we will describe in this section. It simply states that at each spatial point,
the local? evolution can be approximately described by that of an unperturbed Universe on su-
perhorizon scales k < aH (Lyth 1985b). This is because once each point has been smoothed
on a certain comoving scale k', it will have negligible spatial gradients and therefore will be
homogeneous. By also assuming local isotropy we are able to treat each position in the observ-
able Universe as a separate universe, thereby greatly simplifying the superhorizon evolution of

the perturbations (Lyth 1985a; Lyth and Rodriguez 2005b; Starobinsky 1985).

28This occurs when the fluctuation in 7 is determined by the fluctuation in ¢
2L ocal refers to a region that is smaller than a certain smoothed patch, but adequately larger than the largest cosmo-

logical scale, Hy’ L
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Figure 11: SN is the perturbation in the number of e-foldings from a spatially-flat slice ¢ = 0 to a comoving slice ¢ = 0.

Invoking the separate universe assumption, the number of e-folds N between a perturbed scalar

field (spatially flat) hypersurface and a hypersurface with constant scalar field (comoving) is
ON = N(t,x) — No(1), (110)

where Ny(¢) = In [%] The perturbation in the number of e-folds between two generic slices

W (x,t2) and Y (X,17) is

15
0N (X) = 6f ld—aa’t =y (X)) — Y (X,t). (111)
a dt

3]
If we start from a spatially-flat slice ¥/ (x,¢;) = 0 after the modes of cosmological interest have
crossed the horizon and choose to end on a comoving slice (where ¥ = £ from (45) since there is

no perturbation in the density), then we see that

{(x,1) = ON(X,t) = N(X,t) — No(t), (112)
schematically depicted in Figure 11. Expanding { as a Taylor series we get

{ = Nyope + %Naﬁ5¢a5tp’3 +... (113)

where N, = (ON/d¢,) etc. The first term in this expansion is precisely the gauge transformation
we encountered in (45), defined on a flat slice, namely { = N,d¢, = —H % (Wands 2010).

Therefore we can write the two-point correlation function as (Chen 2010)

(€ (x1){(X2)) = No Np(dpa (X1)0¢p(X2)), (114)

Writing the three-point function in Fourier space we get (Lyth and Rodriguez 2005b; Seery and
Lidsey 2005)

(¢ (k) (k) (k3)) =NoNg N, (6¢a (K1)dgp(ka)dpy (Kk3)) a1s)

1
+ ENalazNﬁN)/(((S‘pa] * 0¢qa,)(K1)opg(K2)dp, (K3)) + 2perms.,
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where the first term corresponds to the intrinsic non-Gaussianities. In standard single-field infla-
tion, the non-Gaussianity from both these contributions were of the same order (Maldacena 2003),
with neither contribution generating a detectable amount. However, multiple-field inflation can
generate a significantly large amount of local non-Gaussianity from superhorizon evolution due
to the presence of other light fields generating non-linearities. Assuming that field perturbations
on the initial slice (at horizon-exit) are Gaussian, the first term in (115) will remain negligible
~ O(ey,nv) (Zaballa, Rodriguez and Lyth 2006; Vernizzi and Wands 2006). Therefore we can

write the three-point correlation function as (Lyth and Rodriguez 2005a)

1
()l (k) (k3)) = 5 Naiay NgNy ((0¢a, * 0¢a,) (K1)0pp(K2) Oy (K3)) + Zperms..  (116)

With this assumption we can write

5 Ny NgNP

=S N (117)

NL

The 6 N method can only be used to compute correlation functions analytically in a few special
cases such as separable potentials. In all other cases, the calculations must be performed numer-
ically. The drawback of 6N is that the calculation of the N-derivatives relies on extracting finite
differences, which can quickly lead to large numerical errors if computing correlation functions

for a large number of fields.

TrANsPORT METHOD.— The transport method introduced by Mulryne, Seery and Wesley (2010);
Mulryne, Seery and Wesley (2011) offers an alternative to computing correlation functions on
superhorizon scales. The transport equations evolve the correlations of the field fluctuations d¢,
which involve straightforward ordinary differential equations, and therefore does not suffer as
much from numerical inaccuracies associated with the partial derivatives of the ¢ N formalism. The
gauge transformation to express these correlation functions in terms of £ is then simply performed
at the time we want to calculate the observables. It has a wide variety of applications. It can
compute two- and three-point functions (Mulryne, Seery and Wesley 2010; Mulryne, Seery and
Wesley 2011), as well as track the evolution of the spectral index (Dias and Seery 2012) and
running (Dias, Frazer and Liddle 2012). It can even be extended to compute n-point functions on
sub-horizon scales (Mulryne 2013). In Paper 2 we introduce the method in detail and demonstrate

how it can be used to compute the trispectrum non-linearity parameters discussed below.
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0.8.6 TRISPECTRUM

As well as the bispectrum, the trispectrum can be used to quantify some deviations from Gaus-
sianity. The four-point correlator is non-zero in the Gaussian case, but in the non-Gaussian case it

will have an additional contribution (Zaldarriaga 2000)

(KDL (k)L (k3) L (Ka)de = 2m) 6% (ki + Ko + ks + ko) Ty (118)

where the subscript ¢ denotes the connected part and 7 is the trispectrum, which for local non-

Gaussianity can be written in the form

Ty (K1, ko, ka,Ke) = L | P (k13) Py (k3) P (ks) + 11 permutations.

4
+ ;—SgNL | Pc(k2) P;(k3) P (ks) + 3 permutations.| . (119)

where k14 =| k1 + K4 |. 7nL and gnp are non-linearity parameters associated with the trispectrum.
They each have a distinct k£ dependence.

All of the techniques introduced above for computing the primordial non-Gaussianity from the
bispectrum can be extended and applied to the trispectrum.

The first full in—in single-field slow-roll calculation of the trispectrum produced at horizon-
crossing was by Seery, Lidsey and Sloth (2007). They found that the trispectrum in these models
was predicted to be of order 7w, < /50, where r is the tensor-to-scalar ratio. This is too small to
ever be observed. Since { is conserved on superhorizon scales, no large non-Gaussianity can ever
be generated in these models, as in the bispectrum case.

However, in the case of multiple-field models, non-linear superhorizon evolution of the curvature
perturbation can generate a significant non-Gaussian signal. This can be calculated for a given
model using the 6 N formalism (Seery and Lidsey 2007; Byrnes, Sasaki and Wands 2006). The

four-point function expressed in the ¢ N formalism is
(k1) (k) {(k3){(Kg))e = NoNgNyNs(6pa (K1)opp(Ka)dpy (K3)d¢s(Ks))e
3N NNy No [0, % 810,) (1) 02006y (63)565 ()
+ 3 perms. |

1
+ 7 Naraa Npi g, Ny Ns [((6¢a; * 6¢a,) (k1) (0@p, * 6¢pp,) (K2)Opy (K3)d0s(Ka))

+ 5 perms. |

1
+ 37 Na1a2as NNy Ns[((6pa, % 6par % 6¢a;) (k1)S¢p (k) Sy (K3)o s (Ka))
+ 3 perms. |

(120)
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In the local model (119) we can write 7np and gni in terms of these 0 N coefficients

NogNPNEN,
SRl ——— 121
ML= T (NgND)3 (121)
25 Nopgy N*NFNY
= 122
ENL = 54T (NsNO)3 (122)

In Paper 2, we introduce the transport method to calculate 7, and gnr. in multiple-field models.

0.8.7 CURRENT CONSTRAINTS ON NON-(GAUSSIANITY

The present observational data from the Planck 2013 dataset (Ade et al. 2013d) impose the follow-

ing constraints on the non-linearity parameters for the local, equilateral and orthogonal templates
ocal =2.7+5.8 (68%C.L.)

S~ 42475 (68%C.L.)

lc\yfﬁho =-25+39 (68%C.L.)

The constraints on the non-linearity parameters associated with the trispectrum are
™L < 2800 (95% C.L.; Planck)

enL = (-3.3+2.2) x 10° (68% C.L.; WMAP9)

Planck has not yet provided constraints for gnr, so we have used the most recent constraint from
WMAP9 data (Sekiguchi and Sugiyama 2013).

There are expected to be stronger constraints on f1¢!

NLin the coming years from Large Scale

Structure (Bernardeau et al. 2002; Giannantonio et al. 2012), particularly from the ESA mission
EUCLID (Cimatti et al. 2009) due to be launched in 2020 and the Large Synoptic Survey Telescope
(LSST) (Ivezic et al. 2008). These will provide a three-dimensional data source and therefore
they include more information than we are currently able to extract from the CMB. However, an
added level of complexity when measuring the late-time Universe is separating the primordial
non-Gaussianity from any non-Gaussianities that could have arisen as a result of the significant
non-linear processing of the perturbations that occurred since inflation.

To be able to distinguish between the single-field slow-roll prediction for the local non-linearity

local local

parameter (97) and a very small /i, e.g. fi©™ ~ O(1) will require more precise measurements.

It is not yet clear whether these will be attainable by future missions.
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0.9 OVERVIEW OF THE PAPERS

The first part of this thesis uses the bispectrum of the temperature fluctuations in the CMB to
constrain generic models of single-field inflation. This is achieved by considering the EFT of in-
flation, introduced in §0.7.1. We calculate the bispectrum for each of the operators in the EFT
Langrangian arising from subhorizon evolution using the ‘in—in’ formalism that was discussed in
§0.8.3 and will be explained further in §1.A. We can then decompose the shape (92) of these oper-
ators into a basis of partial waves. We also perform the same decomposition on the observed CMB
bispectrum (using WMAPY data), circumventing the need to consider the templates presented in
§0.8.1. We then construct a maximum likelihood estimator (MLE) for the free parameters in the
EFT Lagrangian, allowing us to constrain combinations of parameters describing the most general
single-field inflationary model.

The second part extends the transport formalism, introduced in §0.8.5, to compute the local
trispectrum non-linearity parameters 7ni, and gnp, defined by (119), generated by multiple field
models with canonical kinetic terms on superhorizon scales. This involves working in the spatially
flat gauge, tracking the evolution of the field perturbations using transport equations, which can be
derived in a number of ways. In §2.B we provide a derivation of the trispectrum transport equation
using a Gauss—Hermite expansion. We then provide a third-order gauge transformation in order
to express the correlation functions of the field perturbations in terms of correlation functions
of the observationally relevant quantity £, allowing us to compute the trispectrum non-linearity

parameters.
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PaPER 1

OPTIMAL BISPECTRUM CONSTRAINTS ON SINGLE-FIELD MODELS OF INFLATION

GEMMA J. ANDERSON, DoNOUGH REGAN AND DAvID SEERY

We use WMAP 9-year bispectrum data to constrain the free parameters of an ‘effective field
theory’ describing fluctuations in single-field inflation. The Lagrangian of the theory contains
a finite number of operators associated with unknown mass scales. Each operator produces a
fixed bispectrum shape, which we decompose into partial waves in order to construct a like-
lihood function. Based on this likelihood we are able to constrain four linearly independent
combinations of the mass scales. As an example of our framework we specialize our results to
the case of ‘Dirac-Born—Infeld’ and ‘ghost’ inflation and obtain the posterior probability for
each model, which in Bayesian schemes is a useful tool for model comparison. Our results
suggest that DBI-like models with two or more free parameters are disfavoured by the data by

comparison with single-parameter models in the same class.
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1.1 INTRODUCTION

Successive microwave-background surveys have accumulated some evidence for the inflationary
paradigm, in which structure in the universe was seeded by quantum fluctuations during an epoch
preceding the hot, dense phase where nucleosynthesis occurred (Ade et al. 2013; Hinshaw et al.
2013). But despite broad support for the overall framework, attempts to identify the precise de-
grees of freedom whose quantum fluctuations were relevant have met with less success. Whatever
microphysics underlay the putative inflationary epoch remains mysterious.

In scattering experiments, an abundance of observables—including, among others, branching
ratios, decay rates, and differential dependence on energy or angles—allow indirect access to mi-
crophysical information through reconstruction of the correlation functions, or ‘n-point functions’.
These measure interference between quantum fluctuations and encode information about the dy-
namics of the theory. It is the rich information which can be obtained from reconstruction of the
correlation functions which makes measurements in particle physics so constraining.

In cosmology our observables are more limited and so is the degree to which the n-point func-
tions can be reconstructed. Over a narrow range of scales, the n-point functions of the cosmic mi-
crowave background (‘CMB’) anisotropies are sensitive to the n-point functions of the primordial
‘curvature perturbation’, which is a calculable, model-dependent mix of the fluctuations imprinted
on the light fields of the inflationary epoch. This correspondence has been used for many years to
place restrictions on the inflationary model space from measurements of the CMB temperature and
polarization two-point functions. But if a three-point function of the CMB anisotropies could be
measured it would provide access to more nuanced and discriminating microphysical information.
Ideally we would like to observe systematic relationships between the n-point functions which
would point clearly to a quantum mechanical origin for the fluctuations. This is important because
it is unclear whether we could ever rule out a non-quantum origin (perhaps associated with new
but non-inflationary physics at early times) using only the two-point function.!

Measurements of the CMB temperature anisotropy have now reached sufficient accuracy that
it is feasible to estimate the three-point temperature autocorrelation function. The most precise
constraints come from the Planck2013 dataset (Ade et al. 2013). But despite the quality of the

measurements, the signal-to-noise for any particular combination of wavenumbers is still too low

IIf the fluctuations were produced by a classical process, e.g. a thermal process, then, as a result of the central-limit
theorem, they would be random in nature. We would therefore not expect the correlation functions to have detailed

momentum dependences that are produced by quantum fluctuations.
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to allow the three-point function to be reconstructed directly. Instead, measurements are made by
picking an Ansatz or ‘template’ for the way in which the correlations change with wavenumber.
By comparing this template with the CMB data over many different combinations of wavenumber
it is possible to attain reasonable signal-to-noise. This comparison carries a considerable computa-
tional burden, so constraints from the data are typically reported as amplitudes for just a handful of
well-known templates, such as the ‘local’, ‘equilateral’ and ‘orthogonal’ shapes. These amplitudes
Flocal fequi  Portho

are often written f,

2
NI o INL , and so on.

A specific inflationary model will be characterized by a number N, of adjustable parameters
Ai, 1 <1 < N,. These may include Lagrangian parameters which are analogues of masses and

couplings, but in multiple-field models may also include a specification of the initial conditions in

Alocal fequi  Portho

field-space. To apply constraints from f ™, fi; s /L

, ..., tosuch a model its three-point func-
tion must be computed and projected on to each of these templates. This generates predictions for
each of the amplitudes fll\?fal(/l i), fﬁg’i(/l i), fI‘\’IrLthO(/l i), ... The results obtained by a microwave
background survey can then be converted into constraints on the underlying parameters A;.

This approach is perfectly reasonable, but there are reasons to expect that it may not be optimal.
First, if the set of templates does not cover the entire range of three-point correlations which can
be produced by adjusting the parameters A; then we are not making efficient use of the data: we
should measure the amplitude of more templates in order to obtain better constraints. But, as many
authors have pointed out, it is not clear a priori how large a range of templates is required, or how
they should be chosen.

Second, if our templates are chosen injudiciously then there will come a point of diminishing
returns at which no new information is gained because the shapes we are fitting are strongly cor-
related with shapes which have been tried before. This is a reflection of a more general problem:
the error bars reported for any set of amplitudes will typically be correlated, with the correlation
described by some covariance matrix. Without knowledge of these covariances we risk underes-
timating the uncertainties associated with our reconstruction of the parameters A;.

In this paper we take a different approach. We investigate the construction of maximum-
likelihood estimators for the Lagrangian parameters A; directly from the data. (Because noise
maps for the Planck2013 data release are not yet available, we use the WMAP 9-year dataset.) To
decide which templates to use, we catalogue the different types of correlation which can be pro-
duced in a well-specified class of models: those whose fluctuations are described the the effective

field theory of inflation (Cheung, Creminelli et al. 2008). We construct the Fisher matrix associ-

ated with these correlations and use it to determine the principal directions whose amplitudes can

2Here and throughout the remainder of the paper we distinguish quantities estimated from data by a hat.
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be measured efficiently. We account for the covariance between measurements of these amplitudes

and use them to place constraints on the underlying Lagrangian parameters.

Summary.—In §1.2 we briefly review the effective field theory approach to single-field inflation
and catalogue the operators arising from a general single-field action. In §1.3 we discuss the
calculation of bispectra corresponding to these operators, and point out a number of subtleties
which must be borne in mind when interpreting our results. In §1.4 we assemble the formalism
which is used to extract constraints from the CMB map: in §1.4.1 we construct the Fisher matrix
and use it to determine the principal directions which can be constrained efficiently, and in §2.6 we
report our measurements of their amplitudes from the 9-year WMAP dataset. §1.5 translates these
general constraints into the language of specific models, and §1.6 uses the framework of Bayesian
model comparison to gain some qualitative information regarding the type of model favoured by
the data. We conclude in §2.7. A short appendix tabulates the three-point functions used in the

main text.

NotarioN.—We use units in which ¢ = % = 1, and define the reduced Planck mass Mp to be

My 2 = 87G. Our index and summation conventions are explained in the main text.

1.2 OVERVIEW OF THE EFFECTIVE FIELD THEORY OF INFLATION

In this paper we focus on single-field models of inflation which terminate in a unique minimum,
which we refer to as the ‘reheating minimum’. In multiple-field models there are complications
associated with our freedom to set initial conditions. These determine the average field-space
trajectory followed by the region of the universe we choose to study. In a single-field model there
is a unique trajectory which terminates in the reheating minimum.

In both single- and multiple-field cases it is quantum fluctuations around this average field-
space trajectory which are inherited by the large-scale density perturbation, but where there is
no unique trajectory the calculation of these fluctuations is a serious computational challenge.
Their evolution must be followed until an ‘adiabatic limit’ has been reached, at which all iso-
curvature modes become exhausted (Weinberg 2003; Weinberg 2004a; Weinberg 2004b; Meyers
and Sivanandam 2011; Elliston, Mulryne et al. 2011). Normally this will require numerical meth-
ods. In contrast, the fluctuations produced in single-field inflation—or, more precisely, ‘single-
clock’ inflation (only one relevant degree of freedom)—typically do not evolve and can be com-

puted analytically under certain circumstances. Below, we discuss the precise conditions which
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are required.

MobEL PARAMETRIZATION.—QOur aim is to estimate the Lagrangian parameters which characterize
a single-field inflationary model. How many such parameters are needed? The answer depends
on the range of behaviour which we allow. Cheung et al. gave an argument based on nonlinearly
realized Lorentz invariance which, under certain conditions, constrains the possible three-body in-
teractions between scalar perturbations on a smooth inflationary background (Cheung, Creminelli
et al. 2008). This is the ‘effective field theory of inflation’. In this section we briefly review their
construction.

The effective field theory is not used to describe the background cosmology, but only fluc-
tuations around it. Therefore it is agnostic regarding the precise mechanism of inflation. The

background is assumed to be described by a Robertson—Walker metric
ds® = —d* + a*(1) dx?, (1.1)

where a(t) is the scale factor, ¢ is cosmic time and H(¢) = d/a is the Hubble rate. Since the back-
ground is evolving it spontaneously breaks time-translation invariance (and therefore manifest
Lorentz invariance), but because the spatial slices are homogeneous and isotropic the background
remains manifestly invariant under spatial coordinate transformations. We will use the termino-
logy ‘coordinate transformations’ and ‘diffeomorphisms’ interchangeably.

Knowledge of the background evolution is equivalent to specifying H (¢) as a smooth function
of t. The condition that the universe is ‘single-clock’ is that a coordinate system exists in which
only the metric carries fluctuations; in this coordinate system all fields needed to describe the mat-
ter sector are homogeneous, depending only on the time ¢. By analogy with similar constructions
in particle physics, Cheung et al. called this coordinate system the unitary gauge. Where the
matter sector is described by a single scalar field ¢ it corresponds to the gauge where fluctuations
d¢ vanish, but this is not necessary.

To describe dynamics we require a Lagrangian. A Lagrangian which is manifestly invariant
under the unbroken (linearly-realized) group of purely spatial coordinate transformations will be
a function F which transforms as a scalar under these diffeomorphisms. Cheung et al. argued
that the most general such Lagrangian could be constructed as a scalar function of the metric
and the intrinsic and extrinsic curvature tensors on the spatial slices, together with their covariant
derivatives (Cheung, Creminelli et al. 2008). These may appear in arbitrary combinations with
t and the metric function g%, which are both invariant under spatial coordinate transformations.

Therefore,

Sgen = f d*x V=8 F(Ruvpors Kuiv» V,10,8%,1). (1.2)
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By itself, this Lagrangian can describe fluctuations around any cosmological background with
linearly-realized spatial diffeomorphism invariance. Specializing it to the background H (¢) fixes
the background and linear terms,

M : :
S = fd“x \/_—g(TPR+ MZHG™ - MZ(3H* + H) + Z Fn(6R,,Vp(,,6K,W,VH,6gOO,t)), (1.3)

n>2
where 0R,,, po and 6K, are, respectively, perturbations in the intrinsic and extrinsic curvature
tensors, and 6g% = g% + 1 is the perturbation in the time—time metric function or ‘lapse’. The ar-
bitrary functions F;, are homogeneous polynomials of order n, and therefore the leading correction
to the first three terms appearing in (1.3) is quadratic.

We have not yet made use of the requirement that the full theory is invariant under time re-
parametrizations, t — t’ =t + £(x), where the translation £ may be a function of position.? On an
expanding cosmological background this symmetry is spontaneously broken. Nevertheless, once
a choice of spatially-invariant operators has been made in Eq. (1.3), the broken time-translation
symmetry is strong enough to fix the interactions of one scalar mode. To determine these interac-
tions we construct a new action by formally performing a time translation t — ¢’ =t — x. If we
promote 7 to a dynamical field which shifts linearly under time translations (thatis, 1 —» 7’ = 7—¢
when t — t/ =t + &) then the total action becomes manifestly invariant. The field 7 represents
a scalar degree of freedom in the system, but its interactions are fixed uniquely by the combin-
ation of tensors appearing in the Fj,, the background cosmology H(¢), and the time translation
symmetry (Creminelli, Luty et al. 2006; Cheung, Creminelli et al. 2008; Cheung, Fitzpatrick et al.
2008; Weinberg 2008; Senatore, Smith and Zaldarriaga 2010)

For this formalism to be useful it must be possible to calculate each amplitude of interest
using states which contain no more than a handful of m particles, or m-lines in diagrammatic
terms. This is not generally true. But if all background fields are time-independent then rigid time
translations ¢t +— t’ = t + & (with £ a constant) are a global symmetry of the theory, no matter
what transformation law we ascribe to . Therefore © must behave as a Goldstone boson: where
it appears in the action it must be accompanied by at least one derivative. In a process which takes
place at a well-defined characteristic energy scale E, each derivative will translate to a power of E.
The justification for neglecting diagrams which contain a large number of 7-lines is then the same
as any effective field theory of Goldstone modes, enabling a perturbative expansion in powers of
E/M where M is some large mass scale characterizing the strength of the interactions. The mass
scale M characterizes the energy scale of the fundamental theory and therefore is necessarily much

larger than the energy scale at which we would like to calculate.

3An arbitrary action of the form (1.3) can describe theories with this symmetry, in addition to others which do not.
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For applications to inflation the background fields are not constant but slowly varying, so
rigid time translations are only an approximate symmetry. Therefore terms involving undifferen-
tiated powers of m may appear in the action, although suppressed by dimensionless factors which
measure the degree to which the global symmetry is broken. These generate effects which are
unaccompanied by powers of E/M and therefore may be important at all energies.* However,
provided the approximate symmetry is sufficiently good that corrections to it are at least as small
as the first neglected power of E/M it is still possible to carry out a consistent calculation. During
inflation we are interested in the type of correlations induced by each operator between modes of
the quantized field near the epoch of Hubble exit, so the scale E will be of order the Hubble scale
H.

At sufficiently high energies £ > Epix the Goldstone mode decouples from the remaining
degrees of freedom in 0R,, ,, and 0K,,. (The notation ‘Ep’ was introduced by Cheung,
Creminelli et al. (2008), who emphasized that below Ep,ix the mixing with gravitational degrees of
freedom cannot be ignored.) If the decoupling scale Eix is at least modestly smaller than £ = H
then it is possible to study how each operator generates correlations without including gravitational
fluctuations. In this paper we will work exclusively in the decoupling limit. With this assumption,

Bartolo et al. (2010a); Bartolo et al. (2010b) gave an effective action up to cubic terms,

2
SEFT = f d*x \/—_g{MlgH(aﬂﬂ)z +2M, [7%2 -~ fr(a’? ] - gM;fé
a

M3 2492
__[ 2H(On ) (87r)67r]

a a?
Y 2

—2[(@*7)(@°m) + H(8?m)(0)* + 27t0%0;md; |
2 (1.4)

Y [(627r)((')27r) +2H3*n(0m)? + 2710%0,m0; n]
2M} M2 M

— %% 7r(c')27r)2 *3 n(a 9jm)? - (5%)3
3a2 3 4

RO = S 10,00 OD, 71}

Our notation has been chosen to match Bartolo et al. (2010a) and Bartolo et al. (2010b). The

mass scales Mo, M3 and M, ..., My characterize the model under consideration.5 Terms dec-

4It is these terms which cause superhorizon evolution of the perturbations in multiple-field models. Their importance

at all scales is reflected in the fact that they remain relevant even when k/aH is very soft.
5To aid intuition, the powers of the M; and M; appearing in Eq. (1.4) have been chosen so that the M; and M; all

have dimensions of mass when using natural units in which ¢ = 7 = 1. In some cases this means that positive integer
powers of masses appear, such as M’ 4, which can only be positive if M3 is real. In reality there is an undetermined sign
which we are suppressing, so that Mg‘ should be regarded as an object which can be either positive or negative. The

associated mass scale is |M§‘|1/4.



63

OPTIMAL BISPECTRUM CONSTRAINTS ON SINGLE-FIELD MODELS OF INFLATION

orated with a bar are associated with operators involving the extrinsic curvature 6K, , whereas
unbarred terms correspond to powers of 6g%°. In writing Eq. (1.4), Bartolo et al. did not include all
possible operators: they neglected higher-derivative operators containing derivatives of the form
V.o ¢ and V, K uv»> and from the lowest-derivative combinations for each M; or M; they retained
only terms which gave a parametrically large contribution to the three-point function. We can
expect the higher-derivative operators to be small provided the mass scales M;, M; are sufficiently
large, which is already the condition that the EFT is predictive. Therefore, although (1.4) does
not represent the most general set of interactions, it is reasonable to speculate that it may ap-
proximate the most general set of observable interactions for a smooth background H(t). In this
paper we only consider backgrounds which satisfy this smoothness requirement. The properties
of fluctuations over backgrounds which are not sufficiently smooth require a separate analysis; for
example, see Bartolo, Cannone and Matarrese (2013) and Adshead, Hu and Miranda (2013).

When is the decoupling approximation valid? Estimates for the scale Enix were given by Ch-
eung, Creminelli et al. (2008), but strictly this scale can be determined only when the M; and M;
are known and therefore it must be checked a posteriori. As an example, in canonical single-field
inflation, Cheung et al. argued that Epnix ~ €'/2H, where € = —H/H? is a measure of the degree
to which the global symmetry of rigid time translations is broken. If € < 1 then a decoupling
regime can exist near the Hubble scale.

The scales M; and M; can be adjusted to reproduce the results of well-known models includ-
ing canonical single-field inflation, Dirac—-Born—Infeld inflation (Alishahiha, Silverstein and Tong
2004) and Ghost Inflation (Arkani-Hamed et al. 2004). Alternatively they may be allowed to float.
The action (1.4) then explores a range of interactions for fluctuations on a quasi-de Sitter back-
ground with nonlinearly realized Lorentz invariance, subject to the proviso (as described above)
that only the dominant term for each M; and M, has been retained. In principle these mass scales
depend on time, but because we are taking the time-dependence of background quantities to be

very weak we will treat them as constants.

1.3 CALCULATION OF THE BISPECTRUM

In this paper our aim is to estimate the parameters M;, M; by using observations to indirectly
reconstruct the two- and three-point functions (zw7) and (7z). By itself, 7 is not an observable

and neither are its correlations: the measurable quantity is the temperature fluctuation 67/T as a
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function of angular position on the sky. Typically this is decomposed into harmonics, generating

corresponding amplitudes ag,,,

oT (i
=N aonYon @, (15)

{m

where fi represents an orientation on the sky and Yz, (i) is a conventionally-normalized spherical

harmonic. The amplitude a,,, can be predicted in terms of primordial quantities using the formula®

d3k R
aem = 4n(—i)! f (2ﬂ)3Ae(k)§(k)Yzm(k), (1.6)

where the ‘curvature perturbation’ { = ¢ In a(x,t) represents a fluctuation in the local scale factor
a(x,t). It can be related to 7 via { = —Hn up to terms which vanish on superhorizon scales, i.e.
in the limit k/aH — 0, where k is the Fourier mode under consideration and aH is the comoving
wavenumber associated with the Hubble length.

In writing (1.6) we have assumed that, for each relevant Fourier mode, £ (k) attains a practic-
ally time-independent value by some time during the radiation era. The transfer function A, (k)
describes the subsequent process by which this time-independent seed perturbation is taken up by
fluctuations in the primordial plasma and propagated to the surface of last scattering, where it con-
stitutes a temperature fluctuation 67. Under these circumstances, Eq. (1.6) shows that the n-point
functions of the a¢,, can be linearly related to the n-point functions of {(k), and therefore n(k),
provided we evaluate the curvature perturbation in (1.6) at a time when the O(k/aH) corrections

in the relationship between 7 and { are negligible.

CORRELATION FUNCTIONS OF {.—Therefore, we must estimate the correlation functions of £ at the
time they achieve their constant values. It is this requirement which makes the study of multiple-
field models challenging (Elliston, Mulryne et al. 2011; Dias, Ribeiro and Seery 2013), because it
is difficult to predict in advance when the time-independent epoch will occur. In single-field mod-
els the situation is simpler because the approximate global symmetry under rigid time translations
(together with certain technical assumptions) is sufficient to prove the operator statement £ = 0 in
the limit k/aH — 0 (Assassi, Baumann and Green 2013; Senatore and Zaldarriaga 2010; Senatore
and Zaldarriaga 2011; Senatore and Zaldarriaga 2012; Baumann and Green 2011; Baumann, Sen-
atore and Zaldarriaga 2011). Therefore all correlation functions of { are constant on superhorizon
scales, where |k/aH| is negligible. An important consequence of this result is that subleading
terms in the effective action (1.4) map to subleading terms in each n-point function (Dias, Ribeiro
and Seery 2013), so to obtain a lowest-order result there is no need to consider corrections to (1.4)

due to our neglect of time dependence in the M;, M;.

We have absorbed a conventional factor of 3/5 into the normalization of the transfer function.
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In perturbation theory, a three- or higher n-point function is computed by integrating the re-
action rate for an n-body interaction together with factors representing the available interaction
volume and the probability for suitable particles to be present. These techniques were first ap-
plied to inflation by Maldacena (2003) and later refined by various authors (Creminelli 2003;
Alishahiha, Silverstein and Tong 2004; Seery and Lidsey 2005b; Seery and Lidsey 2005a; Wein-
berg 2005; Chen et al. 2007; Burrage, Ribeiro and Seery 2011; Elliston, Seery and Tavakol 2012).
We refer to this literature for technical details. In this section we wish to emphasize that, in the
context of a general effective field theory, there are subtleties associated with computation of the
field mode functions. These represent the amplitude for single-particle excitations of the vacuum.
Therefore their properties significantly influence the n-point functions because they determine the
probability for particles to be present in the interaction region.

Bartolo et al. noted that the scales M, M, M, and M3 in Eq. (1.4) are correlated with con-
tributions to the second-order effective action, and of these M, and M; generate kinetic terms
involving fourth-order derivatives. Kinetic terms of this type had previously been encountered in
the ‘Ghost Inflation’ scenario proposed by Arkani-Hamed et al. (2004). Such terms are problem-
atic because they imply that the mode functions can no longer be expressed in terms of elementary
functions. This obstructs analytic integration of the interaction rate and hence each n-point func-
tion. In scenarios which require these high-order kinetic terms, exact results for the correlation
functions typically require numerical calculation.

Bartolo et al. gave an explicit formula for the mode functions including the contribution of
fourth-order terms, expressed in terms of hypergeometric functions and generalized Laguerre poly-
nomials (Bartolo et al. 2010a), and performed an analysis of its influence on each n-point func-
tion (Bartolo et al. 2010a; Bartolo et al. 2010b). They concluded that the fourth-order terms could
significantly modify propagation deep within the horizon, but produced qualitatively similar res-
ults near the epoch of horizon exit. Since the correlations we are seeking to study are exponentially
dominated by interactions occurring near this epoch, this implies that an acceptable estimate of
the bispectrum shape can be obtained using a simpler mode function which does not account for
fourth-order contributions. The penalty for this approximation is an uncertainty in the amplitude,
which arises from a difference in normalization between the mode functions with and without
the inclusion of fourth-order terms. For more details we refer to the discussion in Bartolo et al.
(2010a) and Bartolo et al. (2010b).

In this paper we follow Bartolo et al. and estimate each bispectrum shape by neglecting the

influence of fourth-order terms. This means that our results must be interpreted with some care:

1. When applied to a model for which M, = M5 = 0, our results are exact within the approx-
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imations which have already been discussed. In this case, we expect both our qualitative

and quantitative conclusions to be reliable.

2. When applied to a model for which at least one of M, or Mj is nonzero, the normalization of
our bispectra will be incorrect for the reasons just explained. This uncertainty in normaliz-
ation affects the bispectrum for each operator in Eq. (1.4), not just those associated with the
scales M, and M;—but we expect that it should be approximately the same for all of them.
In this scenario, our quantitative estimates for the mass scales M;, M; are not reliable. How-
ever, qualitative conclusions regarding the relative importance of each operator should be

unaffected because ratios of these mass scales divide out any uncertainty in normalization.

To obtain reliable quantitative estimates of the mass scales when at least one of M, or M;
is nonzero, it would be necessary to substitute numerical calculations of the bispectra in our
analysis. In addition, the likelihood function to be discussed in §1.4 would no longer be ap-
proximately Gaussian and the analysis to follow should be replaced by a more sophisticated

numerical exploration of the likelihood surface.

These modifications significantly increase the complexity of the analysis. They would cer-
tainly be required if observations provided pressure to include an M, or M3 term in the
effective Lagrangian. At present, our view is that such a step in complexity is not justified

by the data.

1.4 EsTIMATING THE EFT MASS SCALES

BISPECTRUM OF CURVATURE PERTURBATION.—Under the approximations discussed in §1.3, the shapes
of the bispectra generated by each operator in Eq. (1.4) were plotted in Bartolo et al. (2010a).
We tabulate analytical results for the corresponding three-point functions (which were not given
explicitly in Bartolo et al. (2010a)) in Appendix 1.A. The total three-point function for ¢ should
be obtained by summing these contributions, weighted by an appropriate mass scale M; or M;.

In what follows it will be convenient to collect these mass scales, together with other nor-
malization factors, into dimensionless combinations A, given in Table 1.1. There are eleven in-
dependent mass scales and therefore eleven independent A,. We use Greek indices «a, 8, ...,
to label these scales and the corresponding Lagrangian operators, which we write abstractly as

O“. Each index ranges over the values A, B, ..., K, and the effective action is the combination



67

OPTIMAL BISPECTRUM CONSTRAINTS ON SINGLE-FIELD MODELS OF INFLATION

SEFT = f d*x /=g 2o 1« 0. We position indices so that the normal rules of the Einstein summa-
tion convention are respected, but for clarity we will usually write summations over these indices

explicitly. With these choices, we find
3 a
By (kiko.ks) = 5 ; Ao B® (ki ko, k3), (17
where B labels the bispectrum, defined so that (for example)

(L&) (k3)) = 21) 6 (K1 + Kg + K3) By (k1 ko, k), (1.8)

and similarly for the 7 three-point function, which produces a bispectrum B¢ for each operator
O“. In Eq. (1.7) the normalization of each 1, has been adjusted so that the B* satisfy

B (k,k,k)

6P (k) 4

where Py (k) = 212 A/ k3 is the power spectrum and Ay is the scalar amplitude. Each bispectrum
is evaluated at the equilateral point and in principle depends on the side length k. However,
because the n-point functions we study are nearly scale invariant (which for the bispectra implies
B (k,k,k) ~ k~©), the precise choice of scale used to fix this normalization is unimportant. For
a precisely local bispectrum, our convention (1.9) would make the corresponding 4, equal to

the conventional nonlinearity parameter 19

N+ In general, however, the B will not be local and

although each nonlinearity parameter such as fll\}’f“l, fﬁ;}jﬂ, etc., will be a linear combination of the

Aq, the coefficients in these combinations need not be simple.

ProsectioN To THE CMB BispEcTRUM.—EQ. (1.6) shows that measurements of the microwave back-

ground anisotropies do not furnish information about B, directly, but only via correlation functions

of the a¢,,. The first such correlation function which contains accessible information regarding B,

is the three-point function {a¢,m, a¢,m,a¢,m;)- It is conventional to extract a combinatorical factor
L3

m,myms;—the so-called ‘Gaunt integral’—which is nonzero only for allowed combinations of the

¢; and m;. The remainder of the correlation function is written as a ‘reduced bispectrum’ b¢, ¢, ¢,

1020
<a[1m1a[2m2a€3m3> = b€152[3gmllr%123m3- (110)

Our task is to determine by, ¢,¢, given By. A strategy for doing so was developed by Fergus-
son, Liguori and Shellard (2010); Fergusson, Liguori and Shellard (2012); Fergusson, Regan and
Shellard (2012); Fergusson, Regan and Shellard (2010); Regan, Shellard and Fergusson (2010)
and extended by other authors (Byun and Bean 2013; Battefeld and Grieb 2011). We briefly re-

count the steps in this strategy, using the notation of Regan, Mukherjee and Seery (2013) and
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Parameter

Aa

AB

Ac

Ap

AE

AF

Ac

Ay

Ar

Ay

Ak

expressed as a mass scale

in terms of H

H eliminated

65 1 MH?

65 1 m?

T 20736 A AL ME

85 1 MjH?

648V2 ne32cd2 All? MS

4
85 1 M

10368 7432 A2 ME

325 1 MjH!
62208 nte3 A2 MS

5 1 MjH?
3888 T AL MY

65 1 MiH*
7776 €3¢t A2 le

5 1 M;H?
3888 w432 A2 MS

65 1 M:H*
46656 rte3ct AT MY

65 1 MH?

1296 2€2c, Ay MY

325 1 M;

972 ec? MI%

5 s M
486 m2€2 A, MP‘,‘

130 1 M3
243 ec? M}

5V2 1 M;
243 ge32c12 )2 MS

65 1 M

729 ec? M3

72
65 1 M

186624 nte3ct AL MS

115 My H
69984 n4e3cC A2 MY

115 1 MgH?

2916 ec2 M2

460V2 nAl?
2187 12012 Mp

115V2 nAl? g

279936 n4 38 AZ MS

115 1 MyH?

2187 (/2012 Mp

115 nAl"” My

559872 nte3cOAZ ME

2187V2 e!/2¢]/* Mp

Table 1.1: Parameters 1, in terms of the coefficients in the Lagrangian. The speed of sound of the fluctuations is denoted by ¢ and

A is the amplitude of the power spectrum defined in (82).
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Regan, Gosenca and Seery (2013). First, for each bispectrum B® one defines a corresponding

dimensionless ‘shape function’ S using a fixed reference bispectrum By,

BY(k1,ky,k3)

Sk, ky, k3) = ————————,
PRI TR (ke ko, k3)

(1.11)

In principle, our final predictions do not depend on the choice of B. In practice we will be
forced to make approximations, some of which may introduce a residual dependence on By¢. For
this reason it is helpful to choose a form which has good numerical properties; often it is a good
choice to fix a Byr which shares features similar to the B®. In this paper we will use the ‘constant’

bispectrum (Fergusson and Shellard 2009),

(1.12)

277231s :
kikoks

Breg(ky,k2,k3) = 6 (
Second, one chooses a set of functions R" which furnish at least an approximate basis for the

functions S%. We define coeflicients o so that
S (ki ko, ks) = ) @R (ki ko, k). (1.13)
n

In practice it is only possible to retain a finite number of the R",” so they should be chosen to
give an acceptable approximation for each S using only a small number of modes. For details
regarding the construction of suitable R" we refer to the literature (Fergusson, Regan and Shel-
lard 2010; Byun and Bean 2013; Battefeld and Grieb 2011). Our implementation uses 80 basis
functions and achieves correlations of greater than 99% for each template S?. It follows that, to a

good approximation, the { bispectrum can be written
3
Be(kika.ks) = 3 Buat(kr ko, ks) Z ; Ao @ R" (k1 ko, k). (1.14)

The map from { (k) to a,, expressed by Eq. (1.6) is linear, and therefore the observable quant-
ity b, ¢,¢, must be proportional to a linear combination of the coefficients }}, A, a§. Therefore

we can write

— mipn a __ (07
b[1€2€3 - Z Ln b£1€2£’3 Z /llia/m - Z /lab51[2[3, (1.15)
n,m a a
where b‘{fl 005 is the reduced angular bispectrum associated with the operator O,
a — a mipn
b€1£2f3 = Z Olan b51{2[3’ (1.16)
n,m

and the basis functions b’;l £,05 A€ defined in Fergusson, Liguori and Shellard (2010) and Regan,

Mukherjee and Seery (2013). They do not depend on any details of the cosmological model, which

"The error associated with this truncation is one place where residual dependence on the reference bispectrum Byes

can appear.
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is carried only by the ‘transfer matrix’ I,”. This can be expressed as an integral over the linear
transfer function Ay (k). The virtue of the approach of Fergusson, Shellard et al. is that calculation
of I}, is numerically more tractable than calculation of an arbitrary bispectrum. Explicit formulae
for the b’;l e and I, were given in Regan, Mukherjee and Seery (2013) and Regan, Gosenca
and Seery (2013). To compress notation we define a2 = ¥, [, % and 8, = 3, 1,a@%, from

which it follows that

beitses © ) Bubf iy, (1.17)
n

This projection procedure introduces correlations between the observable bispectra bgl s
produced by different Lagrangian operators, even if the corresponding primordial bispectra B* (k1, k2, k3)

are nearly uncorrelated. We will return to this issue in §1.4.1 below.

ComparisoN wWITH DATA.—It follows from Eq. (1.17) that information about the observable bis-
pectrum from a microwave background survey can be reduced to estimates of the 3, and their

covariances. We denote these estimates Bn and write their covariance matrix Cp,
Cinn = (ABmALBn)s (1.18)

where AS, is the deviation of the observed 3, from its expected value, AB, = B, — Bn. The
standard methods of linear algebra can be used to obtain an orthonormal combination of bispectra
from a Cholesky decomposition of this matrix (Fergusson, Liguori and Shellard 2010; Fergusson,
Liguori and Shellard 2012; Fergusson, Regan and Shellard 2012; Fergusson, Regan and Shellard
2010; Regan, Shellard and Fergusson 2010; Regan, Mukherjee and Seery 2013; Regan, Gosenca
and Seery 2013). In the interests of simplicity we assume this has been done, which makes Cy,.,,
equal (for the rotated bispectra) to the identity matrix.®

For a set of measurements f3,, the likelihood function .Z represents the probability that these

values would be observed given a particular model for their origin—in this case, the effective

8We estimate Cp,,, from the covariance matrix of the cubic needlet statistic, after changing basis to the R, as
described in §11.B of Regan, Mukherjee and Seery (2013). (See also Regan, Gosenca and Seery (2013).) The signal-to-

noise for the bispectrum (1.18) is roughly
(E)Zz—Zlnsz,B_m(C‘_l)m"ﬁ_n (1.19)
N mn ’

making C‘mn a Fisher estimate of the covariance for the §,,. Under the assumption that the bispectrum is small we
assume that this covariance matrix is a reasonable approximation to (AS;, ABy).

To compute Cinn we use a suite of 50,000 Gaussian simulations, and for the change-of-basis coeflicients we use a
suite of 1,000 non-Gaussian simulations. These simulations incorporate the effect of the WMAP beam and mask for
each channel, including noise with variance-per-pixel determined by the WMAP 9-year data release. In the rotated

basis, where we choose Cin = Smn, all these details are transferred to the definition of the ,én.
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Lagrangian (1.4) with parameters 4,. Assuming that the non-Gaussianity is sufficiently weak that
the 3, are Gaussian distributed, this probability can be written

LBl de) = ———exp ( - % Z(é‘l)’""A/?mABn). (1.20)

V2r det ¢

MAXIMUM LIKELIHOOD ESTIMATOR.—It is now simple to construct a maximum likelihood estimator
for the A, by finding the combination which has the greatest likelihood given the data. This gives

the estimate

Ao = > B (Fpas (1.21)
B
where b is defined by
b = Z B (CH™ a2 (1.22)

The matrix ¥ is the Fisher matrix associated with the likelihood (1.20),

2
Fop o S IZ Dag ¢ hymmal. (1.23)

0oBp 4

Truncating at the quadratic level, its inverse is formally the covariance matrix of the A,
(Ao = 2)(g = Ap)) = (F Nag. (1.24)

In the rotated basis, where C,,,,, is defined to be the unit matrix, Eq. (1.23) makes F P the square
of the matrix @ which expresses the decomposition of the angular bispectrum corresponding to
the operator O®. In practice the Fisher formalism and Eq. (1.24) are likely to be trustworthy only
in the limit of sufficiently high signal-to-noise.®

The maximum likelihood estimator is an essentially frequentist concept, as is its variance (1.24).
In a Bayesian framework one should instead interpret (?A' _l)aﬁ as the covariance of the posterior
probability distribution of the parameters A, constructed from a single set of measurements £3,,,

assuming that any prior probabilities for the 4, are flat over the range of interest.

1.4.1 How MANY INDEPENDENT SHAPES?

This analysis applies provided the matrix F @B is invertible. However, invertibility may fail if two
linear combinations of the operators O% produce nearly degenerate angular bispectra. This would

imply that ¥ *# has an approximate null eigenvector.

°In the limit of high signal-to-noise the maximum likelihood estimator satisfies the Cramér-Rao bound and therefore

coincides with the Fisher result (Vallisneri 2008).
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The appearance of exact or approximate null eigenvectors implies that the likelihood function
is a singular Gaussian distribution: it does not vary along directions in parameter space which
correspond to the null eigenvectors. Therefore the variance of the maximum likelihood estim-
ator (1.24) is formally infinite for all Ao. To deal with this one should first discard those combina-
tions of parameters which are unconstrained by the likelihood function. This is necessary even in
the case of an approximate null eigenvector, because although the Fisher matrix may be formally
invertible it will usually be ill-conditioned. Therefore we should trust a numerical inversion only
if it is possible to compute Fb to very high accuracy. Typically this cannot be done because the
accuracy with which we know F @B is limited by our ability to estimate C,,,,,, and by the numerical
integrations required to compute @& . For a discussion of the issues involved in handling singular

Fisher matrices, see (for example) Vallisneri (2008).

MEASURES OF CORRELATION.—Two operators will produce degenerate bispectra if their decomposi-
tion coeflicients a§, or &4, are nearly the same. These two measures do not have to agree, because
(as explained on p. 70) the projection from ¢, to @3, can change the degree of correlation. The
Fisher matrix ¥ is constructed from angular bispectra, and therefore—as a point of principle—
the problematic degeneracies are those which occur for the @%,. But in practice, for computation
reasons, it is sometimes more practical to use the @, as a proxy.

To measure the correlation between two primordial bispectra B and B, we introduce an inner

product, defined by
I E j:vdv S1(k1, ko, k3)So(k1, ko, k3)w(ky, ko, k3), (1.25)

where S and §; are the corresponding shape functions, dv is an element of volume on the integra-
tion domain V (which corresponds to allowable triangular configurations of the momenta k;), and
w is a weight function which can be chosen to suit our convenience. For a more detailed discussion
of Eq. (1.25) we refer to the literature (Fergusson, Liguori and Shellard 2010). We normalize the
R"™ so that {R™,R") = §™" and therefore (1.13) implies

(s',8%) = > anas,. (1.26)

When measuring correlations between angular bispectra it is helpful to account for the ability of
the WMAP instrument to distinguish between different shapes. This ability is measured by the
matrix (C~1)™" discussed in footnote 8 on p. 70. We define

by tr05 bl 0000 = Y @0 (CTH™aD (1.27)

m,n
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Note that we write the inner product (-, -) for both the primordial and angular bispectra, but they
are not equal; the definition is different depending whether it is taken between primordial or an-
gular bispectra. In either case it is conventional to measure the correlation between shapes by

defining a ‘cosine’,
(1,2)
CIp2q2pt2’

where ‘1’ and ‘2’ should be substituted by the appropriate angular or primordial bispectrum.

cos(1,2) = (1.28)

PrincipaL DIRECTIONS.—To factor out the degenerate directions we diagonalize ¥, finding a new
orthogonal matrix U and a nonnegative-definite diagonal matrix X so that ¥ = UZU' where a
superscript ‘t” denotes matrix transposition.!® The matrix U can be regarded as a rotation from the
operators O to a new set of operators O which satisfy 0¢" = 3, 0?U,?’, and likewise a new
set of dimensionless coefficients A, = Y, AoU%-. The Lagrangian Y, 1,0 = Y, 1q-0
is invariant under a rigid rotation of this kind.

The presence of degeneracies means that the eigenvalues of Vi vary significantly in magnitude.

The largest eigenvalues are
223 % 1073,1.70 x 1074, 7.17 x 1077, 1.22 x 1072, and 1.20 x 10~"4, (1.29)

with the remaining eigenvalues being of order 10> or smaller. We retain the first four, which
corresponds to a hierarchy between largest and smallest eigenvalues of ~ 10°.1 The correspond-
ing eigenvectors in parameter space yield four linear combinations A1, 42, 43, 44 which can be
constrained. It should be remembered that because the covariance matrix C‘mn defined in (1.18)
depends on details of the WMAP experiment (including the masks, beam and noise properties as
described in footnote 8 on p. 70), the Fisher matrix and therefore the shapes corresponding to these
leading eigenvalues also depend on these details. They may vary between experiments, depending
on the varying sensitivity of each experiment to different regions of multipole-space. The precise
specification of the leading shapes given in Table 1.3, and we plot the shapes of the corresponding

primordial bispectra in Fig. 1.1.

SHAPES OF PRINCIPAL DIRECTIONS.—These shapes can be given an approximate interpretation in terms

of the standard templates. Fig. 1.1a is associated with the largest eigenvalue, and is therefore the

0[n practice, it can happen that numerical inaccuracies cause F to develop very small negative eigenvalues which
spoil simple diagonalization strategies. Where this occurs we perform a singular value decomposition, which cor-
responds to finding (possibly complex) unitary matrices U, V and a nonnegative-definite diagonal matrix X so that

¥ = UXV'. We discard complex directions and check that the results are stable under exchange of U and V.
The hierarchy is too large to allow the numerical inversion of the rotated Fisher matrix X,-5- when keeping any

more than the first 4 principal components.
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(¢) O3 @ o*

Figure 1.1: Bispectrum shapes generated by the operators oY’ corresponding to the constrainable parameter combinations A4 .
These plots follow the conventions of Babich, Creminelli and Zaldarriaga (2004). For each 0% the plotted quantity is

xzyZB(,f (x,y, 1)/Bqr (1,1, 1) where x = kj/k3 and y = kp/k3 (no sum on a”).

best-measured shape. It exhibits significant correlations for x = y = 0.5, which corresponds
the ‘folded’ configuration (Meerburg, Schaar and Corasaniti 2009). Fig. 1.1b exhibits significant
correlations in the equilateral limit x = y = 1, and some anticorrelation in the folded configuration.
It can be regarded as an approximate ‘orthogonal’ shape (Senatore, Smith and Zaldarriaga 2010).
Together, a linear combination of these two configurations can be used to produce an approximate
‘equilateral’ shape. These results are consistent with the forecast of Byun and Bean (2013), who
suggested that (neglecting the local shape), the highest signal-to-noise should be achieved for
shapes similar to the folded and orthogonal templates. Note that Byun & Bean’s analysis was
based on a survey with Planck-like masks, beams and noise rather than the WMAP9 characteristics
adopted here.

Fig. 1.1c has an interior node, where—without our choice of signs—anti-correlations have a

local maximum in the interior of the allowed triangular region. This is quite different to the be-



75

OPTIMAL BISPECTRUM CONSTRAINTS ON SINGLE-FIELD MODELS OF INFLATION

haviour of Figs. 1.1a—1.1b, in which local maxima only occur for extreme configurations on the
boundary of the allowed region. The shape of Fig. 1.1c is similar to a shape produced in a Galileon
theory by Creminelli, D’ Amico et al. (2011), and later reproduced in a general Horndeski Lag-
rangian by Burrage, Ribeiro and Seery (2011) and Ribeiro and Seery (2011). Finally, Fig. 1.1d is a
complex shape containing an interior node together with substantial correlations in the equilateral
configuration. It represents something different from the shape of Fig. 1.1c, but it will be seen
in §2.6 below that it is rather weakly constrained by the data.

These results are consistent with the conclusions of Ribeiro and Seery (2011), who found that
in a very general single-field model'? it could be possible to produce a measurable signal in a mode
similar to that of Fig. 1.1c, or equivalently the Creminelli et al. shape (Creminelli, D’ Amico et al.

2011), but that further orthogonal shapes would be difficult to measure.

CORRELATION OF sHAPES.—We tabulate the correlation between these shapes in Table 1.2, and also
between these shapes and the standard CMB templates. The correlation is computed for the prim-
ordial bispectra using (1.25). In particular we note that, although the angular bispectra for the O’
are orthogonal by construction, mapping back to the primordial bispectrum introduces some cor-
relation; for example, cos(O3,0*) = —0.62. This degradation is expected, because the increasing
covariance represented by (1.29) will cause noise to dominate over signal. Therefore the linear
relationship between the primordial and CMB n-point functions, implied by Eq. (1.6), is no longer
satisfied.

One can regard these results as a reflection of the fact that the first three operators O, 0% and

O3 are reasonably well-measured, whereas the fourth operator O is only weakly constrained.

1.4.2 REsuLTs

A framework for estimating the 3, from a CMB temperature map using wavelet or needlet meth-
ods was developed by Regan, Mukherjee and Seery (2013); Regan, Gosenca and Seery (2013).
and we refer to these papers for more details on the implementation of the estimator. Wavelets
(and needlets) offer several advantages as a means to decompose a CMB map due to their localiz-
ation in both scale and position. In addition, they allow for considerable data compression without
impairing the optimality of the estimator. For example, Curto, Martinez-Gonzalez and Barreiro

(2010) found that optimality could be achieved using only 15 wavelet scales, corresponding to 680

2Ribeiro et al. worked with a model for the fluctuations which is equivalent to the fluctuations in a general Horndeski

action. Although very permissive, this model is still less general than the full effective field theory (1.4).
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o' 0? o? o*

o! 1.00  -0.03 -0.11 -0.01
0? -0.03 1.00 017 024
0’ -0.11 0.17 1.00 -0.62
o* -0.01 024 -0.62 1.00
constant -095 -0.21 -0.09 0.00

equilateral -0.80 -0.57 0.03 -0.16
flat -0.73 0.19 -0.38 0.31
local -0.54 0.00 -0.29 0.02

orthogonal 0.36 -0.79 0.27 -0.35

Table 1.2: Cosines of the shapes appearing in Fig. 1.1 between themselves and the standard CMB templates. Inner products are

computed using (1.25) and the constant bispectrum as a reference.

triples. In this paper we also fix 15 such scales.
We apply these methods to 9-year data from the WMAP satellite (Hinshaw et al. 2013; Bennett
et al. 2013). After diagonalizing our Fisher matrix ¥ = ULV, we can rewrite Eq. (1.21) as

> [Z iaU;;’Jza,ﬂ, = > b, (1.30)
@ B

a’

which has the same functional form as (1.21), with rotated coefficients /iaz =2 /ia ug " and 13[;/ =
28 135 Uﬁﬁ . The Fisher matrix for the constrainable parameters A, is given by X/, which is the
diagonal matrix of the first 4 principal eigenvalues listed in Eq. (1.29). Therefore we can constrain
4 rotated parameters A,- (corresponding to 4 linear combinations of the original parameters A, ),
with covariance matrix (g’ — /l(,f)(/iﬁ/ —Agr)) = (Z‘l)(,/ﬁ/. For the constrainable parameters

{Aqr} = {11,122, A3, A4} we find

Estimate
A -22.9 +20.9
oS 94.9 + 76.7
A3 -956 + 1180

Ay 42400 + 28600
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The quoted errors are 10~ and marginalized over the other A,-. Contour plots for the best-fit values
of the parameters are shown in Fig. 1.3.

Senatore, Smith and Zaldarriaga (2010) obtained constraints on the amplitude of the ‘equi-
lateral’ and ‘orthogonal’ bispectrum templates from the 5-year WMAP data, and used these to
constrain a subset of terms in the effective Lagrangian (1.4). They concluded that each shape in-
cluded in their analysis could be approximately described by a linear combination of these two
templates, up to ~ 90% correlation. However, they included only two of the operators in Eq. (1.4).
Our analysis demonstrates that it is possible to increase the number of linearly independent oper-
ators from two to four, although the estimate 14 = 42400 + 28600 shows that that sensitivity is

already decreasing markedly for the fourth parameter.

1.5 CONSTRAINTS ON MODELS

In §1.4 we obtained constraints on certain linear combinations of the EFT scales M;, M;. The
remaining linear combinations formally have infinite uncertainties because of degeneracies. To-
gether, these results summarize the information which can be recovered from the WMAP9 bis-
pectrum, but to apply them to specific models we must first match the mass scales M;, M;. In
this section we give two examples of this programme for models of observational interest: the
Dirac-Born—Infeld model (‘DBI inflation’) and ‘Ghost inflation’.

Once the M;, M; are known, the results of §1.4 would give four constraints on different com-
binations of these scales. Depending how many scales are needed to parametrize an individual
model, it may be possible to estimate some or all of them, or they may even be over-constrained.
The latter possibility indicates that the model is a poor fit for the data. Where more than four mass
scales are needed to characterize a model, the constraints pick out an observationally-allowed

subspace which is consistent with the CMB bispectrum measurements.

MEetHODOLOGY.— TO map our four constraints for {11, 12,43,44} onto a subset of the original

parameter space M;, M; we minimize the value

2 [/la’(Mi’Mi) - /,ia’]z

Z(;’la’

, (1.31)

a’=1
where X, 5 is the diagonal matrix of principal eigenvalues listed in Eq. (1.29); Ao+ (M;, M;)
represents the value of the linear combination A,- which would be predicted given a fixed choice

of mass scales M;, M;; and A, represents the value estimated from the data in §1.4. With four
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constraints on the 1,- we can constrain up to four of the M;, M;. In general, this approach will
allow us to find approximate estimates even in the case that a model is over-constrained.

We take X2 to be y?-distributed with four degrees of freedom. The A, are constructed from a
linear combination of the 3,,, and we assume that the experimental error for each f3,, is independent
and Gaussian-distributed. Because the A,- are chosen to be orthogonal, the experimental errors
on each A, will be obtained from a nearly uncorrelated sum of Gaussians, and will therefore
also be nearly independent. This makes X? approximately equal to a sum of four approximately
independent, unit Gaussians, and hence roughly y>-distributed.

Confidence intervals for the M;, M; could be determined by searching for suitable critical
values of the y? distribution. Alternatively, assuming that the A,- have uncorrelated Gaussian

errors, we could expand X to second order around the maximum likelihood point,
x>
we 24 9,00,
a/ﬁ/ a B

+AX?,

X% =Xx?

(/la' - Ao MLE) (/lﬁ' - /lﬁ' MLE) +oee
e (1.32)

= X2l
and construct confidence contours at the n'"-o- level by searching for critical values where AX? =
n?. In principle these methods agree if the A,- are Gaussian and uncorrelated. We find that the
agreement is not quite exact, which we ascribe to a small residual correlation between the errors
on the A,-. The single-parameter constraints reported below are obtained using the second-order
expansion (1.32), which reproduces the Fisher-matrix estimates. For two or more parameters

we report constraints extracted from critical values of the full y2-distribution with 4 degrees of

freedom.

DBI ivrLaTion.—The first example we consider is the ‘Dirac—-Born—Infeld’ or ‘DBI’ inflationary
model.

The Dirac-Born-Infeld action describes fluctuations of a membrane moving in a warped trans-
verse space, or ‘throat’. Under certain circumstances it can describe an inflationary epoch in which
inflaton perturbations propagate at less than the speed of light from the perspective of a brane-
based observer, due to constraints imposed by the extradimensional covering theory. The small
sound speed means that these models can produce significant nongaussianities in the equilateral
mode.

Fluctuations in a single-field DBI model can be described by the effective action (1.4), retain-

ing only the B and D operators (Cheung, Creminelli et al. 2008),

1
108 « M;Eﬁ(an)z (1.33a)

ApOP o M. (1.33b)
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This model does not involve the problematic scales M, M3 which lead to normalization inac-
curacies for the single-particle mode functions and therefore we expect our estimates to be quant-
itatively reliable.

The original DBI model had a single free parameter and therefore M, and M3 cannot be chosen
independently but are correlated as described below. Alternatively, one can consider a larger fam-
ily of DBI-like models which retain only these operators but allow M, and M3 to vary. Following

Senatore et al., constraints are typically expressed using the parameters

1 2M,) 324
L e ) 1.34a
c2 M2H g5 b (1.342)
1 2Mc; 243
(= —1) = S = p. 1.34b
C3(c§ ) M2E 1077 (1.346)

Causality requires the speed of sound ¢ to be less than or equal to unity. Since H < 0 during
inflation it follows that M;‘ must be positive (see footnote 5 on p. 62). If M;‘ = Ml‘,1r |H| then a
significant bispectrum can be generated. The reason for expressing constraints in terms of these
parameters is that it is not possible to determine M, and M3 without simultaneously specifying H.
The original DBI model imposes the constraint ¢z = 3(1 — csz)/ 2.

We estimate the joint constraints on Ag and Ap to be

Ap = —-1151 +760 (1.35a)

Ap = 946 +£584. (1.35b)

The Planck collaboration expressed their constraints in terms of fy -like parameters flfgjl and
fIEIFLTZ. In our notation these correspond, respectively, to A under the assumption Ap = 0 and
Ap under the assumption A5 = 0. Using the 2013 dataset, the Planck collaboration reported the

bounds f;FEI =8+ 73 and f=™ = 19 + 57 (Ade et al. 2013). Using the same notation, we find

NL
=l = 68.3 + 103 (1.36a)
=12 = 69.3 +79. (1.36b)

The Planck2013 errors represent an improvement of order 30%.
Alternatively, each bound can be expressed in terms of ¢; and ¢3. To compare with the con-
straints reported by the Planck collaboration we consider three possibilities. First, marginalizing

over ¢3 gives a conservative lower bound on cg,

¢s 2 0.010 at 95% confidence. (1.37a)
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Figure 1.2: Constraints on the DBI-like parameters cs, ¢3.

For comparison, Planck2013 found ¢; > 0.02 (Ade et al. 2013) at the same confidence level.

Second, imposing ¢3 = 0 gives
cs = 0.044 at 95% confidence. (1.37b)

Finally, assuming the strict DBI relation between ¢ and &3 leaves ¢ as a single free parameter.
We find
¢s = 0.051 at 95% confidence. (1.37¢)

Planck2013 obtained c¢; > 0.07 (Ade et al. 2013), also at 95% confidence. Eq. (1.37¢) can also be

expressed as an fyp parameter for the DBI shape. This gives
L = 69.6 £97.4. (1.38)

Finally, allowing both ¢ and ¢3 to vary results in a lower bound for ¢ and relatively weak con-
straints for ¢3, plotted in Fig. 1.2.

Similar bounds were reported by Senatore, Smith and Zaldarriaga (2010). Our construction
ensures that the bounds reported above correspond to the most accurate constraints which can be
achieved using this data set, because the shapes are explored using four rather than two orthogonal
directions in the likelihood (1.31). For example, using only the leading principal component to
construct the likelihood yields the constraint ¢ > 0.061 in the DBI model. This bound unduly
weights the component of the DBI shape along this principal direction, giving an overly optimistic

constraint when compared with the four-component result (1.37c¢).



82

OPTIMAL BISPECTRUM CONSTRAINTS ON SINGLE-FIELD MODELS OF INFLATION

Gnost INFLATION.—Our second example is the ‘Ghost inflation’ model proposed by Arkani-Hamed
et al. (2004), in which inflation is driven by a so-called ‘ghost condensate’ which spontaneously
breaks Lorentz invariance in the background. The ghost condensate is described by a scalar field
¢ whose time derivative gains a nonvanishing vacuum expectation value, {¢*) = M? # 0. This
expectation value is time-independent and is not diluted as inflation proceeds.

In the effective theory, fluctuations around the background correspond to nonzero M22 and 1\7132,
and the limit # — 0. This limit sets the quadratic spatial-derivative terms in (1.4) to zero, so that
the speed of sound is formally zero. The fluctuations are nevertheless propagating modes because

higher-order spatial derivative terms are present in the Lagrangian. The relevant EFT operators

are
C Mé‘ H 2 2 2
AcO% —(—8 n(0n)” + 7o 8,-7r8,~7r) (1.39a)
a’ \2
E M32 2 2 2
AOF « —4(H(? n(0m)? + 70 8,-7r6i7r). (1.39b)
a

The arrangement of derivatives is identical up to a relative factor of 2 in the first term. In terms of

the mass scales M, and M3 we have

325 M}
Ade = — —, 1.40a
¢ 972c2e Mg ( )
130 Mj
= 3. 1.40b
BT 2432e M2 (1.400)

The inclusion of factors of ¢s and € is purely formal, since this model technically involves the
limits ¢¢ — 0 and € — 0. Proceeding as for the DBI model we obtain the maximum-likelihood

estimates

Ac = —3680 + 2280 (1.41a)

Ag = 3900 + 2450. (1.41b)

Bartolo et al. observed that the operators (1.39a)—(1.39b) are nearly the same and chose to
aggregate them into a single term operator by introducing a common mass scale M, satisfying by
MOZ = 21\7132 /3 = —21\7122. The A corresponding to this aggregate operator [still defined to satisfy
the normalization condition (1.9)] represents an estimate of the amplitude of the ghost-inflation
bispectrum, and we label it 12, As explained in §1.3, the ghost inflation model involves fourth-
order kinetic terms whose details we do not capture, and therefore the precise normalization of

this estimate is uncertain. We find

8PSt — _68.4 1+ 100.5. (1.42)
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For comparison, the Planck collaboration reported the constraint f ghost _ _ 23188, Both estimates

NL
agree that the bispectrum in this channel is consistent with zero within 1o. In addition, this
comparison shows that, even in a case where the normalization uncertainty is important, our result

matches an exact calculation within a factor of order unity.

1.6 MODEL COMPARISON USING THE BISPECTRUM

The analyses of §§1.4—1.5 determine best-fit values for the A,, essentially in a frequentist sense,
assuming a fixed model for the underlying microphysical fluctuations. Therefore our conclusions
up to this point are restricted to parameter estimation.

Within this framework it is not possible to address questions such as whether the best-fit com-
bination for DBI inflation, Egs. (1.35a)—(1.35b), represents a better description of the data than the
best-fit combination for Ghost inflation, Eqs. (1.41a)—(1.41b). These broader questions constitute
the province of model comparison. Recent work has addressed the issue of inflationary model
comparison based on measurements of the two-point function of the temperature anisotropy (Mar-
tin et al. 2013). It is much more challenging to perform a similar analysis based on the three-point
function. In this section we take some steps towards this objective within the framework described
in §§1.2-1.4.

For computational reasons we must impose limitations on the meaning of the term ‘model’.
Conceptually this should include whatever information is necessary to specify the value of each
observable. For example, the transfer matrix I}, depends on the post-inflationary cosmological
history and in a global analysis the parameters which specify this history should be varied in addi-
tion to the inflationary parameters M;, M;. However, this generates a large parameter space which
is expensive to search because calculation of I},"" is time-consuming. In this analysis we will fix
the transfer matrix using standard best-fit values for the post-inflationary history and address the
more restricted question of which inflationary model yields a better fit for the three-point function

given these assumptions.

EviDENCE FOR A MODEL.—There is no single metric which unambiguously quantifies the evidence
for or against a particular model. One popular choice is the ‘Bayes factor’. For a particular set of
observations D and a pair of models M| and M, this is defined to be the ratio of likelihoods,

_ P(DIM;) _ [ P(DIA1,M)P(A1]1My) dA,
~ P(DIM2) [ P(D|d2, Ma)P(A2|M2) d A

K> (1.43)
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We use 41, A, to schematically denote two different choices of the parameters A, which charac-
terize a particular model. Because M| and M, are different they may require a different number of
parameters.

The probabilities P(A;|M;) represent the prior probability, for each model, that a particular
parameter choice occurs. They must be chosen by hand. Where meaningful prior information
exists (for example, previous measurements of a parameter) this can be encoded using these prob-
abilities.

Empirical scales are used to give meaning to the Bayes factor. Commonly used examples
are due to Jeffreys or Kass and Raftery (1995). In Kass & Raftery’s prescription, In K in the
range (1,3) is considered evidence in favour of M, whereas In K in the range (3,5) is considered
strong evidence and larger values of K are considered decisive. Ratios for which |In K| < 1 are

uninformative.

CHoice oF PrIORS.—In our case the A, represent Lagrangian coefficients. Some prior estimates
exist, but the datasets from which these were obtained are not independent of the 9-year WMAP
data used in this analysis. For this reason we disregard these prior constraints, and therefore some
other way must be found to justify the functional form of each prior.

If we insist that perturbation theory is valid then the A, should not be too large. This re-
quirement is convenient but not obviously necessary. However, for the purpose of performing
a concrete calculation we shall adopt it in what follows. In that case, the requirement that the
bispectrum generated by the operator O% does not overwhelm the power spectrum ¥ is roughly
[ |P {1/ 2 < 1, and therefore |1,| < 10*. This limit is helpful but gives no guidance regarding the

functional form of P(A4|M). To explore the range of outcomes we consider two possibilities:

e The ‘Jeffries prior’ P(1,) o« |1,]|~". This choice assigns equal probability for each dec-
ade of |A,|: that is, for A, to be between 1 and 10, 10 and 100, and so on. The Jeflries
prior makes it relatively likely for |1, to be near zero, and therefore can be regarded as

conservative.!3

e The flat prior, for which P(A,) is constant. This choice assigns equal probability to each

BStrictly, the Jeffries prior has a divergence at 1, = 0. We regularize this by cutting out the region |14| < 1 and
taking P(Aq) to be zero within it. We have checked that our results are robust to modest changes of the boundary
value. The choice of cutoff at unity is, of course, somewhat arbitrary. However, motivated by the fact that in the single
parameter case A, corresponds to the conventionally defined fnp, parameter, we note that error bars on fyp. for single
field inflationary models are at best expected to achieve values of order unity. Therefore, we shall regard 1, = 1 as a
‘natural’ cutoff, but shall also consider the dependency of the results on the cutoff, by presenting results with cutoff at

0.01, i.e. at a value of order of the slow roll parameters.
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value of A,, and therefore makes it relatively more likely for |A,| to be large. It is less
conservative than the Jeffries prior in the sense that that it enhances the probability for the

Lagrangian (1.4) to predict observably large nongaussianities.

Examples

e First, consider the comparison between a trivial Gaussian model (M;) for which 4, = 0 and

a DBI-like model (M;) with free parameter Ag # 0.

Adopting the Jeffries prior, the Bayes factor between these models is

(xzug =0) f“’“ oxp (_)/uB)) dip

. (1.44)
2 104 2 |/lB|

K> = 7 exp

The normalization factor I formally satisfies I = f _1?;4 dAg/|Ag|, although it is regularized
as described in footnote 13. We find In K»; =~ 0.63 which gives no preference for either
model. Note that there is an ‘Ockham’s razor’ penalty implicit in (1.44), because the para-
meter Ap is allowed to float over a relatively large interval. For a flat prior this Ockham
penalty strongly disfavours the DBI model, producing In K; = —4.23. We conclude that

the data are not sufficient to overcome the ambiguity in specifying a prior.

The Bayes factor K»; is only one of a number of metrics which can be used to assess good-
ness of fit. Another is the Akaike ‘information criterion’, defined by AIC = x2 . + 2k,
where k measures the number of parameters in the model and is a proxy for the ‘Ock-
ham razor’ penalty of Eq. (1.43). The model with smallest AIC is preferred. We find
AIC; — AIC, = -1.56, which implies a preference for the trivial Gaussian model M; in
comparison to a model with nonzero Ag. The same preference is found if we allow any

other single Lagrangian parameter to be nonzero.

e Next, consider a third DBI-like model M3 in which the two parameters Ap and Ap (or,

equivalently, the parameters c¢s and ¢3 in the notation of §1.5) are allowed to float. We find

Jeffries prior

AIC difference |In K|, cutoff=1 |In K], cutoff=0.01
M vs. M; -0.94 1.26 0.75

M, vs. Ms 0.62 0.64 0.38

The Akaike information criterion prefers M; to M3, but Mz to M,. Therefore the trivial
Gaussian model M| is preferred overall, but if we discard this option then the information

criterion prefers a two-parameter fit (M3) to a single-parameter fit (M).
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The Bayes factors are inconclusive, but it could be argued that they show a weak preference
for the opposite conclusion. We compute the Bayes factor using two different choices for
the regularization of the Jeffries prior; see footnote 13 on p. 84. A smaller cutoff increases
the weight of probability for the A, to be near zero, and therefore decreases the probability
that the model generates an observable signature. As we increase the lower limit for the
parameters A, to the ‘natural’ level 1, = 1, the Bayes factor does not strongly discriminate
between a two- or three-parameter fit. However, it does marginally begin to disfavour a
two-parameter fit (M3) compared to the trivial model (M;). Therefore it appears that a fit
for a DBI-like model using more than two parameters becomes mildly in tension with the

data for ‘natural’ choices of the dimensionless scales A, .

The apparent discrepancy with the Akaike information criterion should be ascribed to a
stronger ‘Ockham’ or complexity penalty in the Bayes factor. The information criterion
down-weights each model by a fixed amount depending on the number of parameters,
whereas the Bayes factor attempts to account for the increased volume of parameter space
which becomes available. For example, using a flat prior instead of the Jeffries prior very

strongly disfavours the models M, and M.

1.7 DISCUSSION AND CONCLUSIONS

The availability of high-quality maps of the CMB temperature anisotropy from the WMAP and
Planck missions means that it has become feasible to search for primordial three-point correla-
tions. Such correlations are typically predicted by any scenario in which the fluctuations have an
inflationary origin, due to microphysical three-body interactions among the light, active degrees of
freedom of the inflationary epoch. If detected, their precise form could provide decisive evidence
in favour of the inflationary hypothesis.

Unfortunately, due to issues of computational complexity, it is not yet possible to perform
a blind search for these primordial three-point correlations. Instead, we must search for signals
which we have some prior reason to believe may be present in the data. Therefore the amount of
information we manage to extract depends on which signals we choose to look for.

In this paper we have made a systematic search of the 9-year WMAP data for correlations
which could be produced in a very general model of single-field inflation, under the assumption

that the background evolution is smooth, yielding corresponding smooth and nearly scale-invariant
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correlation functions. This excludes models which contain sharp features or oscillations (Starob-
insky 1992; Adams, Ross and Sarkar 1997; Adams, Cresswell and Easther 2001; Hailu and Tye
2007; Bean et al. 2008; Achucarro et al. 2011; Joy, Sahni and Starobinsky 2008; Hotchkiss and
Sarkar 2010; Nakashima et al. 2011; Adshead, Hu, Dvorkin et al. 2011). It also excludes models
in which significant three-point correlations are generated by differences of evolution between re-
gions of the universe separated by super-Hubble distances. Correlations generated by this mechan-
ism are generally most significant in the ‘squeezed’ or soft limit, where the correlation is between
fluctuations on very disparate scales. Such correlations have been disfavoured by analysis of the
Planck2013 data release (Ade et al. 2013). By comparison, the 9-year WMAP data achieve a
smaller signal-to-noise for such configurations. The difference between the 9-year WMAP and
Planck2013 datasets is less pronounced for the momentum configurations which we probe, with
for example 1o error bars on f;‘}j‘ﬂ improving from 117 to 75.

The essential steps of our analysis were assembled in §§1.2—1.4. We begin with an effective
field theory which parametrizes the unknown details of three-body interactions between inflaton
fluctuations, but preserves nonlinearly realized Lorentz invariance. The effective theory is agnostic
regarding the physical mechanism which underlies inflation. We compute the bispectrum gener-
ated by each operator in the effective theory, and break these into principal components using a
Fisher-matrix approach. The amplitude of each principal component is recovered from the data,
after which the results can be translated into constraints on the mass scales which appeared in the
original effective theory. We find that no significant deviation from Gaussianity has been detec-
ted in any region of the inflationary parameter space. This conclusion is consistent with previous
analyses of the 9-year WMAP and Planck2013 datasets.

Our principal components are similar to those obtained by Byun & Bean, who forecast the
constraints which could be obtained from a Planck-like survey (Byun and Bean 2013). We find
that the best-constrained principal direction exhibits similarities to (in order) the flattened, ortho-
gonal and ‘Galileon’ templates. A fourth principal direction is more complex, but at best weakly
constrained.

The large space of models which fit into the class of single-field scenarios invites attempts to
identify best-fitting regions. To approach this problem we use the framework of Bayesian model
comparison. The results are at best weakly significant, but tend to disfavour models with more
parameters when compared to simpler cases with zero or one parameter. This is not surprising
given that the amplitude of each principal direction is consistent with zero. However, it should be
borne in mind that our analysis is restricted to smooth and nearly scale-invariant bispectra. It is

possible that a significant signal of a different type is hidden in the data. In some cases, n-point
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functions of this type can be described within the framework of effective field theory (Bartolo,

Cannone and Matarrese 2013). The analysis developed in §§1.2—1.4 could be applied immediately

to such scenarios given a suitable choice of basis functions R,,.
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1.A THREE-POINT FUNCTIONS FOR THE EFT OPERATORS

This appendix has been expanded from the version in the original paper to include more details
of the calculation of the three-point functions corresponding to each operator in the effective Lag-
rangian (1.4). The principal tool is Schwinger’s formulation of ‘in—in’ expectation values and
the corresponding expansion into diagrams due to Keldysh (Schwinger 1961; Bakshi and Ma-
hanthappa 1963a; Bakshi and Mahanthappa 1963b; Keldysh 1964). The technique was applied
to general relativity by Jordan, who used it to study the effective equations of motion obtained by
integrating out quantum fluctuations (Jordan 1986). It was imported into cosmology by Calzetta
and Hu (1987) and applied to inflation by Maldacena (2003) and subsequent authors (Weinberg
2005; Weinberg 2006).

In—-v carcurations.—Calculating inflationary correlation functions corresponds to computing an

expectation value of an operator O at a fixed time ¢,., usually taken to be the end of inflation, given
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some ‘in’-state at very early times. So what we want to construct in this case are averages over
all subsequent field histories of the in-states, because in cosmology we have no prior information
on the out-states. Therefore we need to do an “in-in” calculation, instead of the usual “in-out”
calculations that are used in calculating transition amplitudes in standard scattering calculations,
where the “in” state at past infinity becomes an “out” state at future infinity. This expectation can
be computed in a couple of ways. The calculations of the propagator and bispectrum for the simple
inflation model in §0.4.3 and §0.8.3 were conducted using the Hamiltonian formulation (Malda-
cena 2003). In this appendix we will use the path integral formalism (Seery and Lidsey 2005b)
to calculate the bispectrum contributions arising from the EFT operators. Both ways are entirely

equivalent. This expectation value is
(0). = (in|O(z.)lin), (1.45)

where the subscript “«’ is used to denote evaluation of O at time ¢... In the present case, O will cor-
respond to a product of field operators evaluated at the same time but at distinct spatial positions.
Inserting a complete set of intermediate states labelled by the three-dimensional field config-

uration m(x,7) at some arbitrary time 7" > ¢,

f[dﬂ'(X,T)] 7%, T))}{n(x,T)| =1, (1.46)

we conclude

(0). = f[dﬂ(X,T)] (infr(x,T) X7 (x,T)|O0 (1) lin), (1.47)

where the measure [dr(x,7)] denotes integration over all field configurations (Peskin and Schroeder

1995). Each overlap in (1.47) can be written as a conventional Feynman path integral,

(n(x,T)lin) = f [dr1 " exp [iS(m)] (1.48)

with the integration running over all field histories m(x,t) which are consistent with the in-state
|in) in the far past, and which coincide with the configuration (x,7) at time 7. The result is the

‘closed time path’ integral

0(1.)) = f [drs dn-10(t2) exp [iS(m) —iS(n-) | 8lme(T) = n (D)), (149)

with the independent integrations m,, 7_ running over field histories which are compatible with
the in-state but are unrestricted at late times. This is shown in Figure. 1.4.

The action now implicitly contains ie terms that implement the |in) vacuum as described
in Weinberg (2005). Eq. (1.49) admits an expansion into diagrams in which the Green’s func-

tions connecting only ‘+’ or only ‘-’ fields obey the usual Feynman boundary conditions, but are
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augmented by Green’s functions which mix the ‘+” and ‘-’ labels and whose boundary conditions

are determined by the §-function. For further details, see Weinberg (2005).

Im

in)

m— t* T

Figure 1.4: Schwinger’s closed time path integral.

Monbk runctions.—It was explained in §1.3 that we approximate the mode functions as Hankel

functions of order 3/2. Analytically, this corresponds to building Green’s functions from the mode

function
1H 1~ —ikéstT
u(t,k) = ———(1 +ikét)e "7, (1.50)
4ec k3
and its complex conjugate. In this formula, 7 = — ft ®dt’Ja(t’) is the conformal time and & is

a ‘generalized’ speed of sound. This will also contain ie terms, but they can be accounted for by
rotating the contour of integration over the action at —co, which we will denote in future equa-
tions by —oo*. The procedure is analogous to performing a Wick rotation 7 — it in Minkowski
space (Peskin and Schroeder 1995). In a model without fourth-derivative kinetic terms this will
usually be the phase velocity, determined from the ratio of coefficients of the spatial and temporal
kinetic terms. In other cases it may bear less relation to what would normally be thought of as
a phase velocity. Our notation coincides with that of Bartolo et al. (2010a) and Bartolo et al.
(2010b), to which we refer for further details; see especially the discussion below Eq. (2.6) in
Bartolo et al. (2010b). In writing Eq. (1.50) we have assumed that the in-state |in) contains zero
particles, corresponding to the ‘Bunch—Davies’ vacuum (Bunch and Davies 1978).
The general expression for the propagator (67) can be written as

3 u(ky,u*(ky,n) 7T<7n
({(k1,T)(k2,m)) = 2r) 6 (k1 + ko) X (1.51)

u* (ky,Du*(k2,m) 7>

Calculating three-point correlation functions amounts to setting the operator O(t.) appearing

in (1.49) to be the product of three copies of the field m evaluated at a common time 7., but
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with different wave numbers

(T Ty Tl ) = f[dfr]ﬂ(kl,u)ﬂ(kz,n)ﬂ(k3,n) exp [iS(n)|, (1.52)

The action can be expanded order by order as follows S = S, + §3 + ..., where S; is the second
order “Gaussian” action and S3 is the interaction action (1.4). Performing a Taylor expansion of

exp [iS3 (ﬂ')] and keeping only the leading order non-zero contribution gives 4

(T, Txy 7o) = f [dr] exp [iS2(n) | w(ki, ) (ka, T )m (K3, 7o) [1S3(m) (1.53)

where the “external” momenta k; are associated with the time of observation 7,.. The three-point
function contribution from each operator in the EFT action (1.4) is computed by substituting the
operator into this equation. As an example we will detail the calculation of the three-point function
arising from Op = —4M;373/3. Transforming to conformal time and using { = —Hr to write the
correlation functions in terms of the observationally relevant quantity £ we can use (1.53) to write

this operators contribution to the three-point function as

(i G} = f [d¢] exp [iS2(m)| £ (k1. 7)¢ (Ko 7 (s, 7.)

1 d3q
f dn f & xs M0 f i o )3]4(q],n>§ (@ (g (1:54)

exp [ —i(q; +q, +q3) - x],
where we written Op in Fourier space and have also used the fact that a = —1/H7. The “internal”

momenta q; are associated with early times. Performing the d>x and [d{] integrals we find

T 4 1 d
Gutotor= [ an [ @' o [n[Slen’ o s +a

(€ (k1,77 (q1.mXE (K2, T 4 (A, M) N (K3, 1) (q3,1))

(1.55)

+ perms. + c.c.,
where we used Wick’s theorem to break up the correlation function into three copies of the propag-
ator (1.51) connecting internal and external momenta, where the permutations arise from all the
different ways to connect the internal momentum lines associated with the interaction with the
external physical momenta.

Using (1.51) and (1.50) it is straightforward to show that this reduces to
1. 4 A &\’
Gk, Cky Ois) = — ﬁl(%) 0(ky + ko + k3) M3(1)" Hy (€)
(1 + 16k 1 1) (1 + 1€skp T ) (1 + iCska T, )exp[—iCok Ty ] (1.56)

T*
f dn n’expliésk,n)] + perms. ,

—oo+

4The first term in the Taylor expansion will be zero as a consequence of the Gaussian measure. Higher order terms

in S3 () will be negligible as they will be down by a factor of slow-roll compared to the tree-level contribution.
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We are performing the calculations at horizon-crossing and the Hubble parameter is approxim-
ately constant during inflation so H ~ H,. The integral can be computed by performing many
integrations by parts. The result is

"y etk = | L P | eiesker (1.57)
e ke 2T 3K '

oo+ Csky

where the contour rotation at —co means that there are no boundary contributions from —co as we
expect. Substituting this back into (1.56) and ignoring terms O(7,) or higher because they will be

subleading around horizon-crossing, the final result is

2

3k3 k3

Uk, ko lks) = (1.58)

with k; = k; + ky + k3 and k’g = kykoks. Performing similar calculations for the other terms, the

three-point function contributions corresponding to the EFT operators in (1.4) are:

e Oy = —Mf(&ﬂ)zﬁzﬂ/2a4

1 H3
By(ky, ko, k3) 2 EM?34—nk3 k% ky ks A1 +1-2+1-3,
(1.59)
e Op = —2M;7#(dn)*[a*
1 H? 1 ky+ky 2koks
By (ky,ky, k M4—k2k k( 2 4+ ‘)+1—>2+1—>3,
¢(ki,ka, k3) 2 232Hk ] 2 o
(1.60)
o Oc = -M3 [H(8*n)(0m)?/2 + #6°0;nd;x | a*
1 _, H} )
By (k1,kp, k3) 2 16M234—HkSk ky k3 [Ap+ (K3 + k) A +152+153,
1.61)
o Op = —4M}7/3
By (ki k k)31M4 H, 1
G T S ki k2
l (1.62)

e Op = —M32 [H(an)zazn + ﬁazajﬂ(?jn] Ja*
4

3 4Hk3

k3 + k3
Ar|+1-52+1-3, (1.63)

1
By(ky, ko, k3) 2 M32 ki ko - K3 [5‘{1+
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o Op = -2M;#*0’n/3a*

1 _, HY 1
By (ki ko, k3) 2 = 3— ,
¢(k1, ko, k3) Hk s
(1.64)
e Og = 1\_4527'7((3?271)2/3614
1., Hf 1 4k2
Bé’(kl,kz,]@) 2 —ngw k3 (3 + ktz s
(1.65)
e Oy = M7#(8;0;m)*[3a*
1 - . 2 2
By(ki, ko, k3) 2 ——M6 k (ka-k3)* Ay +1-2+1-3,
- 24 H
(1.66)
o O; = —M7(0*n)3/31a®
By (ky,ko,k3) 2 11\71 H, A
z(ki, ko, k3) 2 7€3C?Hkl’ 3,
(1.67)
o O; = —-M3d*n(9;0k7)?/3!a®
1 H
B((kl,kz,k3)3 M836—Wk (ko - k3) Az+1->2+1-3, (1.68)
e O = —Mga,-ajnajaknaka,-n/szaﬁ
1 H;
By (ki,ko,k3) 2 ZM936—Hk3 (k1 - ko) (kg - k3) (k2 - K3) A3,
(1.69)

where 1 — 2 etc. denotes permutations.

1 k2 3k 1 3(ky+ks) 12ksk 1 3k2 15K
ﬂ1=[ a B ﬂz=( N (ko + 3)+ 23), A = L OKa AN

—+ —+ — —+—+
ke k& k} Kk} k¥ k) ISR S

t

with k2 = kyky + kyk3 + kaks.
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Figure 1.3: 10 (red) 20 (blue) confidence regions for two out of four principal components A+ constrained by 9-year WMAP
data. The results show consistency with zero magnitude generally within 1 — 1.50, suggesting no strong evidence of

nongaussianity in the single field inflationary parameter space.




PAPER 2

TRANSPORT EQUATIONS FOR THE INFLATIONARY TRISPECTRUM

GEMMA J. ANDERSON, DavID J. MULRYNE AND DAVID SEERY

We use transport techniques to calculate the trispectrum produced in multiple-field inflation-
ary models with canonical kinetic terms. Our method allows the time evolution of the local
trispectrum parameters, 7 and gnp, to be tracked throughout the inflationary phase. We
illustrate our approach using examples. We give a simplified method to calculate the super-
horizon part of the relation between field fluctuations on spatially flat hypersurfaces and the
curvature perturbation on uniform density slices, £, and obtain its third-order part for the first
time. We clarify how the ‘backwards’ formalism of Yokoyama et al. relates to our analysis
and other recent work. We supply explicit formulae which enable each inflationary observable

to be computed in any canonical model of interest, using a suitable first-order ODE solver.
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2.1 INTRODUCTION

Cosmological inflation predicts the generation of a primordial perturbation, £, believed to have
seeded the temperature anisotropy of the cosmic microwave background (“CMB”) and the galaxy
density field. This fluctuation is sensitive to the physics that created it, and therefore different mod-
els of inflation typically generate perturbations with distinct statistical properties. These properties
can be observed by measuring their correlation functions. We expect this approach to provide the
most important observational constraints on an era of early-universe inflation.

What information is encoded in these correlation functions? The two-point function is nearly
determined by the symmetries of the background, rather than the choice of microphysics, although
useful information may be extracted from its scale dependence. The higher n-point functions are
much less constrained, but only the three- and four-point functions (the “bispectrum’ and “trispec-
trum”) are likely to be measured in the near future. Canonical single field inflation predicts a bi-
and trispectrum which will be undetectable by present-day or near-future experiments (Maldacena
2003; Lyth and Rodriguez 2005; Seery and Lidsey 2005; Seery, Lidsey and Sloth 2007; Seery and
Lidsey 2007; Seery, Sloth and Vernizzi 2009). But if more than one field is active during inflation,
or noncanonical interactions are present, the three- and four-point functions can be measured and
their properties can discriminate between these possibilities.

Because of their observational relevance and constraining power, these “nongaussian” effects
have received considerable attention. During inflation, each comoving k-mode of a light scalar
field receives a perturbation when the corresponding physical scale crosses outside the horizon.
Once outside, causality forbids any exchange between neighbouring regions and therefore ¢ must
be generated by reprocessing the local fluctuations. Where only a single degree of freedom , is

relevant, this gives (Starobinsky 1985; Sasaki and Stewart 1996; Lyth and Rodriguez 2005)

3 9
£(0) = g (0 + TNL(L(0) = (L)) + Seanidg (0 + -, 2.1

where all quantities are evaluated at the same time, and x labels a coarse-grained spatial position
with sub-horizon details smoothed out. This local character gives each correlation function a
very distinctive momentum dependence. At leading-order the bispectrum has only one possibility,
generated by the quadratic term in (2.1). Its amplitude is parametrized by the number fni (Verde
et al. 2000; Komatsu and Spergel 2001), which may depend weakly on the smoothing scale. But
the trispectrum has two possibilities, generated respectively by the cubic term and the square of

the quadratic term. These are conventionally parametrized by the numbers 7w;, and gnp (Sasaki,
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Viliviita and Wands 2006; Boubekeur and Lyth 2006; Alabidi and Lyth 2006; Seery and Lidsey
2007; Byrnes, Sasaki and Wands 2006). In the single-field case, 7np does not appear in (2.1)
and can be expressed in terms of fnr; the precise relation is Tnp = (6 fNL/S)Z. Where more
than one light degree of freedom is present, they may all appear in Eq. (2.1) and this relation is
weakened to the Suyama—Yamaguchi inequality 7wy > (6 fni./5)% (Suyama and Yamaguchi 2008;
Smith, LoVerde and Zaldarriaga 2011). The role of such relations in diagnosing the active particle

spectrum during inflation was recently emphasized by Assassi, Baumann and Green (2012).

TraNsPORT METHODS.—In this paper we explain how the non-linearity parameters 7y, and gnp, can
be calculated using “transport” methods.

Such calculations can already be carried out within the “6 N formalism” (Starobinsky 1985;
Sasaki and Stewart 1996; Lyth and Rodriguez 2005), which requires a Taylor expansion of the
background solution in small displacements from a chosen initial condition. An expression for
T~L Was given in this formalism by Alabidi and Lyth (2006). A comparable result for gnp was
provided by Sasaki, Viliviita and Wands (2006) in the context of a curvaton model, and later
generalized to an arbitrary number of light fields in Seery and Lidsey (2007). The “6 /N Taylor
expansion leads to concise and attractive analytic results. But it is not ideally suited to numerical
implementation, because it relies on extracting small variations which can easily be swamped by
numerical noise.

In Seery, Mulryne et al. (2012) it was explained that the Taylor expansion can be understood
as a variational method to compute Jacobi fields for the flow of inflationary trajectories in phase
space. These fields can be used to explore local properties of any flow, and were introduced by
Jacobi in his reformulation of Hamiltonian mechanics into what is now Hamilton—Jacobi theory. In
inflation, they represent the geometrical structure which underlies perturbation theory in the long
wavelength limit. They recur in many areas of physics (see, e.g., Hawking and Ellis (1973) and
Visser (1993)), and have been much-studied in WKB approximations to the path integral (DeWitt-
Morette 1976; DeWitt-Morette and Zhang 1983; DeWitt-Morette, Zhang and Nelson 1983).

The Jacobi fields are the necessary ingredient to compute 7y, and gni,, but it is not necessary
to use variational techniques to compute them. Their evolution can be determined equally well
using an ordinary differential equation—the ‘Jacobi equation’ (Jacobi 1837). The equivalence was
emphasized by DeWitt-Morette (1976). The Jacobi equation is usually preferable for numerical
implementation. It can be solved using conventional ODE techniques and is usually much more
stable against numerical noise. Jacobi methods are widely used in other applications, including

gravitational lensing (Lewis and Challinor 2006; Lewis 2012).
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With this motivation, one can ask whether it is possible to replace the “6 N Taylor expansion
with an approach based on the Jacobi equation. To do so, one gives an evolution equation for
each n-point function. Such equations were introduced in Mulryne, Seery and Wesley (2010) and
Mulryne, Seery and Wesley (2011) and were originally framed in real space.! Real-space meth-
ods are adequate if one wishes to extract only the local part of the three-point function. But if
one wishes to include more general momentum-dependence or study n-point functions for n > 4,
where it is necessary to distinguish between “squeezed” and “collapsed” momentum configur-
ations, one must revert to Fourier space as it is not possible to do so in real space. In Seery,
Mulryne et al. (2012) it was explained how to formulate evolution equations for the full k-space
correlation functions, which can be integrated using an approach similar to the “line of sight integ-
ral” used to simplify solution of the Boltzmann equation. In Seery, Mulryne et al. (2012) this was
used to give formal but explicit expressions for the n-point functions in terms of the Jacobi fields
and their derivatives, and hence to demonstrate equivalence with the variational “6 N formalism”
up the three-point function.

In this paper we specialize this method to the trispectrum. We write a transport equation
for the four-point function of field fluctuations d¢, defined on spatially flat slices. As in Seery,
Mulryne et al. (2012), this can be integrated in terms of Jacobi fields and reproduces the variational
formulae discussed above. In a second step, we express the correlation functions of ¢ in terms of
those of the 6¢,. At this point the required values of 7y and gni, can be extracted. However, our
method is not limited to obtention of the ¢ correlation functions and can be deployed to determine

the correlation functions of both ¢ and any isocurvature modes.

OutLiNe.—In §2.2 we introduce the transport framework and extend it to third order. In §2.2.2 we
write down the full k-dependent equation which evolves the four-point function on superhorizon
scales. By studying the momentum-dependence of this equation, we can extract (in §2.2.3) the
coefficients of the “squeezed” and “collapsed” configurations. We give separate evolution equa-
tions for these.

In §2.3 we demonstrate that the transport (Jacobi) method is equivalent to the familiar Taylor
expansion of the separate universe formalism. We use our evolution equation to derive ordinary
differential equations which evolve the separate-universe Taylor coefficients forward in time, and

which supply the basis of an efficient numerical implementation. In §2.4 we finish the task of

A similar formalism had been introduced earlier by Yokoyama, Suyama and Tanaka (2007); Yokoyama, Suyama
and Tanaka (2008), who gave evolution equations for the Taylor coefficients of the § N formalism rather than the n-point
functions directly. It was shown in Seery, Mulryne et al. (2012) that these formalisms are equivalent up to the 3-point

function. In §§2.3-2.5 we extend this equivalence to the 4-point function.
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extracting 7ni, and gni, by computing the relationship between ¢ and the field fluctuations ¢, .
Our final expressions are given in §2.4.2. We supply explicit expressions which enable each
inflationary observable to be computed in any canonical model of interest, using a suitable first-
order ODE solver.

In §2.5 we describe the alternative backwards transport method introduced by Yokoyama et al.,
and extend it to accommodate the trispectrum parameters. We briefly comment on the relative
advantages of each formulation. In §2.6 we discuss some representative numerical results. Finally,

we conclude with a short discussion in §2.7.

NOTATION AND CONVENTIONS.—We set ¢ = i = 1 and work in terms of the reduced Planck mass,
MS = (87G)~! where G is Newton’s constant. The species of light scalar fields are indexed by

Greek labels a, 8, ..., .

2.2 TRANSPORT EQUATIONS

After smoothing on a length scale k! > (aH)~', the field value in each smoothed region of the
universe (“patch”) will evolve independently, as though it were in a homogeneous and isotropic
separate universe. Making use of the slow-roll approximation, and assuming that all fields are
canonically normalized and minimally coupled to Einstein gravity, Eq. (32) implies each smoothed
field ¢, evolves according to (Mulryne, Seery and Wesley 2010; Mulryne, Seery and Wesley 2011;
Seery, Mulryne et al. 2012)

dea _Mzaan(gp) _

aN b W Uq, (2.2)
up to gradient-suppressed corrections. In writing (2.2) we have used the e-folding number dN =
H dt as a time variable, and 7 is cosmic time. The index « labels the species of light scalar fields
and u, can be interpreted as a flow vector describing the trajectory of the smoothed field in phase
space. In this paper we will take these indices to be contracted using the flat metric J,p, so that
index placement is immaterial.

If desired the slow-roll approximation could be abandoned by passing to a Hamiltonian for-
mulation. The resulting transport equations are structurally identical, requiring only specification
of suitable initial conditions. This method was described in Mulryne, Seery and Wesley (2011)
and Seery, Mulryne et al. (2012) and later implemented by Dias, Frazer and Liddle (2012) for

the purpose of studying D-brane models of inflation. In this paper we will restrict ourselves to
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the slow-roll approximation, but our evolution equations are unchanged by this choice and can be

extended immediately to the full phase space.

2.2.1 JACOBI EQUATION

The field value varies between coarse-grained patches. Picking a fiducial patch labelled by the
spatial position X, the field in a neighbouring patch at relative position r will be displaced by a

small amount 6¢,,

Pa (X +T) % @q (X) + 6¢a (T). (2.3)

At a generic position, and provided the region under consideration is not too large, we can expect
[6¢q| to be small in comparison with |¢,|. With these assumptions the evolution of d¢, can be
obtained by making a Taylor expansion of the velocity u, in the neighbourhood of the fiducial

trajectory. Hence,

dépq (r)

1
O taple(X)]100p(r) + Sitapy[p(X)]10¢p(r)0 gy (r)

| 2.4)

+ 3y tapyslp()10@p )00y (N)ogs (X) + - --
where u,g[@(X)] = Oglta, Uapy[@(X)] = Oyuqp and uggysle(xX)] = Osuap,. We now exchange r
for a Fourier space description. To keep the resulting equations compact we employ the ‘primed’
DeWitt index convention introduced in Seery, Mulryne et al. (2012). In this notation, a compound
index such as a’ includes a field label @ and a momentum label k,,, and also indicates evaluation
at some common time of interest N. The summation convention applied to @’ implies integration

over momentum with measure d°k, /(27)3, and summation over the species «. In this notation we

find

d5(p ’ 1
@ _ MQ/B'(SSO,B' + _‘M(l/ﬁl,y/ (590’3/6507/ - <6§0ﬁ’690'y’>)
" ! y 2.5)
+ iuafﬁfy/5/(590ﬁ/590y/5905r — (8pp Sy 6psr)) + -+

Eq. (2.5) is the nonlinear Jacobi equation. We have subtracted a zero-mode to ensure the equation
of motion preserves (d¢) = 0 throughout the evolution. This amounts to discarding disconnected
terms in the correlation functions. The disconnected terms are ones that can be written as products
of lower correlation functions. The u-matrices contained in (2.5) inherit a dependence on the
fiducial region x through their dependence on the background fields, but the resulting connected

correlation functions depend only on statistical properties of the ensemble of smoothed fields.
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Explicitly, we find

Ugrpr = (21)°6(Ka — Kp)itaplp(x)] (2.6)
ua”ﬁ')/’ = (271')35(1(@ - kﬁ - ky)ua/ﬁy [QO(X)] (27)
Uarpryrsr = (2m) 6 (Ko — kg — Ky — Ks)tapys[o(X)]. (2.8)

2.2.2 EVOLUTION OF CORRELATION FUNCTIONS

The Jacobi equation (2.5) summarizes evolution in the ensemble of smoothed patches. The u-
matrices can be calculated using any suitable method, such as the long-wavelength limit of cos-
mological perturbation theory or the separate-universe approximation. However they are obtained,
they control not only the evolution of physical field fluctuations but also their correlation functions.
To show this we note that for any classical observable O not explicitly depending on time,
the time derivative of its expectation value satisfies d(O)/dN = (dO/dN), provided probability
is conserved.? It also applies quantum-mechanically if O is a Heisenberg picture field. Transport
equations for the quantum case, similar to those we will develop here, were given by Andrews
(1985) and developed by Ballentine (1998). The classical limit was studied by Hepp (1974).

We define the two-point function X, to satisfy

Lorpr = (0Parb@pr). (2.9)

Recall that our index convention implies that each quantity on the right-hand side is evaluated at
the common time of interest, N. Differentiating this expression, and moving the time derivative

inside the expectation value as discussed above, we obtain an evolution equation for X/,

dZa/[g/ B <d6¢a’ d5<p5f>

6 ’ 6(2(, 2.10
dN aN OB TP Ty (2.10)

Use of Eq. (2.5) allows the right-hand side to be rewritten in terms of #-matrices and correlation
functions. Working to the lowest relevant order,* we conclude

dZqrpr
dN

= I,{(l/,ylz,y/ﬁ/ —+ Mﬁfylzy/a/ + [> 3pf ], (211)

where “[ > 3p.f.]” denotes terms containing higher-order correlation functions which have been

omitted, beginning with the three-point function. Eq. (2.11) will be a good approximation whenever

2Technically, the probability distribution P must vanish sufficiently rapidly on the boundary of phase space that

uq P — 0 there, and therefore integration by parts inside the expectation value does not generate any boundary terms.
3Retaining higher-order contributions would reproduce the ‘loop corrections’ of the § N formalism; see Boubekeur

and Lyth (2006); Lyth and Seery (2008); Seery (2010).
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these higher-order correlation functions are negligible, which will usually be satisfied during an
epoch of quasi-exponential inflation. In that case, the correlation functions typically order their
amplitudes in powers of H? (Jarnhus and Sloth 2008) making the relative error after translation to
¢ of order (H/Mp)? < 1. A similar procedure gives the evolution of the three-point function. We

define

a/a/',B”)/' = <590(x’690,6”5‘py’>, (212)
and the corresponding transport equation is

da’(t’,B’y’

T = M @y e S By + cyelic + [> dp.f], (2.13)

where “cyclic” denotes the two cyclic permutations of each term, and “[ > 4p.f.]” again denotes
terms involving higher-order correlation functions which have been discarded, beginning with
the four-point function. As for the two-point function, Eq. (2.13) will be a good approximation

whenever these are negligible in comparison with the terms which have been retained.

Four-poInT FuncTION.—EQgs. (2.11) and (2.13) were given in Seery, Mulryne et al. (2012). In this
section, for the first time, we give the corresponding transport equation for the four-point function.
To do so, we must distinguish carefully between the connected and disconnected contributions.
The disconnected contributions are always present, even in the case of purely Gaussian statist-
ics, and therefore provide no new information. But if the perturbations develop some intrinsic
nongaussianity during their evolution, this is encoded in the connected part of the four-point func-

tion. To obtain it we subtract the disconnected terms from the full four-point function, and define
ﬁa’ﬁ’y’d’ = ((S(pa// 6(pﬁ/ 6()0’}” 6¢6/ > —_ Za/ﬁ/ Z,y/(s/ —_ ZCY")/' Eﬁ/(s/ — Za’é’ Zﬁ/,y/ . (2 14)

In statistical language, the four-point function (6@’ d¢grd¢y-d¢s-) is the moment, and the con-
nected part 457,75 is the cumulant.
The transport equation for B,7g7,75 18

d PRI~ ST
—ﬁa B’y’6 = (Ma’/l’ﬁ/l’ﬂ’y’é’ +3 CyCliC) + (ua’/l’y’a’/l’ﬁ’y’zp’(s’ +11 CyCliC)
dN (2.15)

+ (M(t’/l’y’v’z/l'ﬁ'ZM"}’/ZV,(Y + 3 CyCliC) + [> Spf ]
It can be obtained by various methods, including the Gauss—Hermite cumulant expansion used in
Mulryne, Seery and Wesley (2010), the method of generating functions used in Mulryne, Seery
and Wesley (2011) and the approach described above. We derive this equation in 2.B using the

Gauss—Hermite approach.
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2.2.3 SEPARATION OF LOCAL SHAPES

The transport equations (2.11), (2.13) and (2.15) evolve each correlation function in its entirety.
Although they are first order ordinary differential equations, they are not trivial to solve because
they couple the correlation functions associated with different k- and species labels.# Indeed, the
coupled system can be regarded as simply a form of Boltzmann hierarchy. Like the hierarchy
used to compute CMB anisotropies it must be truncated—by discarding higher-order correlation
functions—if it is to be turned into a practical computational tool. We will see in §2.3 that it
admits a similar kind of formal solution. But if we wish only to track the evolution of the local
momentum shapes, then we can extract simpler “flavour” equations which do not involve the
continuum of k-modes. These are ordinary differential equations for a finite number of variables
and their numerical solution is straightforward.

Egs. (2.11), (2.13) and (2.15) show that (at least to this order), each correlation function is
sourced by the correlation functions of lower order. Hence, we proceed inductively: if the k-
dependence of the two-point function is known, then it can be used to determine the local k-

dependence inherited by the three-point function and subsequently the four-point function.

Two-POINT FUNCTION.—Since we anticipate approximate scale-invariance, we write the two-point
function as

s
Sorpr = Q1) 6 (Ky + kﬁ)k‘—’f, (2.16)

a

where X,z has dimension of [mass]? but is nearly independent of k, = kg. It is this k;, 3 de-
pendence which will be inherited by all higher n-point functions. The possible ways in which this
inheritance can happen correspond to the possible local (“squeezed” and “collapsed””) momentum
shapes.

We first require a transport equation for X, 5. As described above, this is a flavour-only matrix,
carrying indices for the species of scalar fields but not momentum labels. Substituting (2.16)

into (2.11), we conclude
dX.p

W =ua,12,1‘3+u'3,12,1a. (217)

This is symbolically the same equation as the full k-space transport equation, Eq. (2.11), with

primed indices exchanged for unprimed ones.

4For example, the four-point function with momentum labels k1, ks, k3 and k4 couples to other correlation functions
with momenta k| +k», and so on. Had we retained loop corrections, these would make the hierarchy considerably more
complex because each correlation function no longer couples only to a few other isolated k-modes, but to the whole
phase space of soft superhorizon modes. Handling this is a computational challenge. For one approach see, eg., Huston

and Malik (2011).
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In practice, X,p carries a small dependence on the k-scale at which it is evaluated. This
k-dependence, typically characterized by a spectral index, can also be calculated by transport
methods; see Dias and Seery (2012). Recently Dias, Frazer & Liddle extended this method to

obtain the scale-dependence of the spectral index, or “running” (Dias, Frazer and Liddle 2012).

THREE-POINT FUNCTION.—Examination of the transport equation for the three-point function, Eq. (2.13),
shows that in a small time interval 6N, the change to a,-g7,- is of the schematic form da ~
(W a + u”XX)5N, where a prime ’ applied to u indicates one of the field-space derivatives which
generate the index structure for the u-matrices. The u’« terms generate a change da which is
proportional to the momentum-dependence already carried by @. Therefore this term can reorgan-
ize the amplitudes of these shapes, but introduces no new types of momentum dependence. New
shapes are sourced only by the XX terms.

Eq. (2.16) shows that the product XX must generate a shape of the form k_, 3k[;3, and therefore

the most general structure which can be sourced during the evolution has the form

(2.18)

a a a
Aarpry 2 21)36(Ke + kg + ky)( @lpy . 9Blay Ylaﬁ),

kpky  kaky  kakj
where we use the notation “2” to indicate that the three-point function contains this term together
with others which have not been written. The matrices a, g, carry information about the “fla-
vour”, but do not evolve the k-dependence. They are symmetric under exchange of § < v, but
need not possess further symmetries. The full three-point function corresponds to the sourced
contribution (2.18) plus an unsourced term appearing as its initial condition. The unsourced piece
is generated by quantum interference effects operating around the epoch of horizon exit, and typ-
ically has a very complicated momentum dependence (Seery and Lidsey 2005). However, its
amplitude is small in the canonical models to which we restrict attention in this paper (Lyth and
Zaballa 2005; Vernizzi and Wands 2006).

After substitution of (2.18) into the transport equation (2.13), we obtain an evolution equation

for aq|py,
daa gy
dN

= Uqad|py T UBAAa|ay T Uyada|BA T UaapZafEuy - (2.19)

Eq. (2.19) strictly applies only when the momenta entering the correlation function are not too
dissimilar in magnitude. This is usually an acceptable approximation for CMB experiments, but a
more refined analysis might be required where larger hierarchies of scale exist. This issue is not
confined to the transport framework; it applies to results obtained using any method, including the

familiar 6 N Taylor expansion.

Four-poNT FuNcTION.—Egs. (2.17) and (2.19) were given in Seery, Mulryne et al. (2012). The
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same analysis applied to the four-point function shows that, in a small time interval § N, the change

in the connected part of the correlation function has the schematic form
6B~ W B+u"aX +u""EEE)SN. (2.20)

As for the three-point function, the term u’ 8 is simply a shift in the amplitude of shapes already
present in B. The sourced contributions are now u”’ X and u’”’£X¥. Of these, the XXX term must
generate a shape of the form k;3k§3k; 3, which can be recognized as a gnr-type contribution
(Byrnes, Sasaki and Wands 2006).

The aX term is more complex, because the momentum §-function in u”’ [see Eq. (2.7)] reor-

ganizes the momenta appearing in the denominators of the three-point function (2.18). Written

out explicitly, this term is

U 1 Q40 pryr Eprsr = (27r)3fd3k/l Pk, 5(ky — ki —k,)o(ky + kg +k))(k, +ks)

Zus (dupy | 9Blay | dyIpa 221
X Ua k3 k3 k3 + k3 k3 + k3 k3 ’
s gty A%y BrA
FE : ropr oA ’ : -37-3
plus the nontrivial permutations of «’, 8’, y” and ¢’. The first term in round brackets, ~ kﬁ k.~

has the form of a gnp -type contribution. But the remaining terms involve k33, and the §-functions
in (2.21) show that k; = k, + K;s. Therefore this term generates a different momentum shape; it is
the “collapsed” configuration, which corresponds to a T -type contribution (Byrnes, Sasaki and

Wands 2006). It follows that the most general structure sourced by time evolution can be written

8alBys . TaBlys .
rgrprsr = 21)36(Ky + kg +k, +K +3 cyclic+ ———————+11 cyclic), (2.22
Barpryrsr = (21 6(Ka +kg +ky 5)(kgk;kg el e s iop Y ), 222)

where the “cyclic” pieces refer to the cyclic permutations of the preceding terms. The matrix
8a|Bys 1s symmetric under any exchange of ,y,6, but has no symmetries under permutations
involving «. The matrix 7,g,s is symmetric under the simultaneous exchanges @ < B and
v & 0, giving 12 independent elements.

Substitution of (2.22) into the transport equation (2.15) enables us to extract individual evolu-

tion equations for g, |g,s and 74p|ys. They are

dgaipys _
N Ua182|1Bys T UBA8a|Ays T Uya8a|Bas T Usa8a|Bya
+ ua,lﬂa,“ByEmg + ua,lﬂa,lw(;ZM + ua,lﬂa,uy(;E,,B + ua,l”,,Z,wEm,Ewg (223)
draplys _
N U aTaBlys T UBATadlys T UyaTap|as T UsaiTaBlyA

+uy,m2ﬂ(,a5|,w +u5/mZM5ay|,m. (224)
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Note that the a-dependent source terms in the second line of (2.24) preserve the symmetry under
simultaneous exchange of the index pairs (@, 8) and (y,6). We have dropped the initial value
of @q-py7, even though it appears in (2.15) as a source term and, as a matter of principle, could
appear in S,-g+y7s» with a non-negligible coefficient. In 2.A we show that this will usually be
an acceptable approximation in models with canonically normalized scalar fields; the initial value
of @,-p,- remains negligible provided |rfni| < 1 throughout the evolution where r < 1 is the
tensor-to-scalar ratio. On the other hand, in non-canonical models where the initial value need not

be negligible it is important to retain this term (Renaux-Petel 2009).

2.3 EQUIVALENCE TO TAYLOR EXPANSION METHOD

Egs. (2.23)—(2.24) enable us to follow the evolution of the sourced, local-mode contributions to
the trispectrum. As we will explain in §2.4, after changing variable to ¢ they allow us to calculate
the observable quantities 7y, and gnp. However, they are quite different in appearance to the
familiar expressions of the “6/N formalism”,5 which take the form of a Taylor expansion in the
initial conditions (Lyth and Rodriguez 2005).

The connexion between these methods was explored in Seery, Mulryne et al. (2012). By form-
ally integrating the transport equations, in a similar way to the “line of sight” integral used when
solving the Boltzmann equation, it is possible to demonstrate equality with the “O N’ expressions.
In Seery, Mulryne et al. (2012) this analysis was given for the two- and three-point functions. Here

we extend it to include the four-point function.

InTEGRATING FacTOR.—The “line of sight integral” naturally expresses each correlation function in
terms of the underlying Jacobi fields. We briefly recapitulate the argument of Seery, Mulryne et al.

(2012). Without loss of generality, we write the two-point function in the form
Z(I’ﬁ’ = ra/’i’rﬁ’j’zi’j’- (225)

A suitable choice for I',-;» means it will function as an integrating factor. In writing (2.25) we
have introduced a new type of primed Latin index (i’, j’, ...). This has the same interpretation as
the primed Greek indices: i’ carries a flavour index i and a momentum label k;, which range over

the same values as a and k,. However, it indicates evaluation at a different time N, as follows.

SHere and below, we use the term “6 N formalism” to mean a Taylor expansion in the initial conditions, even if the

quantity being expanded is not N.
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Substitution of Eq. (2.25) in (2.11) shows that the terms involving u,-g- can be removed if I is

chosen to satisfy

dl,/i-
d(;vl = u(l’ﬁ,rﬁ,i,‘ (226)
Comparison with Eqgs (2.4)—(2.5) shows that I',-;» has an interpretation as a differential coefficient,
5<Pa' aSDQ(ka,N) aQDQ(N)
T, = = =6k, - k;)—/——= 2.27)
CT T dpir Bgi(ki, No) “ 7 0¢i(No)

Eq. (2.27) is sometimes described as the “Jacobi map”. It has a formal solution in terms of a

path-ordered exponential

N
Topir = 27)°6(ke — ki) Pexp ( f dN’ um-(N’)). (2.28)

No

In this expression, P denotes the path-ordering operator which rewrites its argument in order of
position on the trajectory: objects evaluated early on the trajectory appear to the right of objects
evaluated later. This path-ordered exponential is related to the inverse of the van Vleck matrix,
which is equivalent to the matrix of Jacobi fields. Reference to Egs. (2.13) and (2.15) shows
that, in each transport equation, this choice for I' will absorb the terms proportional to the n-point
function itself. Returning to the two-point function and discarding higher-order contributions, it
follows that the “kernel” X;/;- can be obtained as an integral over the source terms. It is this
integral over sources which can be compared to the “line of sight” integral for the Boltzmann
equation.

With these choices, and working to leading order, there are no sources for the kernel %,/ ;.
Therefore it is constant, and equal to its initial condition set at horizon crossing. We write this

constant value S;--.
THREE-POINT FUNCTION.—When this method is applied to the three-point function, it transpires that
the kernel is sourced. Again without loss of generality, we write

aa//ﬁ/y/ = ra’i’rﬁ’j’ry’k’Ai’j’k’- (229)

~ — _l . .
We define it jrxr = 17, U pry T2 j- I,k and obtain

N
Aprjrir = Risjrir + f AN’ i mrns (N)Sps j»Surie + 2 cyclic| + O(H). (2.30)

No

The integration constant A;- - is the unsourced initial condition which was neglected above,
and the estimate O(H®) for the terms we have omitted assumes that the correlation functions order

themselves in increasing powers of H? as described by Jarnhus and Sloth (2008). Defining

N N
1—‘(l’i’j’ = Larm’ f lzm’i’j’ (N,) dN’ = (271')36(1((1 -k; - kj)ra/m f Izmij(N’) dN,,
No No 2.31)

= 21)*6(ka — ki — k)Taij,
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we conclude
Qorpry = ToritTprjrDyrpr A jrir + (Fa/l-»jfl"ﬁfk/l"y/g/Si/szjrg/ +2 cyclic) + loops.  (2.32)

It can be shown that the quantity I',;; appearing on the right-hand side of (2.31) is equal to¢

Mai 0*¢a(N)
Apj(No)  0¢i(No)dg;(No)’

Laij = (2.33)

from which it follows that Eq. (2.32) is equivalent to the Lyth—Rodriguez Taylor expansion formula
for the three-point function (Lyth and Rodriguez 2005). Moreover, differentiation of (2.31) shows

that I,;; satisfies the evolution equation

dFm_,
dN

= ua/gl"ﬁl-j + uaﬁyl",gil"yj. (234)

Four-poINT FUNcTION.—The analysis for the four-point function is similar. We introduce the integ-
rating factor I'y+;-,

ﬁafﬁ/,yféf = Farifrﬁfj'/ryrkfréfgf Bl"j’k’[/ . (235)

The kernel B;-j-i7¢- 1s given by an integral over sources, as before, which are drawn from the
lower-order n-point functions. In this case they are the two- and three-point functions. Keeping
only leading-order terms, we find
N
Birjrirer = Birjrirer + f AN’ iijsprgr (N") Apr jricr (N')Sgrer + 11 cyclic)

No (2.36)

N
+( f AN’ Gijrgrpr 5t (N')Sgr jr Spokr Syrr + 3 cyclic) + O(H),
Ny

where we have defined &;+j- ¢ = T}, Cll JUargryr s Lgr j2Iyrir Useer . The integration constant B, - ¢r
is the initial value of the four-point function at time N = N, as for the three-point function. Tak-
ing the four k-modes entering the four-point function to have a similar time of horizon exit, and
the initial time Ny to be around this epoch, the initial condition was shown in Seery, Lidsey and
Sloth (2007) and Seery, Sloth and Vernizzi (2009) to be dominated by the correlations induced by
decay of gravitational waves into scalar quanta. It is negligible when the amplitude of the four-
point function is sufficiently large to be observable. On the other hand, the initial value of the
three-point function appears in the kernel A, ;-x- which forms part of the source integral (2.36),
and need not be entirely negligible. However, as discussed below Eqgs. (2.23)—(2.24), and in more
detail in 2.A, its contribution to 7 or gni is likely no more than O(1) for models with acceptable

|/NLI-

SDirect differentiation of Eq. (2.28) is subtle, because of the path-ordered exponential. It is simpler to differentiate

the Jacobi equation, Eq. (2.26), and then solve it using I'y; as an integrating factor.
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To relate (2.36) to the expressions produced by the Taylor expansion algorithm we must ex-
press Apjx- purely in terms of correlations at the initial time Ny. Combining (2.30) and (2.36)
we find

N
f dN/ ﬁi’p’q’(N,)Ap’j’k’(N,)
No

N N’
= f dN, IZ[,P,C]’(N,){"ﬂP’j/k, + f dN,, ﬁp’r’s’(N”)Sr’j’Ss’k’
Ny No

N/

N/
+f dN" ﬁj,r,s,(N”)Sr,p,Ss,k,Jrf AN Gigryr5r (N")Sprpr Sy}
Ny No

(2.37)
The term involving A j-x- presents no difficulties. It makes a contribution to SB,-gs,s- of the
form

Ba/ﬁ/,y/(s/ D) ra/p/q/rﬁ/j/l—:y/k/rélglﬂp/j/klsqffl + 11 Cyclic, (238)

where, as above, the symbol “2” indicates that the four-point function contains this contribution
among others. The other terms in (2.37) are nested integrals, and divide into two groups. One
involves a contraction between the two u-matrices, of the form i;+ ,» - il p» -+ 5. We first focus on the
other two, which involve no contraction. After summing over permutations there are twenty-four
such terms. Consider the specific choice ;s 74,7 which appears in (2.37). In combination

with one of the terms generated by simultaneously exchanging i’ < j’ and k” < ¢’ this generates
N N
f dN,f dN” ﬁi’p’q’(N,)ﬁj’r’s’(N,/)Sr’p’ss’k’sq’{f’
No No

N N
+ f dN’ f AN ijryr5r (N Yiljs prgr (N )Spr 1 Sqr Sy, (2.39)
Ny Ny

where we have relabelled the dummy indices p’ < r” and ¢’ < s’. Now we can combine the

terms
N N
f AN’ f dN” [O(N” < N') +O(N” > N')]
Ny Ny
X it pr g (N Vil 750 (N") Sy pr Srier Sy (2.40)

The Heaviside functions inside the square-brackets is equal to 1,7 so the combination can be writ-

ten as

N N
f dN’ f AN’ i1 prgr (N Yiljrrrsr (N" S pr Syricr Sqrer (2.41)
No No

7This is not strictly true. At the point N’ = N’/ this term gives a value of 2, but an integral does not depend on the
value of the integrand at any particular point and therefore for the purposes of doing the integral we can replace it with

1 everywhere.
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in which the integrals are no longer nested. Pairing all such terms in this way generates the 12

cyclic permutations of indices in (2.41). The corresponding contribution to the four-point function
is

Barprysr 2 Varprg Iprrr s i Usr 0 Spryr Ssricr Sqrer + 11 cyclic. (2.42)

Now focus on the contracted terms i+ q+ilp’,7s». Summing over the permutations £’ —

{j’,k’} is equivalent to symmetrization over {¢’,r’,s’}. Therefore this term can be combined with

the ii;s 47,75+ source in (2.36), giving a total contribution to the four-point function of the form
ﬁ(t'ﬁ’y'é’ B ra’q’r’s’rﬁ’j’ F),fk/r(s/ngq/ijr/kaS/[/ +3 CYChC, (243)
where we have defined I}, 4/, to satisfy

N
F(x’q’r’s’ = Frt’i’ f dN’ ﬁi’q’r’s’ (N,)
No (2.44)

N N’

+ (Carir f AN’ dGrprgr (N | AN fiprr (N”) +[q" = (r,5')]).
Ny No

As with the previous examples of I'-matrices, the momentum dependence of I;/4/,+¢/ is a pure

o-function. It can be converted to a pure flavour matrix by the rule
1—‘a’q’r’s’ = (277)36(1((1 - kq - kr - ks)raqrs- (245)

By explicit differentiation and back-substitution, it can be shown that this flavour matrix satisfies

the ordinary differential equation
dr; aqrs
dN

= uaﬁl"/gq,s + (u(,ﬁyl};qu"ys +2 cyclic) + uaﬁy(sl"ﬁql"yrl}s. (246)

We have already seen that the lower-order Taylor coefficients I},; and I';;; are determined by the
evolution equations (2.26) (with primed indices exchanged for unprimed ones) and (2.34); for an
extended discussion, see Seery, Mulryne et al. (2012). These equations provide an efficient means
to compute the “ON coefficients” numerically.

Returning to the four-point function, we must also include the initial condition
ﬁafﬁf,y/(sl 2 ra/il Fﬁljl I_:y/kl r&lf’Biljlk/{l . (2-47)

Repeating the steps described above, it can be shown that

L Oy *¢a(N)
B9 (No) — 9gq(No)dg, (No)dps (No)”

Therefore we have reproduced the usual Taylor expansion formulae for the trispectrum. Specific-

ally, Eq. (2.47) matches (8) of Seery, Lidsey and Sloth (2007), and Egs. (2.38), (2.42) and (2.43)

(2.48)

match (73), (74) and (75) of the same reference. These expressions were later given in slightly
more generality by Byrnes, Sasaki and Wands (2006). In the formulation given by these authors,
Egs. (2.38), (2.42), (2.43) and (2.47) of this paper match (36) of Byrnes, Sasaki and Wands (2006).
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2.4 TRANSFORMATION TO THE CURVATURE PERTURBATION

We now have the transport equations which evolve the n-point functions of the scalar field per-
turbations during inflation, up to and including n = 4. These can be obtained either by solving the
“shape equations”, Egs. (2.23)-(2.24), or using Eq. (2.46) to evolve the I'-matrices. For the latter

case, the initial conditions are I',,; = d,; at N = Ny, with all other I'-matrices zero there.

2.4.1 CURVATURE PERTURBATION AT THIRD ORDER

The scalar field fluctuations are not observable by themselves. At present we have observational
evidence only for a single primordial fluctuation—the density fluctuation, which is a nonlinear
and model-dependent combination of the field fluctuations. The appropriate combination can be
deduced from the displacement 6 N (measured in e-folds) between a fixed spatially-flat hyper-
surface and an adjacent uniform-density hypersurface with which it coincides on average. This
displacement is determined by the field configuration on the spatially flat hypersurface. Therefore
{ = 60N = 6[N(pq)], yielding

1 1
{= Nadsoa"'ENQB(&PQ(;SO/E_<6‘~pa590,3>)+gNaﬁy(5‘/7@6‘/7,36907_<6‘pa690,36907>)+' -, (2.49)

where N, = ON/0¢, and similarly for the higher derivatives. Note that these are ordinary partial
derivatives, with all quantities evaluated at the same time: they are not the nonlocal variational de-
rivatives which appear in the Lyth—Rodriguez Taylor expansion. In particular, we are not using the
oN formula (2.49) to account for any time dependence of the correlation functions; this is handled
by the transport equations. Eq. (2.49) is used solely to obtain the relationship between the d¢, and
{. There are various other ways in which this could be obtained. Malik and Wands (2009) gave
a comprehensive discussion from the viewpoint of traditional cosmological perturbation theory.
Another approach was used by Maldacena (2003). Eq. (2.49) has the advantage that it computes
the transformation only in the superhorizon limit k/aH — 0, which is all we require.

Calculation of the derivatives Ny, Nog and N,y is tedious, although straightforward in prin-
ciple. Seery, Mulryne et al. (2012) used a raytracing method which gave the relation a geometrical
meaning. It would be interesting to apply this technique at third order, but it is helpful primar-
ily for analytic and geometric intuition rather than numerical optimization. Mulryne, Seery and
Wesley (2010) exploited the fact that any potential is separable for first order displacements to set

up constants of the motion, as originally done by Garcia-Bellido and Wands (1996); Vernizzi and
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Wands (2006). However, this method is relatively lengthy even for the second-order coefficient
Ny p. Here we employ a simpler alternative.

We first focus on a single trajectory and measure the number of e-folds N accumulated along
it. During any period where the density decreases monotonically we may measure N as a function
of p. Consider the number of e-folds AN which elapse between some arbitrary point on the
trajectory (the “starting point”) and a nearby hypersurface of fixed density p.. Under the slow-
roll approximation, the density at the starting point is simply the potential energy evaluated there.

Therefore we may express AN as a Taylor expansion in the difference Ap = p. -V,

dN 1 &N 1 &N
AN =NV +Ap) = N(V) = —Ap+ ———Ap* + ———Ap> +--- . 2.50
( P) V) i Y a2 P 31 dp0 P (2.50)

Note that the differential coefficients are ordinary derivatives taken along the trajectory. In Eq. (2.50)
they are evaluated at the starting point.

We now perturb the starting point by an amount d¢, while keeping the final hypersurface
fixed. In general d¢, will not be aligned with the inflationary trajectory used to construct the
p-derivatives in Eq. (2.50), which therefore vary. The same is true for the displacement Ap.
Accounting for both these effects changes the total elapsed e-folds by an amount 6(AN). Finally,
to study fluctuations around the hypersurface p = p. we take the limit Ap — 0, after which
O0(AN) — (. The advantage of this method is that it uses the handful of low-order derivatives
appearing in Eq. (2.50) to isolate the limited information we require regarding local properties
of the transformation: higher-order information is discarded at the outset. This contrasts with
the constants-of-motion approach used in Mulryne, Seery and Wesley (2010), where high-order
information is implicitly kept through the majority of the computation, although it is never used.

Under a shift of the starting point we conclude

1
VaBy0@aOppdpy — -+ . (2.51)

1
Vapdpadpp — 30

0(Ap) = =Vobpq — 21

By retaining contributions to p from the kinetic energy, and evaluating the differential coefficients
in (2.50) without use of the slow-roll approximation, this approach could be extended to provide
the transformation from the full phase space variables d¢,, ¢ to . This was done in Dias,
Frazer and Liddle (2012).

Invoking the slow-roll approximation, we may calculate the derivative dN/dp,

3H? 1 Vv
- _ S S (2.52)
, Vo Vo, M2 Vo Va

dN| dN dt
dp| dr dv

where dV/dr is to be computed along the trajectory y. Higher derivatives can be obtained in the

same way, by repeated differentiation with respect to ¢ and use of the chain rule to convert these
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into derivatives with respect to p. We obtain

d>N 1 1 VvV, VsV,
= :__2( —2 “ﬁ‘:ﬁ), (2.53)
dp Mg \VaVa VaVa)-
d*N 1 Vo, VsV, V(V,V5Vap)? VVu Vs ViV, VVaysy Vo VeV,
VoL aﬁ(tf_lz(aﬁasﬁ) y g VVelasVorly | VVepy VoVl ) s 5y
do” | Mz (VaVa) (VaVa) (VaVa) (VaVa)
The first and second-order variations are
dN
Ny = — —|V,, (2.55)
dp
dN d’>N 1
Naﬁ = — E V(lﬁ + d_p2 VaVﬁ + @(VQA[; + VﬁAa), (256)

which agree with existing expressions in the literature. (See below for the definition of A,.) At

third order we find

N, d3NVVV +(d2 VoVgy, + ¢ cl'c) dNV
= - — —_— ycli - —
afBy dp3 aVpVy de aVBy dp afy
1 | | (2.57)
+ Ve (Aa,Vlgy + cyclic) + e (BaBVy + cyclic) + e (CaVﬁVy + cyclic) .
P P P
The tensors A,, Bop and C, have been defined to satisfy
V. VV.V,
P C S T ’“’2 (2.58)
VaVa VaVa)
Vaﬁ’ VKVKaV,B + VKVKﬁVa VVKVKaVeVeB VVKaVKﬁ VVKVKaﬁ
B.p = - > + T~ >~ > (2.59)
VaVa VaVa) VaVa) VaVa) (VaVa)
Ca _ Vaﬁ " 2V(lVK‘/K€§/€ 1 VVKVKGVGV/;V,DQ’ +4VVKVK6V§O,/ " 2VVK‘/K6(I;/6 (2.60)
VaVa VaVa):- (VaVa) (VaVa)- (VaVa)

2.4.2 INFLATIONARY OBSERVABLES

Finally, we must assemble all these contributions to obtain expressions for 7wy, and gnr.. We find

P; = NoNgZap (2.61)
6 NoNg N, « + NogNyNsXoy Z
2 faL = alVpiVy&a|By 2 27 S ~ay=~Bs (2.62)
5 (NoNgZor)
N(,NﬁNyNgTaﬁh,g + ZNQNﬂNyN,lyaaw,le + N(,ﬁNyéNlN#EMZWE(;,,
™ = : (2.63)
(NoNgZer)
54g NaNﬁNyNggawy(s + 3NQNBN7N,1#CZ,1|Q[;27# + NaByN(;N,lN#ZM;ZWEW (2.64)
S=8NL = . .

25 (NoNZwr)?
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2.5 ALTERNATIVE APPROACHES

In this paper, our approach to calculating the statistics of the curvature perturbation has been to de-
velop transport equations for objects such as the n-point functions [Eqgs. (2.11), (2.13) and (2.15)],
or their shape tensors [Egs. (2.17), (2.19) and (2.23)—(2.24)]. The results of §2.3 show that this is
equivalent to the Lyth—Rodriguez Taylor expansion

1
Loijk0piopjopr + -+, (2.65)

1
5‘;00 = Iﬁa/ié‘sai + _rai_iésoiégoj + y

2!

where we recall that objects with Greek indices are evaluated at time N, and those with Latin
indices at some earlier time Ny, which is usually taken as the common time of horizon exit for the

k-modes under consideration.®

‘FORWARD’ AND ‘BACKWARD’ METHODS.—T0 solve these equations we must supply a boundary con-
dition at N = Np, but we are free to choose how this is done: we may start either with Ny at
the initial epoch and evolve N forward to the time of interest, or fix N at this time and evolve
No backwards. These approaches are distinct but equally valid, because (at least during inflation)
there is no obstacle to computing the relevant initial conditions at any time of our choosing. The
transport equations we have described in this paper are of the forwards variety.

Eq. (2.65) shows explicitly what must be computed in order to completely characterize the
fluctuations d¢, at any given order. At first order in a d-field slow-roll model, we require the
d> independent components of the Jacobi map I,;. At second order there are 43 components
of Iij, reduced to d?(d + 1)/2 after accounting for symmetries. Finally, at third order there
are d* components of I'y;;x, which reduce to d*(d + 1)(d +2)/6 independent components after
symmetries. We conclude that to compute all two-point functions in such a model requires solution
of O(d?) differential equations. Likewise, all three-point functions requires O(d*) equations, and
all four-point functions requires O(d*) equations. This is to be expected, because there are O(d")

independent m-point functions.

AUTOCORRELATION FUNCTIONS OF { ONLY.—Sometimes we do not require all correlation functions, but
only the autocorrelation functions of £. In such cases it would be advantageous if an autonomous
set of transport equations could be set up for the Taylor coefficients of ¢ rather than d¢,,

1 1
ON = N;o¢p; + aNijfsSﬁié‘Pj + aNijkégoi(SSDjéﬁpk (2.66)

8Indeed, one can verify that inserting (2.65) into (2.5) and equating coefficients order-by-order reproduces the I'-

matrix evolution equations with unprimed indices [Egs. (2.26), (2.34) and (2.46)].
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This would require the solution of only O(d”~!) independent equations to obtain the m-point
function of £. This saving could be helpful in models with a large number of fields. There is cur-
rently no forwards formulation of this type but a set of backwards equations were given by Yokoy-
ama, Suyama and Tanaka (2007); Yokoyama, Suyama and Tanaka (2008), and later extended to
the trispectrum (Yokoyama, Suyama and Tanaka 2009).

The Taylor coefficients for N can be expressed in terms of the I'-matrices,

N; = Nl (2.67)
Nij = Nolyij + Noglailp; (2.68)
Nijk = N(,Fm-_,k + Na/;yrmrﬁjryk + (Nalgrlgirajk +2 cyclic) . (269)

We could attempt to obtain forward transport equations by direct differentiation with respect to
time followed by use of the I"-matrix evolution equations. But this does not generate a closed set
of autonomous equations because derivatives of the N,... also appear, which obstruct an attempt
to eliminate the I"-matrices in favour of their N counterparts.

Instead, the backwards equations of Yokoyama et al. can be derived as follows. As described
above, we fix N to be the late time of interest and aim to evolve Ny backwards. The backwards
evolution of I,; can be obtained very simply by differentiating (2.65) while keeping d¢, fixed,
or alternatively by differentiating (2.28) with respect to Ny. Whichever method is chosen, we
find dI,;/dNyg = —I§ju;;. Subsequently differentiating (2.67) with respect to Ny and using this

relation, we obtain an autonomous set of equations for N;,

dn;

This technique can be extended to higher orders, giving evolution equations for N;; and N;jx.°> We

find
dN;;
aNo = —Nxugij — Nikugj — Njgugi, (2.73)
and
dNjjk )
= —N[I/l[ijk - (Ni[lxl[jk + Njkgugi +2 cychc) . (2.74)
dNy

The first of these was given in Seery, Mulryne et al. (2012). Here we have extended the method

to include N;;x, which enables trispectrum quantities to be calculated. These equations should be

*The evolution equations for Iy;; and Ik, which are required to obtain these results, are

dlij

dNo = _Iﬁamumij - 1_‘n/im“mj - 1_‘amjumi (2.71)

dlyijk
dNy

= —Tumtmijk = (Taimtmjk + Tamjrttmi +2 cyclic). (2.72)
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solved with initial conditions chosen so that N;, N;; and N; ;i equal the transformation matrices
Ng, Nop and N, g, respectively, at No = N.

If we require only the bispectrum of { and are prepared to take the field fluctuations at time
Ny to be Gaussian and uncorrelated with each other, then more is possible. Under these circum-
stances, Yokoyama et al. showed that the O(d?) equations for N; ; could be replaced by only O(d)
equations for an auxiliary quantity ®, = I,; NV; (Yokoyama, Suyama and Tanaka 2008; Yokoyama,

Suyama and Tanaka 2007).

CONSTRAINT FOR FIRST-ORDER COEFFICIENTS.—There is a further simplification which can be made
for the N; system. Using the flow equation d¢p; = u; dN, it follows that the displacement d¢; = u;
precisely tangent to the trajectory generates a change in the e-foldings required to reach the final

uniform density slice corresponding to
ON = I/tl'Ni =-1. (275)

This implies that one of the N; can be determined algebraically in terms of the others, without
solving a separate differential equation. Therefore, in a two-field model, the Yokoyama et al.
equations (2.70) can be decoupled,

T = (s — oo Mo + 22, 2.76)
where we have labelled the fields ¢ and y. A similar equation can be given for N,, but it is
unnecessary because (2.75) can be used to obtain N, once Ny is known. Although the possibility
of decoupling these equations is interesting, it confers no particular advantages.

A variation of the Yokoyama et al. formulation was recently given by Mazumdar and Wang
(2012) in which they pointed out the possibility of this decoupling in the two-field case, although
without making explicit use of the constraint (2.75). Their analysis is equivalent to the one presen-
ted here, and in Appendix A of Seery, Mulryne et al. (2012). Mazumdar & Wang ascribed the pos-
sibility of decoupling to the choice of coordinates used in their derivation. However, the evolution
equation (2.70) can be derived using any convenient method and is independent of such choices.
The argument above shows that decoupling is a consequence of the constraint (2.75), and is a
special feature of the two-field system. In a general d-field model, the best that can be obtained is

a coupled system of d — 1 equations.
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2.6 NUMERICAL RESULTS

We now illustrate the transport approach using a number of concrete models. For each model, we
numerically solve Egs. (2.17), (2.19) and (2.23)—(2.24), and use Eqgs. (2.62)—(2.64) to determine
the values of fnr, 7~r and gnp, from horizon crossing onwards. We label the number of e-folds of

inflation from N = 0 at horizon exit.

2.6.1 NumericaL EXAMPLES

D-BrRANE MODEL.—Our first example was studied by Dias, Frazer and Liddle (2012). It is an ap-
proximation to inflation driven by the motion of a D-brane in a warped throat, allowing for angular
degrees of freedom. In that study, the authors employed the transport approach to calculate the
distribution of observable parameters over a large number of realizations of their model. However,
they restricted attention to the spectrum and local-type bispectrum. Here we present the evolution
of the local-type trispectrum parameters for one typical realization.

The potential is given by
V= ao+aidr +asd) + B, 2.77)

which contains an inflexion point in the ¢; direction. The ¢; and ¢, directions of the brane cor-
respond to the radial and angular directions respectively. Inflation occurs close to this inflexion
point. We choose g = 100M*M2, @y = M*Mp, a3 = 5M?*/Mp, B = SM*Mp, ¢1exit = 0.5Mp,
and ¢rexit = 0.5Mp, where the subscript ‘exit’ indicates these are the initial values of the fields at
horizon exit. M is an overall normalisation, which can be fixed to match the WMAP normalization
of the power spectrum. These initial conditions have been chosen to give 60-efolds of inflation,
taking inflation to end when € = 1. Allowing the system to evolve past this point would lead to
erroneous results because we are employing slow-roll equations of motion. As explained in §2.2
this could be resolved by writing transport equations in the full phase-space. However, for simpli-
city, we do not do so here. In Fig. 2.1 we give the evolution of 7nr,, gnp, and (6 fNL /5)? for this
choice of parameters and initial conditions.

For single-field models we recall that =y, = (6fNL/ 5)2, which is relaxed to an inequality in
multiple-field models (Suyama and Yamaguchi 2008; Smith, LoVerde and Zaldarriaga 2011). The
use of the relative magnitude of 7y and (6 fni /5)% as a diagnostic of the spectrum of active fields

during inflation was emphasized by Smidt et al. (2010), who made a forecast of observational
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prospects. Very recently, Assassi, Baumann and Green (2012) gave precise formulae in terms of
the spectrum of single-particle states. This signature of multiple active fields is clearly visible in
Fig. 2.1, although in this realization the nongaussian parameters are too small to be observable. (As
a point of principle an inflexion point potential may give rise to a large local bispectrum (Elliston
et al. 2011a) and trispectrum (Elliston, Alabidi et al. 2012), via the hilltop mechanism suggested
by Kim, Liddle and Seery (2010). However, an observable signal can usually be obtained only for

finely tuned initial conditions and parameter choices.)
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Figure 2.1: Evolution of 7N, gnL and (6/5 fNL)2 for the inflexion-point potential (2.77). Initial conditions and parameter choices

are described in the main text.

QUADRATIC-EXPONENTIAL MODEL.—Qur second example was constructed by Byrnes, Choi and Hall
(2008) as an example of a product-separable model which could give rise to a large fxi for finely-
tuned initial conditions. It was later studied by Elliston et al. (2011b) and Huston and Christoph-
erson (2012).
The potential is
V = Mgl 1, (2.78)

We choose the parameter values and initial conditions 4 = 0.05/M, 2 ODlexit = 16Mp, and @oexit =
0.001 Mp, and fix M as before to match the WMAP normalization. These initial values also give
60-efolds of inflation. They have been chosen to select a background trajectory which gives rise
to significant nongaussianity. In Fig. 2.2, we present the evolution of the 7y, and gni, parameters
in this model for the first time. The gni. parameter in this model is significantly smaller (though

non-zero) than fnp and 7np, which could not have been predicted in advance. We also show the
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evolution of (6 fNL/ 5)%. However, although the fnp and 7np, parameters are large at the end of
inflation, it is important to note that the fluctuations are still evolving at this time. Therefore the
model is not predictive by itself: it must be supplemented by post-inflationary evolution, which
tracks the fluctuations until the surface of last scattering, or explains how all isocurvature modes

eventually decay.
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Figure 2.2: Evolution of 7N, gnL and (6/5 fNL)2 for the potential (2.78). Initial conditions and parameter choices are described in

the main text.

NoON-SEPARABLE HYBRID MODEL.—Finally, we present results for a hybrid-type potential in the large
field regime studied by Mulryne, Orani and Rajantie (2011). This is an example of a non-separable
potential. For general initial conditions, no analytic estimate is known for any of fNr, 7L OF gNL,
even assuming slow-roll. Therefore numerical methods, such as our implementation of the trans-
port equations, become essential. The potential contains a hilltop region, and parameter choices
and initial conditions can be chosen so that the model is of the type discussed by Kim, Liddle and
Seery (2010). This gives rise to large nongaussianity for initial conditions sufficiently close to the
hilltop.

The potential satisfies
1 1 A 2
V=M Emqu% + §g2¢%¢§ +y (93 -v?) } , (2.79)

and we choose the parameter values g2 =v?/ ¢g it m? =v% v =02Mp, OPcrit = 20Mp and 4 = 5.
The initial conditions are ¢iexit = 15.5Mp and ¢oexit = 0.0015Mp. As above, these initial values
give 60-efolds of inflation and have been adjusted to produce significant nongaussianity. M is

adjusted as before. In Fig. 2.3, we present the evolution of the 7n;, and gnp parameters in this



127

TRANSPORT EQUATIONS FOR THE INFLATIONARY TRISPECTRUM

model for the first time. In contrast to the previous example, the statistics here approach constant
values before the end of inflation, reflecting the fact that isocurvature modes decay. We also give

the evolution of (6 fnr./5)>.
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Figure 2.3: Evolution of 7N, gnL. and (6/5fNL)2 for the potential (2.79). Initial conditions and parameter choices are described in

the main text.

2.7 DiscussioN AND CONCLUSIONS

In this paper we have provided transport equations to evolve the four-point functions of a collection
of light scalar fields during an inflationary phase. The transport system can be thought of as a form
of Boltzmann hierarchy, and can be solved by similar methods. Since inflationary fluctuations
are typically close to Gaussian, connected correlation functions of increasing order are typically
decreasing in amplitude. Therefore only a few low-order functions are important in sourcing those
of higher order. Truncating the hierarchy to include only these sources generates the local-type
“squeezed” and “collapsed” configurations. We parametrize the amplitude of these configurations
with “shape tensors” for which we have supplied evolution equations. Expressing the correlation
functions of £ in terms of those of the d¢,, it is possible to extract 7nr, and gnr. This analysis was
given in §2.2.

This method of integrating the transport hierarchy expresses the correlation functions in terms
of the Jacobi fields generated by the underlying phase space flow, and their derivatives. One can

regard this as a statement of the separate universe approximation. The “Jacobi map” relates these
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fields to the variation of a general solution of the equations of motion with respect to its constants
of integration. Using this equivalence, we have shown that the result reproduces the familiar Taylor
expansion used by Lyth & Rodriguez. The procedure can be viewed as an application of classical
Hamilton—Jacobi theory.

Our equations supply a toolkit which can be used to study the evolution of inflationary ob-
servables in any multi-field model of interest, provided all fields possess canonical kinetic terms.
There are two equivalent approaches. First, one can solve Egs. (2.17), (2.19), (2.23) and (2.24) for
the shape tensors corresponding to the two-, three- and four-point functions, using suitable initial
conditions. Egs. (2.61)—(2.63) can then be used to extract observables. Alternatively, one can solve
the evolution equations (2.26) (after exchanging primed for unprimed indices), (2.34) and (2.46)
for the Taylor coefficients of the “6 N formalism”, applied to the field fluctuations. Once these are
known, Eqgs. (2.67)—(2.69) can be used to exchange them for the Taylor coefficients of N itself.
The usual formulae then allow observables to be computed. If the spectral index or its running
are required, they can be extracted using the methods described by Dias and Seery (2012); Dias,
Frazer and Liddle (2012).

Assuming slow-roll, either method requires the solution of O(d™) equations to obtain the m-
point functions of a d-field model. Since there are O(d"") independent correlation functions it will
not be possible to reduce this asymptotic complexity. But if only the autocorrelation functions
of { are required, then it may be advantageous to use the ‘backwards’ formalism introduced by
Yokoyama, Suyama & Tanaka, in which one can reduce the number of equations to be solved
to O(d™~ 1) by forfeiting the possibility of obtaining correlation functions with insertions of iso-
curvature modes. [For clarity, we emphasize that the formalism of Yokoyama et al. correctly
accounts for the influence of these isocurvature modes on the evolution of the { correlation func-
tions. But it is not possible to determine mixed correlation functions, such as ({s), where s is
a field space direction orthogonal to £.] Unfortunately, it is often necessary to know something
about such correlation functions to determine whether unquenched isocurvature modes remain,
which could change the inflationary prediction by transferring their energy to the curvature fluctu-
ation during or after reheating. (We refer to Seery, Mulryne et al. (2012) for a more comprehensive
discussion.) But in some cases this may not be a concern, and where this is true our extension of

the formalism of Yokoyama et al. allows trispectrum parameters to be obtained.
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2.A AprPENDIX: CONTRIBUTIONS TO THE FOUR-POINT FUNCTION FROM THE INITIAL CONDITION OF

THE THREE-POINT FUNCTION

In this appendix we verify the claim made in §2.2.3, that the arbitrary initial condition for the
three-point function makes a negligible contribution to the sourced component of the four-point
function. In the text, this was used to conclude that the initial value need not be retained in
Egs. (2.23)—(2.24).

It was first proved by Lyth & Zaballa that the initial condition for the three-point function
could be neglected in comparison with the sourced contribution whenever the sum of the two was
large enough to be observed (Lyth and Zaballa 2005). Their argument was later simplified by
Vernizzi and Wands (2006). The same result for the four-point function follows from the analysis
of Seery, Lidsey and Sloth (2007) and Seery, Sloth and Vernizzi (2009). However, we are unaware
of a similar demonstration for the question addressed in this appendix—the contribution of initial
value of the three-point function to the sourced component of the four-point function.

We work with the variational formulation of the separate universe approximation, as discussed

by Lyth and Rodriguez (2005). We write
1
g = Ni(S(pi + ENij(SQDié‘pj + o, (280)

where the Latin indices i, j, ..., have the same meaning as in the main text. We define the
trispectrum 7 to be the four-point function with its momentum-conservation ¢-function stripped

away,

(L) (k)L (k3)L (Ka)) = 2m) (K + Ky + ks + ka)T,. (2.81)
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Using the initial value of the three-point function computed in Seery and Lidsey (2005), the cor-
responding contribution to the sourced part of 7y can be written

. H* H* $;0k k3ki,  kIk? k3
T; 2 N,-NijNmn{é”"— > 21 (-3 - 1214(k2 +2k14) + 72 — kak3)

2k% Sk;’ kgkl34 perms H, ke t

+ ki — {kz,k3}]}

+ cyclic permutations k4 — {ki,Kkj,Kks}
(2.82)

[T30% 2]

where “+” denotes evaluation at horizon exit, k;, = ki + ko + k14, the summation is over all
simultaneous permutations of the index set {3,v, €} and the momenta {k,,ks,Kk;4}, and we have
defined k14 = |k; + ky].

This contribution can be divided into an effective gnr,, an effective 7nr, and an ‘equilateral-
type’ term which does not fit naturally into either of the local-type shapes. The effective gni. can

be written
25 NiNij¢;/H.

72 (N Ng)? (2.83)

AgnL =

(the placement of indices is immaterial in this and other expressions, since contraction occurs
under the Kronecker-¢), and the effective v is

| N;N;jN;

Atnt = —= :
N =S (N N3

(2.84)

These expressions can be simplified. Introducing the scalar-to-tensor ratio r and the spectral index

ng, we find
A -2 ( 1+2¢,) <1 (2.85)
ENL = 11521" ng € .
3
ANy = _grfNL, (2.86)

where fnr is the sourced local-mode contribution to the three-point function. The gni, contribution
is clearly negligible. The 7y contribution is negligible provided |r fnr| < 1. Taking the bound
on r to be roughly r < 0.1, this term can be observationally relevant only if | fnr| = 50. This is
already on the verge of being ruled out by experiment, so the 7ny, contribution is likely to be no
more than O(1) in most acceptable models. It could perhaps be kept if very accurate estimates are

required.
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Finally, the equilateral-type term is

212
8k2k2

H? bj 2, 42
Ty 2 ——————|N;N, (N Ni) | = — kia(ky + k3)

ij 17
8k k3 k3K, 4H., :
N;N;;N; k?
- % [—S%Ué +k3) = ki, (ko + k3) — kaks(ka + k3)] ) (2.87)
t

+ [k1 — {kz,k3}] + (cyclic kg — {Kky,kp,Kk3})

The coefficients of these contributions are related to those of Eqs. (2.83) and (2.84), and will

therefore not typically be large.

2.B AppPENDIX: GAUSS—HERMITE EXPANSION METHOD

The transport equation for the trispectrum given in this paper can be derived in a number of ways.
In this appendix we adopt a cumulant expansion procedure (Juszkiewicz et al. 1995; Bouchet and
Juszkiewicz 1993; Bouchet 1995; Fosalba, Gaztanaga and Elizalde 1999). This was the approach
taken in Mulryne, Seery and Wesley (2010) and Mulryne, Seery and Wesley (2011) to derive
the transport equation for the bispectrum. Here we extend the calculation to derive the transport

equation for the trispectrum.

2.B.1 CUMULANT EXPANSION

In each smoothed patch of the universe the value of the scalar field ¢ is described by a unique prob-
ability density function P(¢). From inflation we expect that any non-Gaussianity will be small,
and therefore it is a justifiable approximation that the higher-order moments will be a small cor-
rection to a Gaussian probability density function (pdf). In this case we can use a Gauss—Hermite
expansion method to perturb a Gaussian probability distribution function Pg(¢). This approach
has also been used by Taylor and Watts (2000) and also Juszkiewicz et al. (1995); Bouchet and
Juszkiewicz (1993); Bouchet (1995); Fosalba, Gaztanaga and Elizalde (1999); Matarrese, Verde
and Jimenez (2000); Amendola (2002); Watts and Coles (2003); Amendola (1996); Lam and Sheth
(2009); Seery and Hidalgo (2006); LoVerde et al. (2008).

To consider non-Gaussianity on the level of the trispectrum we perturb the pdf to fourth order
to give

aZ ﬁZ
Q,B,’y, Q’ﬁ”y’é’
s oy @+ =

P(p) = Pe(o) |1+ Hyrpryrsr(2) + ... |, (2.88)
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where

2
Pe(p) = Z—) . (2.89)

1
(det2rx) 12 P ( 2
The covariance matrix Z is the two-point function for the field perturbations, reproduced here for

convenience, is given by

Za’ﬁ’ = <(90a’ - q)a’)(‘pﬁ’ - q),B’))

(0pardpp) (2.90)

which we can decompose as £ = AAT, with AT denoting the matrix transpose of A. We can use
. . . _ _1 . _
this matrix to define a new variable 7,/ (0¢q’) = Aa,ﬁ,&pa». The objects aé,ﬁ,y, = (Za’ 28" 2y")

and ,Bfl = (Za’2p’ Zy7 Zs7) Characterise the deviations from Gaussianity. They are respect-

’ﬁ"}”é’

ively the third and fourth order moments of the z,-, corresponding to the skewness and kurtosis of

the pdf, shown in Figure. 2.4.

Figure 2.4: Plot showing a Gaussian (blue), Gaussian with skew (purple) and Gaussian with kurtosis (gold). Image credit: Sam

Young.

Their relation to the three- and four-point functions of the fields is

a’(l,ﬁ,’)’, = A(Z’ﬁ'Aﬁ'/J’A)/'V'a(ZS'#'V/ (291)
Ba’ﬁ/y/(s/ = ACI’(S’AB’/J’A‘}/’V’A(S’K’ B(Zs'u’v’K’ (292)

where
a’a’ﬁ’y’ = <6‘10(l'690ﬁ’6‘10’y'> (293)

(0@arbppr 69y 6¢s:). (2.94)

ﬁa’ﬁ’y’é’
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H, is the v"" Hermite polynomial defined by

, Ty 9’ L Ty
Horer o(g) = (—1) (# #) (_u) 2.95
a’p’ ..y (Z) ( ) exXp 2 aZafaZﬁ’ . aZy’ exp 2 ( )
obeying the following normalisation condition
f L H, (2)H,/ (z) dz = V"1 8, (2.96)
V2

First multiplying (2.95) by z,- and using integration by parts we can write

’ Z/l/z/l/ a 81”—1 Z/I'Z/l'
’ 737 7 = —1 v ( ) , (_ )
zuwHarpr ..y (=1)" exp > o (z,,, P exp >

, Z/l’z/l’ (9‘/_1 Z/I'Z/l'

(-1 ex (—)6/ ,(Z, ex (— )) 297
(DT exp (75 ) daw \aw g o @97

Pushing the z,,+ in the first term through the rest of the gradient terms we get

ZIJ/HQIB/...,Y/ = 6a H/HB/ ’ +6ﬁ #/H .7, +-~'+67/H/Halﬁf...
+(—1) R il (zure™7) (2.98)
8Z(t’aZﬁ' cen aZy' " ’
and using
0

e W= g e (2.99)

0z
to rewrite the last term we have derived the following identity that we will make use of in our

calculation
Zﬂ’Ha’,B’...'y’ = Ho/B’...y’y’ + 6a’y’H,B’...y’ + 6ﬁ’y’Ha’...y’ te-t 67’;1’Ha’/3’...- (2100)

Differentiating H,pg- ..., With respect to z,,» gives

’

Mgy _ (—DV’zwezz/z( - e"z/z)
Oz 0200zp7 ... 02y
, 8V +1 )
+(=1)” ezz/z( e ? /2) 2.101
=D 9200025 02y 02,0 (2.101)

Using (2.100) to rewrite the first term we arrive at another important identity

OHarpr .y

a _60 /I’Hﬁ’ ’ +6B/ /H .')/, +"'+(57’M/Ha/ﬁ/___ (2102)
Z/,[’

The derivative of z,- is given by

I
aZa/’ _ aA 'ﬁ’ -1 a(Dﬁ’
5 = o s Pp) —Agp
aA IIB/ 8(1)[3/

(2.103)
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Therefore
-1
aHa’B’...V’ 8AI1/6/
— = (SarurHpr..r + 07y Har o 4+ + 6yrpr Harpr ) o Asry T =
and
ddet> _ 0Zyr
= (detZ)E#,v, 5

2.B.2 TRANSPORT EQUATION FOR THE PDF

The probability density function evolves via the following transport equation

Z—f+i P] 0,

where the velocity field is defined in (2.2), reproduced here for convenience

d olnV
vz 8 4V
dN ")

where dN = Hdr. Expanding u; around the instantaneous centroid we get

1
Ugr = Ugro+Uarp (pr — Ppr) + Eua’ﬂ’y’(‘/’ﬁ” —Op )@y —Dpr) +...
1
= Uy’ + u(l'ﬁ’ Aﬁ’)” Zy’ —+ 5”0'5'7' Aﬁ’d’ A'}’,H, 287 Zﬂr

+5”&’,8')/’6’AB’K’Ay’/l’A(S’p’ZK’Z/l’Zp’

1

4'1/{(1/[.; 715/ /Aﬁ/ IAy /llAél /AIJ (T'ZK’Z/I’Z,D,ZO'

0Ds-
ot
(2.104)

A_,d,

(2.105)

(2.106)

(2.107)

(2.108)

(2.109)

To solve this equation, we will first calculate 2 3N N and then calculate % [uP], by using the tools

introduced in §2.B.1

oP

2.B.3 CALCULATING Sr

By differentiating the probability density function, (2.88), with respect to time ¢ we get

aP an /ﬁ ,y ﬁlzl/,ﬁ,’)’,(s, 1 6Ha’,3’y’ 1 aaé/ﬁ/,},/
— = 1+ Hypry + ———|+=0%,,  —— + —————
ot ot 3! 4! 3 @By ot 31 ot

1 aﬁ(zl"ﬁ”y’5’ 1 z aHa/B/,ylé‘/

I! ey Halﬁl,ylé‘/ + I!Ba’ﬁ’y’é’ EY
Using (2.105) and (2.103), the derivative of P, can be written as

oP, Ly 0% (6A;,lv, aq;v,]
— 2

& _p
ot 8

R il e e e 7

a,/B/,y/

(2.110)

2.111)
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Substituting this into (2.110) and using (2.104) to rewrite the Hermite derivative terms gives

aP 1 1 azﬂ’vf aglﬁiyl ﬁéfﬁ/,y/(sr
E Pg[ Z 1 + 3' Ha/ﬁ’y/ + THa,ﬁ,y,é,

27K By

0A;} D al B
uv’ -1 V7 a’B’y’ a’By’ s’
— Z/J’ [ Av/p/zp/ — A'u,v,— 1 —+ —Ha’,B’)/’ + —Ha’ﬁ’y’d’

ot ot 3! 4!

1

1 2 aA/J’/l' 1 3(1)/1,
+ ﬁamﬁ/y((sa’ﬂ’Hﬁ’y’ +0prpr Haryr + 0y 2 Horpr) o1 Avprzpr = Aprar “or

1
+ giPaprys Carw Hprys + 0 u Haryrsr + 0y Horpror + 060 Horpry?)

0A, }A,A 1 90

ar e T A T

18& 187y’ 1 8,8(2/[;/),/6/
+ —H///+——H//// 2112

37 ot P T4 o R 112

We can use the property (2.100) to rewrite this solely in terms of Hermite polynomials. Doing this

and cancelling some terms, the final expression for the evolution of the pdf is

aP 1 1 az,u’v’ a(zllﬂ,’)/l ﬁzlﬁr,},rél
o = Pe| TR |V T Hewy r g ey
-1 -1 .
H aAll’v’ A aAy’v’ A, H, LA 8@ 1 H 6'Bft’ﬁ’7’6’
I T T T P T T
@y OALL,
— 3' at V'p’(Hll’,ﬁ')/,/.l’,D' +5a/’p’Hﬁ'7'll’ +6,B’p,H(Y,Y,/J’ +6)/,,D’H(l/’ﬁ’[l’
+5,u’p’H(t',3'7')
Biyrgryrsr ALY,
Y My
— 4' 6t Aylp/(HaIBl,yl6I”/pl +5a'p’H,3’7’6’/1’ +6ﬁ’p'H(l')/,6’/J’ +6y'p’Ha’,6’6’,u’
+ 65/p/Ha/B/7/#/ + 6ﬂ/p/Ha//ﬁ/y/5/)
Grlzr oy aq) ﬁz’ ‘v’ S’ a(D
a’B’y -1 v’ a’B’y’é -1 v’
+ 3! [.I’V, —8t HQ’B”)”[I’ + 4! A/J’V, at Halﬁl,ylélﬂl
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2.B.4 CALCULATING w2— a (uafP)
The next step is to calculate the second term in (2.106), namely
0 Oug’ oP
(ug’ P) = P+ uy (2.114)
690(1’ ¢ (990(1' ¢ 890(1’
Differentiating both u,- and P with respect to ¢, we get
Oug’ 1
agoa/, — Ma/’a’ =+ ua”a’ﬁ'Aﬁ’K’ZK, =+ Eua’a’ﬁ’y’Aﬁ’K’Ay’)’ZK’Z/l’
a .
1
+_M(l'(l’ﬁ/’)/’5’ AB/K/ A)’//l,A6’p/ Ik’ T’ Zp’ (21 15)
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;P = Pg[—zT/A;,la, [1+ ai';"p' Hy 1o +% o
Pa’ .
’/l’p _
t AL v (i Harpr + 8242 Herpr + 620 Hy 1)
+ %A;}a/ (6T’K’H/l’p’a" + 67’/1’Hk’p’0" + 6T’p’HK’/l’o"
+ SpgrHy A,p,)] (2.116)

where we have used the fact that 0z;//0¢ss = AT‘,la,. Using the identity (2.100) we can replace

the z,- using Hermite polynomials to give

aP _ ,/l/ _
= Pg A ’la/’HT' - £ A Hk’/l’p"r’ -

b4
BK/l/p/o-/
R - -
a‘pa’ 3!

T A;,la,ka/lxp»G/T/] (2.117)

We then need to multiplying this by u,-, replace all the z,- using the trick (2.100) and adding on

the POuy/0¢o-. Writing out the final contribution to 79— a (ua/P) in orders of u,- we get

— ’/l’ —
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where we have reduced the equations to Hermites of rank < 4. Using these equations and the
result for the evolution of the pdf (2.113) we can extract the moment hierarchy order by order. The

first order terms gives the evolution of the centroid

acba’
ot

1 1
= Uq’0 =+ Eua'l//'ff”zllflqy —+ yuafll//(p/gra'wr(ﬁ/g/. (2124)

The second order equation gives a transport equation for the two-point function

OZrpr
dt

1
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1 1
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1 1
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The transport equation for the three-point function is

aaglnlel

Py = Ugryr @y ery + CYclic

+u§/w/¢/zlp/n/2¢/6/ + CyCliC
1 .
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1
+lay e tprre e +cyclic. (2.126)

Finally, the new result that we have derived here using the Gauss—Hermite expansion method is

the transport equation for the trispectrum

aﬁé_'rnfefn.r

Y Ugrys PByrernrye + cyclic

+u§/w/¢/(¥wln/6/2¢/7r/ + CyCliC

+u§/¢z¢,/9/2¢/,7/2¢/€/ngﬂ-f + CyCliC. (2127)

We have checked that these equations match the results derived using the geometrical optics ap-

proach described in Seery, Mulryne et al. (2012).
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CONCLUSION

2.3 SUMMARY OF THIS WORK

There are many models of inflation in the literature, each involving their own set of interactions
and predictions. Our goal is to use the inflationary signatures observed in the CMB to distinguish
between them, with the ultimate goal of understanding the microphysics behind inflation. The
signatures correspond to a handful of statistical observables, most recently measured to a high
degree of precision by the Planck satellite.

In order to test these models in a systematic way and discriminate between them requires
substantial effort on the interface of theory and observation. This is where the work in this thesis
makes its contribution. With such a large number of existing inflationary models and more appear-
ing every day, it is imperative that we have efficient ways of computing their observable predictions
and find ways to utilize the data as effectively as possible. This task of constraining models is still
very a much a “work-in-progress”, making it a very exciting time for early universe cosmology.
The goal of the work presented in this thesis has been to develop efficient methods to constrain
models of inflation using non-Gaussian observables. Here we will list the key outcomes for each

of the papers.

OPTIMAL BISPECTRUM CONSTRAINTS ON SINGLE-FIELD MODELS OF INFLATION.— In the first part of this
thesis we obtained optimal constraints on the parameter space of single-field inflation using WMAP9
bispectrum data. We performed a partial-wave decomposition of the CMB bispectrum data, then
used this to construct a maximum likelihood estimate for the mass parameters that characterize the
amplitude of particular interactions in the most general single-field model, given by the effective
field theory for inflation. This is the first time this systematic approach has been used and it offers
many benefits over more traditional methods for constraining models. For example, it is common
for the amplitude of non-Gaussianity to be quoted only for a handful of templates, leaving vast
regions of the data effectively unexplored. The partial-wave method uses a large number of shape

configurations and therefore enables us to explore these regions. Moreover, by considering the
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most general single-field Lagrangian compatible with the underlying inflationary spacetime in our
analysis, we were able to probe a very large region of inflationary parameter space. Specifically,
not restricting ourselves to a particular model meant that we could remain entirely agnostic to
the physical mechanism that may have generated the perturbations. The only assumption is that
a single scalar degree of freedom was active during inflation. The key difference with this ap-
proach over more common methods is that we are working backwards from the data and asking
the question “what is the most likely combination of mass parameters given the data?”. Therefore
we are using the data to directly probe the dynamics of inflation. Our results can be summarized

as follows:

e We found that there was no significant non-Gaussianity in the regions probed by the ef-
fective field theory Lagrangian. Constraints still allow for these terms to generate some
non-Gaussian signal, however the consistency with zero suggests that higher-order deriv-
ative terms may not have played an important role in the generation of the perturbations

during inflation.

e Degeneracies amongst the bispectrum shapes generated from the EFT operators meant that
only 4 linear combinations of the original 11 shapes could be constrained. These are the
principal components, which are effectively the shapes that are ‘chosen’ by the data. This
implies that we are only able to use the data to constrain models of inflation with up to four

mass parameters.

e As examples, we have provided the most accurate constraints on DBI inflation and Ghost

inflation using the WMAPY dataset.

e We also conducted a Bayesian model comparison, finding that models with a larger number

of mass parameters appear to be disfavoured by the data.

Though it won’t change our conclusions a great deal, we will be able to achieve marginally
better constraints using Planck data. The full release is expected in the Summer. We aim to use
our pipeline to constrain inflation in a similar fashion when the underlying theory is thought to be
described by a Galileon model. The EFT Lagrangian we used in this paper does not incorporate
models with sharp features. Therefore including these models in our analysis would be an obvious

extension to this work.

TRANSPORT EQUATIONS FOR THE INFLATIONARY TRISPECTRUM.— Many of the high-energy physics in-
spired models of inflation involve multiple scalar fields that can predict a large non-Gaussianity

in some cases. Therefore it is crucial that we have efficient ways of computing the non-Gaussian
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prediction for these models in order to confront them with the observed constraints. The transport
formalism provides a numerically efficient method to track the superhorizon evolution of the cor-
relation functions to the adiabatic limit, where they take on a constant value. In the second part
of this thesis we extended the transport formalism to compute the local trispectrum non-linearity

parameters. The main conclusions of the paper are:

e We derived a transport equation for the four-point function of the field perturbations using

a Gauss—Hermite expansion approach.

o This transport equation was separated into separate evolution equations for the “squeezed”

and “collapsed” trispectrum configurations.

e The transport method was compared with other approaches in the literature and we demon-

strated their equivalence.

e We then perform a gauge transformation from the field perturbations to the curvature per-
turbation in order to find expressions for 7w, and gni, the local non-linearity parameters for

the trispectrum.

Though the constraints on the trispectrum are currently weak, it is still an observable that may help
break the degeneracies between models, especially in the future with more data arriving from LSS
surveys. With very few observables, it is important that we consider all possible ways to place
constraints on the inflationary epoch.

The transport approach has been extended a great deal and now is able to compute many of
the inflationary observables for a wide variety of models. Work is ongoing at Sussex to provide a

complete “toolbox” to calculate the observables for a given model of inflation.

2.4 OUTLOOK FOR THE FUTURE

With the recent hint of a “smoking gun” detection of primordial B-modes in the CMB polarization,
inflation has prevailed as the leading candidate for the origin of structure in the Universe. No
other theory has come close to providing such a successful mechanism to generate the primordial
curvature perturbation £.

From a theoretical perspective, a successful inflationary model would be one that is embedded

within a UV complete theory, such as string theory. There is currently a huge theoretical effort
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underway to create new models of this sort that produce signatures that are consistent with ob-
servations. Finding such models presents one of the key outstanding challenges in inflationary
cosmology.

With upcoming LSS surveys providing us with even more observational data, it will be im-
portant to find even more systematic ways to constrain the plethora of inflationary models in order

to probe the physics of the very early Universe.
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