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Abstract

Cosmic inflation is an hypothesis that predicts a near-exponential expansion of the
universe in the first instants of its life. We can regard inflation as a “cosmological”
particle accelerator where we can test new physics at higher energies than those acces-
sible with experiments on earth. Indeed, a central challenge in cosmology is to extract
fundamental physics from inflationary correlations. To accomplish this ambitious goal,
innovative techniques for computing these correlations are needed. In this thesis, I con-
sider the wavefunction of the universe, whose squared modulus provides the probability
distribution for computing inflationary correlations. I focus on a class of scalar toy mod-
els in FRW cosmology and, drawing inspiration from integral reduction techniques for
1-loop flat-space amplitudes, I develop a systematic way to perform integral reduction
for the wavefunction of the universe at tree-level and 1-loop. Here, the integral basis
is determined by the singularity structure of a given process and the coefficients are
determined by the wavefunction factorization conditions near singularities.



Chapter 1

Introduction

Our universe is presently expanding[l]. There was a time in the past, when it was
smaller, denser and hotter. The theory of the hot Big Bang explains how the universe,
from an initial state of high density and temperature, evolved into the universe we observe
today. This theory describes, with reasonable confidence, the universe’s evolution from
t = 1072 seconds after its birth, the Big Bang, to the current age of the universe,
13.8 billion years[2, 3, 4]. However, it is not a complete theory and presents some
problems. In particular, two long-standing problems are the horizon problem and the
flatness problem[5, 6].

Let us start by describing the former. Around 370000 years after the Big Bang,
during the epoch of recombination, the photons decoupled from the rest of the matter and
started roaming freely across the universe which became transparent. We observe these
photons today as the cosmic microwave background (CMB), which is a crucial observable
to gather information on the primordial universe. The CMB that we measure today is
homogeneous and isotropic. This is surprising, since in the context of the standard
theory of the Big Bang, most of the universe appears not to have been in causal contact,
the problem is even more serious considering that the epoch recombination is merely
370000 years after the Big Bang. The fine-tuning problem concerning the homogeneity
and isotropy of the CMB is known as the horizon problem. Furthermore, observed
correlations in the CMB extend across regions of space that have never been in causal
contact. An elegant hypothesis to solve these problems is inflation. This hypothesis
predicts that the universe underwent a time of exponential expansion in the first instants
of its life, allowing widely separated regions of spacetime to have been in causal contact
in the past. As for the correlations observed in the CMB, they can be traced back to
primordial density fluctuations at the end of inflation. It is hypothesised that these
primordial density fluctuations were generated, during inflation, by small field quantum
fluctuations that were stretched by the expansion of the spacetime and became the seeds
for the large-scale structure of the universe[7, 5].

Let us now consider the flatness problem. Our universe appears flat and shows



no signs of curvature[8]. Since the curvature of a region of spacetime is determined
by the potential and kinetic energy of that region via the Friedmann equations, a flat
universe requires a precise fine tuning of the initial conditions for the hot Big Bang. An
inflationary phase naturally resolves the flatness problem, as detailed calculations can be
found in [5]. To provide an intuitive geometrical interpretation: if we consider a smooth,
curved manifold and expand it, then any small region will appear increasingly flat[6].

To recapitulate, inflation predicts a quasi-exponential expansion of the universe in the
first instants of its life. This hypothesis was originally proposed to address fine-tuning
problems, including the horizon problem and the flatness problem. Nonetheless, it also
offers a mechanism for generating the primordial density fluctuations that seeded the
structures in the universe that we observe nowadays.

Let us summarize how inflation works[5]. The quasi-exponential expansion of the
universe is driven by a scalar field ¢ called inflaton. In the first stage of inflation, the
inflaton is characterized by having a high potential energy compared to its negligible
kinetic energy. During this phase, it behaves like a perfect fluid with negative pressure,
driving the expansion of the universe. As the kinetic energy grows and the potential
energy diminishes, inflation eventually ceases because the inflaton no longer behaves as
a negative-pressure perfect fluid. We can regard the field ¢ as a clock that determines
the remaining duration of inflation. When treating the inflaton field quantum mechan-
ically, it becomes subject to quantum fluctuations d¢. Therefore, the end of inflation
will vary across space. These small quantum fluctuations of the inflaton can lead to
significant variations in local densities of the universe after inflation [5]. These variations
are encoded in the correlations of the scalar field at the end of inflation and provide
the initial conditions for the evolution of the universe. These correlations are referred
to as inflationary correlations. Any measurable correlation today, such as temperature
fluctuations in the CMB or the distribution of large-scale structures (LSS), can be traced
back to inflationary correlations[9]. Being able to compute these inflationary correlations
means understanding the physics at very high energies, 10-11 order of magnitudes higher
than the energies at play at LHC. We can think of inflation as a “cosmological” particle
accelerator where we can test new physics at higher energies than those accessible with
experiments on earth.

The problem that we address in this thesis is to develop a systematic technique to
compute inflationary correlations. To achieve this goal, a promising approach is repre-
sented by the wavefunction of the universe, which provides the probability distribution
to compute inflationary correlations.

The advantage of considering the wavefunction of the universe is that, for conformally
coupled scalars in FRW cosmology, it can be cast into a relatively simple form. In fact, in
this context, the information on the cosmology can be extracted from the wavefunction of
the universe by integrating a universal integrand on the space external energies with an
appropriate measure, depending on the cosmology. The universal integrand is a rational
function that encodes the analytic structure of the wavefunction and it is independent



on the cosmology[10, 11, 9].

The wavefunction of the universe is defined by the expectation value of the field
evolution operator sandwiched between the Bunch-Davies vacuum at early times and the
field configuration at the end of inflation. More precisely, it is referred to as Bunch-Davies
wavefunction. A great deal of work has been done towards the understanding of the
wavefunction of the universe for scalar fields in any FRW spacetime in the perturbative
regime[10, 11, 9]. Specifically the Feynman rules of the Bunch-Davies wavefunction
has been derived and the Bunch-Davies wavefunction can be expressed as a summation
over the wavefunction contributions corresponding to all the possible Feynman graphs.
Moreover, the analytic structure of the Bunch-Davies wavefunction corresponding to a
single Feynman graph has been analyzed: such wavefunction is singular where energy
conservation is imposed and factorizes, following specific rules, into flat space amplitudes
and simpler wavefunctions, offering insights on understanding the relationship between
flat-space amplitudes and the Bunch-Davies wavefunction in curved-space cosmology.

It is convenient to represent the singularity structure of the Bunch-Davies wavefunc-
tion of a single Feynman graph using its subgraphs. We represent an energy conservation
constraint on a subprocess via a set of subgraphs on the Feynman graph of the process.
In fact, there is a 1-1 correpondence between a singularity of codimension k of the wave-
function for a given process and a set of k subgraphs, enforcing energy conservation.
Moreover, the Bunch-Davies wavefunction is an analytic function that has discontinu-
ities and each singularity of given codimension corresponds to a discontinuity of the same
codimension. The computation of such discontinuities is much simpler then performing
the actual integration over the space of external energies[12]. These analytic proper-
ties can be exploited to compute the Bunch-Davies wavefunction, avoiding the direct
integration.

In this thesis, we consider an integral reduction approach to compute the Bunch-
Davies wavefunction of a single Feynman graph. We develop a systematic way to expand
the Bunch-Davies wavefunction at tree-level and 1-loop in an integral basis where each
integral term is determined by the singularity structure of a given process. The coeffi-
cients are fixed by matching the discontinuities of the wavefunction and the basis, and
are determined by the wavefunction factorization conditions.

This work is important because it provides a systematic computational technique for
calculating the Bunch-Davies wavefunction for a Feynman graph. The squared modulus
of such wavefunction provides the probability distribution to compute inflationary cor-
relations. Novel techniques of computation, such as the one presented here, are needed
for a deeper understanding of such correlations. A more profound comprehension of
inflationary correlations is crucial as it would shed more light on the physics of inflation
and as these correlations provide the initial conditions for the evolution of the universe.

We begin this work by reviewing the flat-space scattering amplitudes, focusing on
their analytic structure, and integral reduction for flat-space 1-loop amplitudes [13, 14,
12, 15, 16, 17]. A 1-loop amplitude becomes singular when intermediate particles go on
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shell. For real momenta, we can send on-shell at most two particles simultaneously and
the amplitude factorizes into two tree-level amplitudes, due to unitarity. Allowing the
momenta to take complex values, we can send on-shell at most d particles simultaneously,
where d is the dimension of the spacetime. In this limit, the amplitude factorizes at most
into d tree-level amplitudes, due to generalized unitarity. These analytic properties can
be exploited to compute 1-loop amplitudes using integral reduction. Specifically, a 1-loop
amplitude is expanded in a basis of integrals that capture its singularity structure. The
coefficients of the basis are determined by matching the discontinuities of the amplitude
and those of the basis, and they are fixed by tree-level amplitudes [18, 10].

We consider this procedure as a guiding principle for the integral reduction of the
Bunch-Davies wavefunction. We define a basis of integrals that capture the singularity
structure of the wavefunction, encoded in the universal integrand. Then, by matching
the discontinuities of the wavefunction and the basis, we determine the coefficients in
terms of flat-space amplitudes and simpler wavefunctions, given by the factorization
conditions. We develop an algorithm to perform the integral reduction for the Bunch-
Davies wavefunction of a single Feynman graph at tree-level and we extend the treatment
to the 1-loop case.

Let us summarize the procedure. First, we construct the integral basis for the wave-
function of a given graph by exploiting the 1-1 correspondence between sets of subgraphs
of the given Feynman graph and the wavefunction singularities. We consider all the com-
patible sets of subgraphs, i.e. the subgraphs associated to a non-vanishing factorization
of the wavefunction[9]. The basis is composed of an integral term for each compatible
set of subgraphs. A basis term associated to a set of k subgraphs contains & poles in the
external energy variables, where 1 < k < n and n is the number of integration variables
of the Bunch-Davies wavefunction. An integral basis term containing k poles is referred
to as k-gon integral term and the associated coefficient as k-gon coefficient. We start
by matching the discontinuities of highest codimension, thereby fixing the associated
coefficient. These coefficients are fully determined by the factorized wavefunction into
flat-space amplitudes. Then, we consider discontinuities of progressively lower codimen-
sion. For a general discontinuity of codimension-k, the associated k-gon coefficient will
be given by the pole at infinity of the &’-gon integral terms, where k < k&’ < n, and of the
factorized wavefunction. We proceed until we have computed all the coefficients. The
basis expansion is defined up to a rational function R, which cannot be computed in this
manner since it does not have discontinuities.

This thesis is composed of five chapters. In chapter 2, we review scattering ampli-
tudes in flat-space, their analytic structure and integral reduction for 1-loop flat-space
amplitudes. In chapter 3, we review the Bunch-Davies wavefunction, along with its Feyn-
man rules, analytic structure, and factorization conditions. In Chapter 4, we develop a
systematic way to perform the integral reduction for the Bunch-Davies wavefunction for
a single Feynman graph at tree-level and 1-loop and present some examples. Chapter 5 is
the concluding chapter where we summarize the key points and discuss future directions.
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Chapter 2

Integral reduction in flat space

In this chapter, we review scattering amplitudes in flat-space and discuss the optical the-
orem, which illustrates how unitarity constrains the analytic structure of the scattering
amplitudes [15, 13]. Then, we present a systematic way to compute the discontinuities
of a flat-space 1-loop amplitude using the cutting rules [19, 15, 10]. Firstly, we consider
the application of the cutting rules in the context of unitarity, where the momenta of
the amplitude are real. Secondly, we consider the context of generalized unitarity, where
the momenta of the amplitude are analytically continued to complex values. Finally, we
review a systematic approach to perform integral reduction for flat-space 1-loop ampli-
tudes, employing the cutting rules for complexified momenta[12, 16]. We use the mostly
plus convention, (— + -++), for the signs of the Minkowski metric.

2.1 Scattering amplitudes

Let us consider scattering processes in Minkowski space-time[16, 15]. We assume that
there are no interactions at asymptotic times, then the states we scatter can be defined
as on-shell one-particle states of given momenta, known as asymptotic states. From a
mathematical point of view, the asymptotic states are defined as the irreducible repre-
sentations of the space-time isometry group, which in this case is the Poincaré group
[I(d) = RU=1D x SOUE-LY  RE@-1LD g the d-dimensional translations group and and
SO(d — 1,1) is the d-dimensional Lorentz group. Since the generators 15“ of R(@=11)
commute, we can take the asymptotic states to be the direct product of ]3“ with eigen-
value p,,.

Consider a scattering process of n total particles, n;, initial states and n,,; = n — n4,
final states. In the Schrodinger picture, the asymptotic states at infinite future and
infinite past are respectively . <p(1) ...p=min)| and ‘ A (”i")>m and they are time-
dependent.

In the Heisenberg picture, the eigenstates of the momentum operator do not depend




on time and span respectively the whole future and past Hilbert spaces H,,; and H,.
They are given by: (f| := <p(1) . .p(”*”i")‘ and |i) := |p’(1) . .p/("i")>.
The S-matrix operator Sis a unitary operator such that [15, 16]:

Out<p(1)_up(n—nm)‘p/(l) - 'p/(nin)>in = (f] S bY (2.1)

Thus, the S-matrix operator is a time evolution operators and evolves the initial asymp-
totic state |7) in the Heisenberg picture to the future asymptotic time.
The S operator satisfies the Heisenberg equation:

i0,5(t, t0) = H(t)S(t, to) (2.2)
therefore it is given by

§ = T{e o B (2.3)

where 7T is the time ordering operator.
It is convenient to split the trivial part of the S-matrix and the scattering part:
S =1 +:T, where T is the transfer matrix. We define the scattering amplitude M,, as:

(T i) = Ma({p'V . p T} — {p) L plmmeny), (2.4)

Let us take as a convention that all the states are incoming, thus the scattering am-
plitude becomes M,, = Mn(p(l), . .p(")) and all the different processes can be computed
from it by analytic continuation.

The scattering amplitude M,, must be invariant under the Poincaré group. It is
possible to define operators which act on the whole scattering amplitude as they do on
the one-particle states. The action of the space-time translations on M, is given by

n x> (©) n
M,(pY,...p") = e 2P £ (pb) )L p™) (2.5)

In order to satisfy the above equation we must have > p¥ =0, i.e. total momentum
conservation. In other words, invariance under space-time translation implies momentum
conservation in the scattering process, leading to the appearance of a d-function enforcing
momentum conservation. Additionally, Lorentz invariance implies that the scattering
amplitude must be a function of a Lorentz invariant combination of the momenta[16].

2.2 Unitarity and Discontinuity

The time evolution operator S is unitary:

St =1. (2.6)



In terms of the transfer matrix 7" the above equation becomes
i (T - TT) = 77, (2.7)

Sandwiching the relation (2.7) with the states (f|, i) and inserting on the left hand
side the completeness relation for the Hilbert space:

. d®p; 1
I = dllx | X) (X dllyx := J 2.
> [ ) ], aty & 2.9

where the sum is performed over all the single and multi-particle states | X), we obtain
the generalized optical theorem[13, 15]:

M(i — f) = M*(f —i) = iZ/dHX(Qw)A‘é‘l(pi —px)M(i — X)M*(f — X). (2.9)

The generalized optical theorem implies that the imaginary part of an amplitude is
determined by amplitudes of lower loop and/or lower order in perturbation theory[15].

Additionally, let us consider the special case of the generalized optical theorem where
the initial state and the final state coincide, |i) = |f) = |A). Eq. (2.9) becomes,

2Tm M(A — A) = Z/dnx(gﬂ)%‘l(pi — )| M(A = X2 (2.10)

If |A) is a two-particle state, then the total cross section in the center-of-mass frame is
given by[13]:

1 4¢4 2
=3 ox =3 g oy [ XGOS 0P 21)

X

and the optical theorem is given by:
Im M(A — A) = 2Ecm |ﬁcm|gt0t7 <212)

where FE.,, is the total center-of-mass energy and p.,, is the momentum of either particle
in the center-of-mass frame. The imaginary part of the forward scattering amplitude is
proportional to the total cross section [13, 15].

Let us take a closer look at where the imaginary part of a scattering amplitude comes
from. We focus for simplicity on scalar theories, where the momentum space propagator

is given by: X
G=— (2.13)

p? +m? — i€’



where the 7e prescription ensures the correct boundary conditions for the Feynman prop-
agator and it is always intended in the limit ¢ going to zero.

Due to locality, poles can only arise from propagators[16]. In the tree-level case, a
general amplitude contains only poles and it is given by:

. nNx
Miee(i — f) = Z ]m + contact (2.14)
X

where the summation runs over the momentum channels X, ny is a numerator that
depends on the theory and ’contact’ refers to the contact graphs. Let us substitute the
general amplitude into the generalized optical theorem (2.9),

nx
2Im ——— + contact | =
(g pk +m? —ie >

=3 [ @) 5 s~ ) Ml > Ml = X) (2.15)

and consider the identity,

1
Im i —7é(p* +m?), (2.16)
where the limit for € going to zero is implicit. The imaginary part on the left hand side
(Lh.s) of eq. (2.15) is non-zero only when the propagator is on-shell. In this limit, the
tree-level amplitude Mi...(i — f) factorizes into two tree-level amplitudes with a lower
number of external state, as shown in eq. (2.15).

Let us now consider a loop amplitude. In this case, the integration over the momenta
of the propagators implies that the amplitude has branch cuts. Let us consider the
amplitude as an analytic function of the complex variable s = E.,,, which is the analytic
continuation of the center-of-mass energy. Let sy be the threshold energy for production
of the lightest multiparticle state. For s < sy the intermediate state cannot go on-shell,
s is real, and the Schwarz reflection principle implies:

M*(s) = M(s%). (2.17)

Since for s < sy, we do not cross any singularity, the above result can be analytically
continued to the entire complex s plane. For s > sy, there is a branch cut on the real
axis starting at s > sp and the discontinuity is given by:

Disc M (s) = M(s +i€) — M (s — ie) = 2iIm M (s + ie), (2.18)

where we used (2.17) in the second equality[13].



Eq. (2.18) illustrates the connection between the discontinuity of a loop amplitude
and its imaginary part. This, in turn, can be computed using the optical theorem and
is expressed in terms of lower loop amplitudes.

In conclusion, the optical theorem implies that when the singularities of an amplitude
are approached, one or more particles go on-shell and the amplitude factorizes into
amplitudes with lower number of external states and/or at lower order in perturbation
theory[16].

2.3 Cutting rules

In general, it is easier to compute the discontinuity of an amplitude than its imaginary
part. Cutkosky proved that, for a general loop amplitude, the discontinuity can be
computed using the following cutting rules [19, 15]:

1. Cut through the diagram in any way that can put all of the cut propagators on-shell
without violating momentum conservation.

2. For each cut, replace k? + m? — ie — —2imd(k* + m?)9(k°)
3. Sum over all cuts.

4. The result is the discontinuity of the diagram

For 1-loop amplitudes with real momenta, only two particles can be sent on-shell
simultaneously and, thus, we can perform at most two cuts. By cutting two propagators,
we compute a codimension-2 discontinuity. Approaching this singularity, the amplitude
factorizes into two tree-level amplitudes, due to unitarity.

We can perform an analytic continuation on the momenta of the amplitude, allowing
them to take complex values. For complex momenta, we can send on-shell d particles
simultaneously, where d is the dimension of the spacetime. Thus, we can perform multiple
cuts and compute discontinuities of higher codimension. By performing an n-cut, where
n < d, we compute a discontinuity of codimension-n and the amplitude factorizes into n
tree-level amplitudes. This approach is referred to as generalized unitarity[12, 16].

Let us discuss the cutting rules in more details [12]. A general 1-loop amplitude has
the form of an integral over the free loop-momentum k. Let us consider 1-loop amplitudes
in d dimensions and split the measure d?k as d®"'k dk°. The k° integral is then taken
to be a contour integral along the real axis in the complex k° plane. The Feynman ie
prescription for propagators splits all poles of the real axis sending half of them to the
upper half plane and the other half to the lower half plane. In order to compute the
kY integral we close the contour of integration in the lower plane selecting the solutions
with positive energy k°:



/ dk = / d*kdk®  where / dk° = / dik°,
C

where C' is the contour of integration closed in the lower plane.

Deforming the contour integral in the lower half plane gives rise to a sum of contour
integrals enclosing each of the poles.

The residue of each of these poles can be computed replacing the propagator with a
delta function, for instance: .

(1.2
e I (k%),

where the (+) indicates choosing the solution which has k° > 0. This operation is called
cutting the propagator.

We choose one propagator to cut and use the delta functions to perform the A°
integral, we are left with integrals over d1k.

It is convenient to express the integral in spherical variables and the radial part is of
the form:

[ / dE; F(Ey6). (2.19)
0

The function F' has poles which corresponds to the remaining propagators in the complex
E space.

Let us consider a single pole and vary the kinematical invariants in such a way that
the pole travels in a circle around the origin of the complex plane. In the process, the
pole crosses the domain of integration and drags it along. Completing a full circle, the
pole picks up an integration contour, see fig. (2.1). If the integration along this small
contour is non-zero, the integrated function I is not single-valued, but it has a branch
cut. The discontinuity across the branch cut is given by the integration along the contour
around the pole and it is precisely the residue of the function F' at the pole. Again, this
residue be computed by substitution with a J-function, i.e. cutting the propagator.

Therefore, the amplitude’s discontinuity is determined by cutting two propagators, re-
sulting in a codimension-2 discontinuity, known as double cut discontinuity. Approaching
a codimension-2 singularity, by making 2 cuts, the amplitude factorizes into 2 tree-level
amplitudes, due to unitarity (2.9).

If we allow the momenta to be complex, we can send on-shell at most d particles
simultaneously and, in general, the remaining angular integrals possess branch cuts. By
cutting the remaining poles, we compute higher codimension discontinuities and the
amplitude factorizes further. If we perform n cuts, the amplitude factorizes into n tree-
level amplitudes, due to generalized unitarity [12, 16].
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Figure 2.1: Complex E; space. We make the pole travel in a circle. It picks up an
integration contour corresponding to the discontinuity of the branch cut [12].

Example of a double cut Let us consider a bubble integral in d dimensions:
1
M©*) = [ dk : 2.20
W)= | 220
We cut the first propagator by replacing ﬁ with 67 (k?), the single-cut amplitude is
given by

102\ dp. S+ (1.2 1
M(p)—/d k6™ (k )—(k—p)z—ie (2.21)

where (+) indicates that we choose the positive energy solution. We split the integration
in d¥'kdk® and perform the k° integration,

d-1 0 0(k0 = [E|) 1
4 dk _
/ / 2|k\—ze (kO —p) (k=2 —ic

:/d o S— (2.22)
(\k|—ze)( —|—2[k|p —2k-ﬁ—ze)

We move to the center-of-momentum frame: p* = (p°,0) and express the integral in
spherical coordinates,

1
M (p? :VlsH/ k4 2d/-c—
(p7) = Vol(S™™) ; 2% (—(p°)2 + 2kp" — ic)
k43 1

— Vol(S42 - .
— Vol(S )/0 - o T T =i (2.23)
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The integral has a branch cut on the negative real k axis and a pole at k = %0. Let us
now vary the kinematical invariants in such a way that the pole travels in a circle around
the origin of the complex plane. In the process the pole crosses the integration domain
and picks up an integration contour. Therefore the discontinuity across the branch cut
is given by the residue of the pole. As before, the residue of the pole can be computed
by substituting it with a d-function. The discontinuity is given by:

AM(p?) = / A6+ ()5 ((k — p)?). (2.24)

2.4 Integral reduction

One-loop amplitudes contain an integration over the virtual momenta of the propagators,
giving rise to functions with branch cuts. These branch cuts lead to discontinuities that
can be computed using the cutting rules, by substituting the appropriate propagators
with delta functions, i.e. sending the propagators on-shell. When the propagators are
sent on-shell, the amplitude factorizes into simpler tree-level amplitudes.

The aim of this section is to show how these analytic properties can be used to
develop a computational method, the integral reduction, which let us reconstruct 1-loop
amplitudes using on-shell tree-level amplitudes[12, 16].

Integral basis Integral reduction consists in expanding the 1-loop amplitude in an
integral basis. For complex momenta, at most d particles can go on shell, where d is the
dimension of the spacetime. Therefore, the amplitude contains at most singularities of
codimension d. For this reason, the minimal integral basis on which a 1-loop amplitude
in d-dimensions can be expanded shows at most d-gon integrals, and then the lower point
ones [18, 12, 16]. For d-gon integral we refer to an integral which contains d propagators.
The expansion of a 1-loop amplitude is given by

Ni—loor — Z CiIl + Z Ch I [+ ..+ Z Cili+ R (2.25)

i€Xy i€Xq_1 i€Xo

where the summation runs over all the possible momentum channels, each I,,, is a scalar
integral with m propagators and the coefficients C,,, and R are rational functions of the
kinematical invariants.

Since the two sides of equation (2.25) represent the same function, they must have
the same analytic structure. Specifically, it is possible to get information on the coef-
ficients from the fact that the discontinuities across given cuts on both sides of (2.25)
must be equal. In order to compute the discontinuities, we use the cutting rules in the
generalised unitarity case: we allow the momenta to be complex and we can cut at most
d propagators.

12



P;
Figure 2.2: N-cut of a 1-loop amplitude in d-dimensions [12].

General n-cut discontinuity Starting from the left hand side (L.h.s) of (2.25), we
perform a general n-cut on the 1-loop amplitude M, where n is such that n < d and it
is the codimension of the discontinuity.

Let us divide the external states of the amplitude M into n groupings: {1},...,{n}.
The external momentum for each grouping is P; and the loop momentum flowing between
groupings {j} and {j + 1} is [;, as shown in fig. (2.2). By applying the cutting rules, we
obtain the n-cut amplitude [12]:

o)) 81 = [T gt @ 3 TME=™ os ) =) #y12).

species,spins j=1
(2.26)

The amplitude factorizes into n tree-level amplitudes Mtrfael . Each Dirac delta 67 (1?)
sends on-shell the propagator with momentum [;, choosmg the solution with positive
energy. Each Dirac delta 6%(l;_; + P; — I;) enforces momentum conservation for the tree

level amplitude M7 "

tree

Let us consider the rlght hand side (r.h.s.) of (2.25) and perform the n-cut of the

13



integral expansion:

(n) _ i (n) i i (n) i
[C“t{l},m,{n}} M=) C [CUt{l}f-n{n}} i+ 4 ) G [C“t{l}w-,{n}} L. (227)

i€Xy 1€X2

We perform the cuts on the basis terms by substituting the appropriate propagators with
delta functions 0. The terms that do not contain the appropriate propagators vanish.

Cut equations The discontinuity of the amplitude M, (2.26), must match the discon-
tinuity of the integral basis, (2.27), for every possible set of cuts. In this way, we obtain
a set of “cut equations” that relate the coefficients of the integral basis with tree-level
on-shell amplitudes.

Let us now describe a systematic way to derive the “cut equations” and compute the
coefficients.

The first step is to compute all the coefficients C by matching the discontinuities
of highest codimension d. We perform a maximal cut of the amplitude on the l.h.s of
(2.25). This amplitude factorizes into a product of d tree-level amplitudes. The same
maximal cut is performed on the integral basis, isolating the appropriate coefficient on
the r.h.s. of (2.25). We obtain a “cut equation” for each coefficient C%, indexed by i.
Specifically, the coefficients C? associated to d-gon integral terms are determined by the
appropriate d tree-level amplitudes.

Next, we compute the coefficients C_; by matching the discontinuities of codimension
d — 1. Performing a (d — 1)-cut, on the Lh.s of (2.25), we obtain a factorized amplitude
into d — 1 tree-level amplitudes; on the r.h.s, we are left with the appropriate d-gon
integral terms and one (d — 1)-gon integral term. The coefficients C}_,| are determined
by the pole at infinite momentum of the d — 1 tree-level amplitudes, obtained by the
factorization of the amplitude M.

We apply the same procedure for the coefficients C?_,, which are determined by the
pole at infinite momentum of the d—2 tree-level amplitudes obtained by the factorization
of the amplitude M. We proceed in this manner until we have computed the coefficients
of lowest dimension C%.

We are left with the rational term R, which does not have branch cuts and thus is
invisible to the cutting procedure.

Example of integral reduction We present an example of integral reduction for a
1-loop amplitude in d = 4 dimensions [12, 16].

We start by matching the highest codimension discontinuities given by n = 4 cuts.
We divide the external states in 4 groupings: {1},...,{4}. We index all the possible
groupings with the index k. We perform a 4-cut for each set of groupings k, obtaining a
set of cut equations that fix the coefficients C}:

14



[outl] s = [ 5 5408 (1= RIS+ P (- P— ) T] ()

kd4l+2+_2+ 25T ((] — P, — P,)2
:q/@m6M6wlﬂﬁW+MWKlH Py)?),

(2.28)

where [ = [, is the magnitude of the loop momentum and P, ..., Py are the total
momenta for each grouping of external states.

By performing the integration over the delta functions, we are solving quadratic
equations and, thus, we have two solutions for [, which we refer to as [,. The coefficient
Ck is given by the product of four tree-level amplitudes summed over the two solutions
l, and the helicity states h:

1
CY =53 D My (I = PP, =) My™ (L, Py, (I — Py)) (2:29)
L« h
X My" (L + Po, Py, —(l = Pr — P2)) My™ (I — Py — P, Py, — (L. — 1))
(2.30)

In this way we compute all the coefficients associated to basis terms with 4 propagators.

To compute the other coefficients, we have to match the discontinuities of lower
codimension, starting from the triple cut. We divide the external states in 3 groupings:
{1}, {2}, {3}. We index all the possible groupings with the index & and perform a 3-cut
for each set of groupings k:

3 k d4l + 12\ s+ tree
@@ﬂM:@/()aaww—an (I + P)? HM' (2.31)

By performing the integration with the three delta functions, we do not localize the
integral completely, the remaining integration can be parametrized by the variable z *
The three tree-level amplitudes, that we obtained by performing the triple cut, have poles
in the variable z. These poles are connected to the box-integrals, i.e. 4-gon integrals.
Therefore, the contributions to the triangle coefficients, C¥, are the ones that do not
contain any pole at finite z and, thus, are given by the pole at infinity:

/WZHW% (2.32)

I, m=1

IFor a detailed calculation refer to [16].
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where v, is a contour around the pole at infinity.

Finally, we consider the double cut. We divide the external states in 2 groupings:
{1}, {2}. We index all the possible groupings with the index k£ and perform a double cut
for each set of groupings k:

2 d'l +) (712 S+ 2 - tree
o] = /(%)4 5O ((I — P )gle | (2.33)

We will not delve into the computation of the bubble coefficient since it is more
involved?. The essential idea remains the same: the bubble coefficients are fixed by the
poles at infinity of the double cut amplitude (2.33).

2For a detailed computation of the Bubble coefficients, refer to [12] and [16].
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Chapter 3

The analytic structure of the
Bunch-Davies wavefunction

A great deal of work has been done towards the understanding of the wavefunction of the
universe, defined on the Bunch-Davies vacuum, in the perturbative regime. Specifically
the Feynman rules of the Bunch-Davies wavefunction have been derived and the latter
can be expressed as a summation over the wavefunction contributions corresponding to
all the possible Feynman graphs. Moreover, the analytic structure of the Bunch-Davies
wavefunction corresponding to a single Feynman graph has been analyzed[10, 11, 20, 9].

We focus on a class of toy models describing conformally coupled scalar in FRW
cosmology. In this context, the information on the cosmology can be extracted from the
wavefunction of the universe by integrating a universal integrand on the space of exter-
nal energies with an appropriate measure, depending on the cosmology. The universal
integrand is a rational function that encodes the analytic structure of the wavefunction
and it is independent on the cosmology.

In this chapter, we review the aforementioned topics. In the next chapter, we will
exploit the analytic properties of the Bunch-Davies wavefunction, which we review here,
to compute it using the integral reduction technique.

3.1 The Bunch-Davies wavefunction

Consider a quantum mechanical system described by a hermitian hamiltonian, H(t).
The system’s evolution operator is defined as[9]:

U:=T {exp (—i /_OT dtH(t)> } , (3.1)

where the operator U is Hermitian, satisfying UTU = I = UU'. Let ® and ®’ represent
field configurations at times t = 0 and ¢t = —T, respectively. The transition amplitude
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is given by:

(| U|D) := (| T {exp (—z’/o dtH(t))} D) = N o D¢ e19), (3.2)

T o(~T)=a"

where S[¢| represents the action describing the system in terms of field configurations
and it is used to compute the transition amplitude between the initial and final field
configurations in the path integral approach; A denotes a normalization constant.

From the transition amplitude (3.2), by taking the limit 7" — oo(1 — i€), we define
the ground state wavefunction W,[®] [9]:

$(0)=2 .
U0, [@] := N D¢ S, (3.3)
$(—oo(1—i€))=0’

where the ie prescription is needed for the convergence of the Lorentzian path integral,
accounting for oscillatory phases, W*[®'] denotes the complex conjugate of the ground
state wavefunction for the configuration ® and W,[®] represents the ground state wave-
function for the configuration .

Setting the initial configuration to the vacuum, ® = 0, we obtain the vacuum wave-

function:
#(0)=

T [®] = (®|U]0) N/ D¢ Sl (3.4)
(—oo(1—ie)
where ¢(0) = ® denotes the configuration of the ﬁeld at a later time ¢t = 0, while of
¢(—oo(1 —ie)) = 0 identifies a state at early times ¢ = —oo, specifically the Bunch-
Davies vacuum state which is characterized by positive frequency modes only.
In a cosmological context, ¢ represents a collection of all contributing modes, includ-
ing gravitational ones. However, in this thesis, only scalar modes will be considered.
The Bunch-Davies wavefunction, ¥,[®| , depends on the field configuration ® at a
fixed time, ¢ = 0, since the time evolution has been integrated out. Because W, [®] exists
on a fixed time slice, the time translation invariance is broken and energy is not conserved.
Additionally, in cosmology we typically consider expanding spacetimes, which are not
time-translation invariant. In such cases, the energy is not well-defined. Nontheless, with
an abuse of language, we refer to the energy as the absolute value of the momentum:

— |7

3.2 The perturbative Bunch-Davies wavefunction

In this section, we review the Feynman rules for the Bunch-Davies wavefunction in
the perturbative regime and we compute the Bunch-Davies wavefunction of a general
Feynman graph [11, 9].
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Let us consider a theory in d 4+ 1 dimensions described by an action that contains a
conformally-coupled scalar field ¢ in a FRW space-time with a space-like boundary at
the conformal time n = 0 where 7 €] — 00, 0].

We start by considering a lagrangian with non-conformal polynomial interactions.
We will, then, extend the treatment to a lagrangian with a general interaction term,
which contains derivatives of the field. The action is given by[21, 22, 10]:

0 A
S—— / dn / d'r/=g Eg“”(am)(ay@—w&— A B CE)

k>3

where the metric in comoving coordinates is
ds* = a*(n) [—dn* + da'dz;] (3.6)

and £ = % corresponds the conformal coupling. It is convenient to perform a field

redefinition [10, 11, 9]:

¢ — a2z (n)g. (3.7)

The curved space action (3.5) is mapped into an flat space action with time dependent
couplings,

5= —/ dn/ddx [%(&b)? = )\kk—(!n)gbk (3.9)

k>3

9.4 (2=k)(d=1)

Ak(n) = Ak [a(n)] (3.9)
where " refers to the derivative with respect to the conformal time 7.
The action (3.8) can be separated in a quadratic part and an interaction part:
S = So[d] + Sint]@)]- (3.10)

Additionally, we can split the field ¢ into the classical free solution ¢, and its quantum
fluctuations ¢:

(1, T) = ¢o(n, T) + (1, T). (3.11)

Then, it is necessary to translate the boundary condition on ¢ to the pair (¢., ¢). Since
the fluctuations are required to vanish at the boundary, it is straightforward to derive
the following boundary conditions:

¢o(—00(1 —i€), ) =0, ¢o(0,7)) = (7
o(—oo(l —i€), @) =0, ¢(0,7)=0 (3.12)
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where ® (%) is the field configuration at late time = 0. Considering the splitting of the
field given in (3.11), the action takes the form:

S = Sz [¢o] + 52[4,0] + Sint [qbo, (p], (313)

where ¢,(n,Z) is the solution to the equation of motion obtained from the quadratic
action, Ss[p.], endowed with the boundary conditions (3.12).

Due to the assumption of spatial translation invariance, we are able to reformulate
the problem of computing ¢.(n, ¥) in momentum space as:

ortn.2) = [ (G5 6l (3.14)

The boundary conditions (3.12) and the Bunch Davies condition, which allows only
positive frequency modes at early times, select the solutions of the equation of motion
such that:

$o(0,7) = B(p), m  ¢o(n,p) ~ M, (3.15)
n——oo(1—ie)
where ®(p) is the Fourier transform of ®(Z).
Let us now compute the modes ¢, for the model described by the action (3.8). The
differential equation defining the modes is[11]:

(1) + E*o(n) = 0 (3.16)

where E = |p].
We impose the Bunch-Davies condition and the boundary conditions and we obtain
the solution':

- d’p PR i - i
6o(n, &) = / e TR = (@), (3.17)
where the bulk-to-boundary propagator is given by:
b = e, (3.18)

Now that we have defined the toy model and derived the scalar modes, let’s proceed
to perturbatively expand the Bunch-Davies wavefunction[10, 11, 9].

Considering the splitting of the field (3.11), the Bunch-Davies wavefunction can be
reformulated as,

©(0)=0 , ,
W.[0] = A exp (iS5[]) / Dy i IeH+iSiml® ] (3.19)

(o0 (1-i€))=0

IThis solution can be generalized to the massive case, see [9].
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Expanding perturbatively in the interactions, we obtain:

D ZSQ <p] (1 + Z mt )

= exp (152[P Z S7) (3.20)

:O

©(0)=0

U.[D] = A exp (iS[]) /

p(—00(1—i€))=0

where, in the first line, (S ) indicates the j-th term in the path-integrated sum, which

includes the normalization,

1

Considering the polynomial interaction term,

Sl 0] = / i / (;d

where \;(n) is a time-dependent function, we obtain:

/\k 77
Shy =N / e'21¢] / dx / AU 3.23
t (—oo(1—ig) H ( )

Given the polynomial dependence of the potentlal on fluctuations ¢ and the Gaussian
form of Ss[y], only terms with an even number of ¢ contribute. The path integration
over fluctuations yields the bulk-to-bulk propagators G(ye;7e,,7e,,), Which are required
to vanish at the boundary, i.e. where n — 07, and depend on the energy y. running
through them:

(3.22)

1

G(Z/@? MNve mg) =5

5 €_iye(%e_n“é)19<7]ve _ nvé) 4 €+iye(77ve _nvé)ﬁ<7]vé - nvﬁ)
Ye

_ otive(me +nvg)] ' (3.24)

The last term of the propagator is a boundary term and it ensures that the propagator
vanishes approaching the late-time boundary.
The wavefunction of the universe (3.20) can be rewritten as

W, [B] = 210 {1+Z/H [ddpm ) } ZW}, (3.25)

where w,(f) is a function of spatial momenta and can be represented by connected graphs
with the same number of bulk-to-boundary propagators and loops. If g,(:) is the set of
all contributing connected graphs, then:
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V= g, (3.26)

GcGk™)

where 1)g represents the contribution of a specific graph G. Each graph is defined by
sets of sites V, edges £ connecting the sites and external lines connecting the sites to the
late-time space-like boundary. The functional form of g is given by:

k 0
thg = 5@ (Z @) / LT [dne™ ™ Mm)] [T Gwer s mocsmeg)- (3.27)
7=1 >

ey ec&

Here, the bulk-to-boundary propagators ¢, = e are associated with external

lines, where X, is the energy at vertex v. Since ¢g depends on the total energies at each
vertex, we can represent the Feynman graph G as a reduced Feynman graph by removing
the external legs. The bulk-to-bulk propagators G(ye;, M., 7., ) are associated with the
edges connecting the interaction sites. The function at the vertex, in the polynomial
interaction case, is just the time-dependent coupling Ax(n): V, = Ax(1,). The spatial
momentum conserving d-function is the result of the integration over spatial coordinates,
stemming from the assumption of space-translation invariance. For a graph G with n
sites and n, edges, the related wavefunction contribution involves 3™ terms due to the
three-term expression in (3.24).

The wavefunction contains an integration over the conformal times for each vertex,
thus it is convenient to Fourier transform the time-dependent coupling A (n):

“+00

Mel) = /_ dze 3 (2). (3.29)

[e.9]

Consider a FRW spacetime where the warp factor® is a(n) = (=n)™%, a > 0; \(n) is
given by

Ao(1) = A, (=) ¥ EFEERENEG (=) = Ay - (=) 0(—n), (3.29)
where v, = a(24 (2 — k)(d — 1)/2) , A\ is a constant[11, 9]. For v, > 0, we have the

following 3,

+o0
Ak(n) = )\k/ dze™ 2% 10(2). (3.30)

—00

Let us substitute the Fourier transform of the coupling (3.28) into (3.27):

wg :5(d) (E ﬁj) | | / dzv)\k(zv)/ dnvez(XerzU)% | | G(ye,me,mg) (331)

veV Y T ec&

2For a more general treatment, refer to [9].
3For 4 < 0, 1g can be obtained by acting with derivative operator on 1)g, refer to [11, 9].
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where X, is the total energy at vertex v. We perform the change of variable z, = X, +z,,
obtaining:

g = 6 (Z ]5}) H/ dzy i (zy — Xv)/ dn, e H G(Ye, Moo, ). (3.32)
=1 S —o0

IS) ecf

We can rewrite the wavefunction as

Jg = 5 (ﬁj p) / T [ et - %) o). (3.33)

o wey

All of the details of the cosmology are contained into the function j\k(a:v — X,) , while
g(xy,ye) does not depend on the cosmology and, for this reason, it is referred to as
universal integrand:

0
g = / T [dnee™ ] T G wei oo mer)- (3.34)

ey ecé

By performing the time integration, it is clear that the universal integrand is a rational
function, which depends on the energies of the vertices x, and contains only poles.

For the rest of this treatment, we will focus on conformally coupled scalars in FRW
cosmology with a warp factor of the type a(n) = (—n)~*, @ € Ry and v, € Z,. In this
case, the wavefunction is given by[11, 9]:

Yg = 6@ (Z @-) /_ :o I [dzods - (20 = X)) 7920 — X)) Wg(20,9e).  (3.35)

veY

For the integral reduction procedure proposed in this thesis, we limit the case to
where 7y is an integer. Consequently, the integral measure, A\ - (z, — X)), does
not contain any branch points. Moreover, we specifically consider the scenario where
v 1S a positive integer, ensuring no poles arise from the integral measure. The integral
reduction procedure that we propose in this thesis requires that the integral measure
does not contain branch points.

Let us now consider a lagrangian interaction term which contains derivatives of the

field:

0
Sineldor 0] = / d' / A0 N (1)Vi(or 0,0, B5). (3.36)

The universal integrand will contain a vertex function V, which will have in general
a dependence on the derivatives of the field:

0
Vg = / LI ldme= V] T] Glyes s mer). (3.37)

TP veV ec&

23



In the perturbative regime we consider the following splitting of the scalar field:
¢ = ¢+ p, where ¢, is the classical solution and ¢ represents the quantum fluctuations.
The derivatives of the interaction term acting on ¢, correspond to derivatives of the
bulk-to-boundary propagator. Since we are considering conformally coupled scalars in
FRW spacetime, the bulk-to-boundary propagator in momentum space, including the
spatial part, is given by:

by = ntPE (3.38)

and its derivatives are straightforward
37];¢+ = (iE)k¢+
0§¢+ = (iﬁ)k¢+- (3.39)

The derivatives acting on the fluctuations ¢ correspond to derivatives of the bulk-to-bulk
propagator. In the case of spatial derivatives the calculation is straightforward:

05, G — 2, &1 — oy y) = (ip) " G(m — 12, &1 — To, y). (3.40)

In the case of time derivatives the calculation is more involved and it might lead to
the appearance of boundary terms. In any case, no additional poles to the universal
integrand come from derivatives of the field.

Example Consider a ¢* theory in flat spacetime with a space-like boundary such that
n €] — 00,0] and a time-independent interaction coupling \:

S =— /_(; dn/ddx B(aw — %&] : (3.41)

In the perturbative regime, the field ¢ is split into a classical part and quantum fluctu-
ations: ¢ = ¢, + . The path integration involves only the quantum fluctuations. The
action can be rewritten as in (3.13) and the perturbative wavefunction is given by (3.20).

The equation of motion for the classical field ¢, is obtained by setting to zero the
variation of the quadratic part of the action,

0
65, = 5(/ dn/d%%(a@?) =0 = O¢, =0. (3.42)

The solution to the equation of motion is given by (3.17). Let us consider the interacting
part of the action:

0
A
St = / dn / P (6 + o) (3.43)
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Let us expand explicitly the perturbative wavefunction to the first and second order
in the action:

o0

Wo[®] = exp (iSz[@])Z 7 <Sfm>[ ]

= exp i5:[0]) (14 (S + (st + ). (3.44)

Recall that the only contributions to the wavefunction come from terms with an even
number of fields ¢ due to the symmetry of the Gaussian path integral. The first order
term is the path integrated action,

©(0)=0

(Swt) = N Dy 1) / dn / P60+ 0)" (3.45)

p(—00(1iz))=0

The only contribution at tree-level is the contact graph which corresponds to the term
3 in fact the term 3¢,p? is a tadpole.

0 A
<Scontact> :/ dn/d%gﬁbg

0 3 3
pj = . > o o i(Ey+Ey+E
= )\/_OO dn/jli[l {(27T)33<I>(pj)] S(p1 + pi + py) el Pt Bt B, (3.46)

where ¢, was substituted by (3.17) and the integration in the position space variable &
returns a J-function which enforces the spatial momentum conservation, which reflects
the invariance of the action under spatial translations.

Let us focus on the time integration. To ensure the convergence of the time integral,
we shift the extreme of integration:

n=-o00—n=—oo(l—ie). (3.47)

This shift regularises the integral but violates unitarity. The same result is obtained by
applying the ie prescription on the energy[9]:

E = E—ic = eFne, (3.48)

In this manner, the integral converges for 7 — —oo and unitarity is not violated.
Finally, the time integration can be performed:

3 7 1
contact = /H |: pj :| 6<p1 +p2 +p3> (El n E2 n Eg) (349>
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The wavefunction with the only contribution from the contact graph is given by:

U, [@] = exp (iS2]®]) (1 + M/H [(‘éf)@é(@)} 6(p1 + p> +p§)i(E1 I ]22 + E3)> '

(3.50)

Conventionally the wavefunction is formulated as in (3.25), thus the contribution of the
contact graph to the wavefunction reads:

1

. 3.51
i(E1 + Ey + E3) ( )

wcontact = Z)\(S(p_i + p_é + p_§>>
The associated Feynman diagram is:

E, FEy, Ej
n=>0

Let us consider the contribution of second order in the action. Let us consider the
following term without loops, [¢2(n1, Z1)e(n1, T1)|[62 (02, T2)@(ne, T2)]. The associated
Feynman diagram G is given by:

E Es Es E,
T m

Let us start by computing the path integrated squared action:

£(0)=0 . 0
(Sé) :N/ Dy 6152[90]/ dnldm/dgl‘ld?’$2
p(—oo(1—ie))=0 —oo(1—ie)

4

B ~ . ‘ o
N, 31 )plm, ) [ [H (2753@@)] AP B )G 407

j=1
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Let us focus on the path integral which defines the bulk-to-bulk propagator G:

©(0)=0 )
G(m, m2; &1, o) = N/ Dy 6152[80]‘:0(771735’1)%0(77279?2)- (3.52)
(—00(1—ie))=0

The Gaussian path integral is proportional to the inverse of the differential operator
associated to the quadratic action, in this case the flat space D’Alambert operator,

1
G~ = (3.53)

Since the fluctuations must vanish at the boundary, we impose the boundary conditions:

Therefore, the bulk-to-bulk propagator is given by:

Ep . 1 .
6zp(x1—ac2)_ e—zy(m—nz)ﬂ(m _ 772)+
(2m)? 2y
+ eiy(m—m)ﬂ(?b _ 7]1) _ eiy(171+772) '

(3.55)

G(m —ne; @ — Tayy) = /

Let us focus again on the computation of (S3) and substitute the expression for the
bulk-to-bulk propagator,

4

<Sé> = )\2/_ )dmd% : / [H éf)]?,é(ﬁj)

oo(l—ie j=1

- O(P) + Pa + D3+ Pa) G — mo; y)e 1T EIm B Bz (3.56)
The contribution to the wavefunction coming from the graph G is given by:

d(p1 + Po + Ps + Da)

)2
wg = (.1'1 +y)(x2 +y)(:c1 —|—l’2),

(3.57)
where T = E1 + EQ, Ty =— Eg + E4.
3.3 Recursive relation for the universal integrand

Let us assume a theory where the lagrangian interaction term does not contain time
derivatives of the fields and, thus, the function at each vertex V,, of the universal integrand
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does not depend on time derivatives of the field. The universal integrand g associated
to a generic graph G is, thus, given by

Vg = / IT ldnee=™V,) T Gwei o) (3.58)

© pey ecf

where V and £ are respectively the set of sites and of internal edges and the vertex
function V, does not depend on time derivatives of the field.

We will now show the derivation a useful recursive relation that let us identify easily
the physical poles of the universal integrand[9]. Let us define the total time-translation
operator as

A=—iY 0, (3.59)

If we act with it on the universal integral 1)g it returns zero: infinitely away from the
boundary the modes are exponentially suppressed, while on the boundary the bulk-to-
bulk propagator is zero,

0
0= Ay = / A{ 1T lane=mv,] }HG(ye;me,mg)Jr

veY ecé
/ H d7] elrvﬂv { H G yey nvea 77’0 )} (360)
o vey ec&

When the operator acts on the external states it returns the sum of the energies. When
it acts on each propagator, only the boundary term survives and the latter shifts the
external energies of the corresponding external states by the energy +y, flowing in the
propagator. Overall, it returns a sum over the internal edges, where each term corre-
sponds to erasing one edge and shifting the energies of the external states at its endpoints.
We obtain the following relation:

<va> b = Z /0 H [dmeixvmv z(:cvﬁy}z)m,f Uy Fyp)n H G (e Tons ) -

veVY ¢4e€ VT uey ecE\{¢}
(3.61)
Graphycally,
va Z Yr »---9 (3 +Z Vg
ey’ ge€ ° e $EE woy+yc@_ @Tsl, T Ve (3.62)

where the dashed red edges indicate the edges that get erased and the blobs represent
the wavefunction associated to the subgraphs which the original graph reduces to upon
the edge deletion.
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This relation can be used recursively and it generates a representation of the wave-
functions with n,! terms consisting of only physical poles.

It is important to emphasize that this relation is valid when considering universal
integrands with vertex functions V,, which do not contain time derivatives, otherwise, in
general, the total time translation operator acting of the universal integrand would not
be zero.

Example of the recursive relation Let us apply the recursive relation for a bubble
graph. We can split the loop into two 2-vertex graphs:

Y12 Y12

z1 +y12 T2+ Y12
(21 + 72) - &N 4 (3.63)
T T2 z1 +y21 T2+ Y21
Y21 Y21

Using this relation, we are able to find a representation of loop graphs in terms of
tree-level graphs, which are much simpler to deal with. Notice that we do not draw the
external legs of the graphs, as they are reduced Feynman graphs.

3.4 Singularities of the Bunch-Davies wavefunction

In this section, we discuss the singularities of the Bunch-Davies wavefunction for a single
Feynman graph, in the context of the scalar toy model in FRW cosmology, that we have
defined in the previous section. For a more general treatment, refer to [9].

Considering the Bunch-Davies wavefunction for a graph G, (3.35), we have denoted
it as 77Z~}g to distinguish it from g, which we reserve for the universal integrand (3.37).

The singularities of the Bunch-Davies wavefunction Q/NJg are located at the poles of the
universal integrand 1)g.

Since we restrict to the case where the parameter -y, of the integral measure (3.29) is a
positive integer, no poles or branch points come from the integral measure. Therefore, all
the singularities of the Bunch-Davies wavefunction arise from the poles of the universal
integrand.

We have chosen the Bunch-Davies vacuum state as the initial state for the vacuum
wavefunction. The Bunch-Davies condition on the vacuum selects the modes with posi-
tive energy and such that they vanish at early times, i.e. ¢, —— &,

The Bunch-Davies condition implies that the physical region of the kinematical space
is defined by all the energies being positive:

> b

{E; >0|j=1,...,n} and {yI::
kel

> 0, (vzc {1,...,n}}. (3.64)
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Figure 3.1: The Feynman diagrams satisfying the Bunch-Davies condition do not have
external legs at early times and have only external legs corresponding to outgoing par-
ticles. Particle decay is prohibited at early times, allowing only quantum fluctuations.
The theory of inflation predicts that these fluctuations are at the origin of all the cosmic
structures [23].

Therefore the poles of the universal integrand are of the form:

Y E+> yr=0. (3.65)

This sheet in kinematic space can be reached, in the physical region, only if all the
energies F;’s and y;’s all vanish. We refer to these combinations of energies as partial
energies.

The absence of particle decay in the physical region is realized by the requiring that,
in such region, we can only reach the singularities of the wavefunction in a trivial way,
i.e. vanishing of all the energies.

It is possible to perform an analytic continuation such that some energies become
negative and other stay positive and hence we can reach these sheets for non-zero ex-
ternal and internal energies. In these sheets, which are outside the physical region, the
wavefunction can develop singularities. Approaching such singularities, the wavefunction
factorizes into flat space amplitudes and simpler wavefunctions|9].

Total energy singularity and flat space limit Let us consider the time-integral
representation of the wavefunction g given by (3.27). Recall that for n — —oo(1 — i€)
the mode functions are exponentially suppressed, (3.15). Let us define a “center-of-mass”
time 7. Taking the early time limit of the “center-of-mass” time, 7 — —oo(1 — ie€), is
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equivalent to simultaneously taking the early time limit of every time 7, associated to
each vertex v. In this limit g takes the form[9]:

Yo ~ / a7 £(7) € gt (3.66)
—oo(1—1ie)

where f(7) is a function which depends on the cosmology and s is the part of the
wavefunction obtained by the change of variable and can be expressed in terms of time
integrals other than the “center-of-mass” time.

Due to the asymptotic behavior of the modes at early times, taking the early time
limit of the “center-of-mass” time, ensures that the wavefunction gets a non-trivial con-
tribution only for F,,, = 0. At that point the integral diverges.

From a physical point of view, shifting the “center-of-mass” time to early times means
moving the entire process to an infinite distance from the space-like boundary at n = 0.
By performing an analytic continuation of the energies, it is possible to reach the sheet
where E,,, = 0. As the total energy approaches zero, certain states can be designated as
in-states, while others as out-states and energy conservation is restored. In this scenario,
the conditions reflect those of a flat-space scattering process.

Example of total energy singularity Let us consider the wavefunction contribution
of the 2-vertex graph in flat space-time with a space-like boundary;,

0

1 ) )

vo= [ dmdng [y )
—oco(1—ig) 2y

+ ei@it+y)m ei(xry)”%?(ng _ 771) _ ei(11+y)n1+i(wz+y)nz]‘ (3.67)

Let us perform the following change of variables,

1

n= 5(771 +12)

1

5 (m = 11) (3.68)

where 7 is the “center-of-mass” time. g takes the form,

7

0 . s | - - I i
g = / di el(x1+w2)n/ dﬁ2— (6—12?47119(77) + eTIY(—7) — €z2yn) . eil@i—m2)i (3.69)
- y

—0o0 o

Let us consider the limit 7 — —oo(1 — ig):

0
li _ li dn i(z1+x2)7) X
ﬁ—)—io%—iE) Vg ﬁ—>—;or?1—ia) (/—oo e

teo 1 - - ‘ .
X / dﬁ@ (e72V1Y(77) + eT2IY(—7j)) - e'rr ) (3.70)
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In the limit 7 — —oo(1 —ie), the integral in the variable 77 gets a non-trivial contribution
only at the point Ei,; = w1 + 2 = 0. At this point, where x; = —x5, one state is the in-
state, and the other is the out-state. Moreover, the propagator’s boundary term vanishes,
transforming it into a Feynman propagator in flat space. From a physical point of view,
we are moving the process infinitely far away from the boundary.

It is important to emphasize that as we approach the singularity, the wavefunction
factorizes into a singularity and a flat space amplitude.

Partial energy singularity and factorization The discussion is similar to the pre-
vious one, but in this case energy conservation is imposed only on a subprocess|9].

Let £ and R be two sets of external states such that LUR = {1,...,n}. We
are interested in studying the behaviour of the Bunch-Davies wavefunction when E%, :=
E. +Zeeg Y. is taken to zero, E; and £C & being respectively the sum of all the energies
of the external states in the subset £ and a subset of the internal states that connect
the two subprocesses.

Let us reformulate the general wavefunction (3.27) into the two subprocesses £ and

R:

d
- /H éﬁq)e / H [dnu e Xecmc V] H G( yeﬁ,mﬁ,nvﬁ)]
ee&

U[;GV[; er€Er
v / H dm szanRV H G(Yer; Mom s Mo’ R)]
URGVR eREER
X HG y¢;77v5¢a77v’n¢) (371)
¢ed

where ¢, is the momentum flowing the edge e € £ = &, U ExU ¢, with the relevant
momentum conserving delta-functions left implicit. The propagators in the last line
connect the two subsets £ and R.

We impose energy conservation on the subprocess £ by taking the limit E£, — 0.
Let us see what happens to (3.71) piece by piece. Starting from the £ subprocess
in first line of (3.71), we impose the total energy conservation on this subprocess by
defining a ”center-of-mass” time 7, and taking the limit 7,, — —oo(1 — ie). Consider
the bulk-to-bulk propagator of the £ subprocess. Taking the limit 7,, — —oo(1 — ig)
means simultaneously taking the two limits: 7,, — —oo(1 — i) and n,,, — —oo(1 — ig),
therefore the boundary term is exponentially suppressed and we obtain a flat space
Feynman propagator:
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1 —iye (Nw —771,')
o e £ Y (ny, — M)+

llm G(ye; ) 771)1;7 T]UZ) ~

Mo, ,77,0/64)700(17755)

e g ma)] (3.72)

Let us now focus on the propagators which connect the two subprocesses. The prop-
agator G(yy; n, " nv/R¢) in the limit 7, e, = —00(1 — 7€) returns a linear combinations of
bulk-to-boundary propagators for the same state which differ by the sign of the energy:

Ye
e yer£¢

¢ — e 4. (373)

—1Yyn,’ TYgN,t
: Gy R R
lim (y¢7 UUL¢7 771/7%) ~ [6

n£¢—>—oo(1—ia)

2yy

In conclusion, by imposing energy conservation on the subprocess £, the wavefunction
factorizes as follows:

~ dr _ BB, A(L, ¢(5€ (Uﬂ)v,R), 374
Vg </m(1i5) nefe(ic)e ) x A(L, &) x {%;;1} Ty, (3.74)

where the first term in parenthesis represents the singularity and it is non vanishing if
and only if E£, — 0, A(L, &) is the flat space amplitude with external states given by
LUE, (& (o), R) is the wavefunction with external states given by the set ¢ UR and
oy is the sign of the energy yy of the state ¢geg.

Example of partial energy singularity Let us consider the wavefunction contribu-
tion of the 2-vertex graph in flat space-time with a space-like boundary,

0
Vg = / dnydnee™ M e G (y;ny — 12). (3.75)
—oo(1—ie)

The subprocess containing the vertex x; is the £ subprocess and the subprocess con-
taining the vertex z is the R subprocess. G(n; — 12, y) is the bulk-to-bulk propagator
connecting the two subprocesses.

Let us consider the limit 7, — —oo(1 — i¢):

0
lim _ lim dn, e!@1+y)m )
n1——o0o(1—ie) Yo n——oo(1l—ie) </oo(1i8) "

0
/ dmi [ei(m—y)m — ei(mz’ﬂ/)m] . (3.76)
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In the limit 71 — —oo(1 — i¢), the first term in the parenthesis is non-vanishing only
when energy conservation is imposed on the subprocess £, at which point it diverges.
The wavefunction factorizes into: a singularity for x1+y = 0, the flat space amplitude
corresponding to the £ subprocess, which in this simple case is equal to 1, and a linear
combination of the wavefunctions for the R subprocess with the external state connecting
to the £ subprocess shifted by minus and plus the energy y flowing in the propagator.
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Chapter 4

Integral reduction for the
Bunch-Davies wavefunction

In this chapter, we develop a systematic way to expand the Bunch-Davies wavefunction
at tree-level and 1-loop in an integral basis where each integral term is determined by
the singularity structure of a given process and the coefficients are determined by the
wavefunction factorization conditions.

We begin by exploring the singularities of the Bunch-Davies wavefunction with higher
codimension. We establish a correspondence between subgraphs of the Feynman graph
representing the wavefunction and singularities of the wavefunction. Subsequently, we
develop the algorithm for integral reduction, initially focusing on the tree-level case and
later extending our approach to the 1-loop case.

4.1 Singularities and subgraphs

In the previous chapter, we have shown that the Bunch-Davies wavefunction is singular
where energy conservation of a subprocess or the total process is imposed and factorizes
approaching such singularities.

If we impose one energy constraint, the Bunch-Davies wavefunction factorizes into a
codimension-1 singularity and a factorized wavefunction given by the factorization rules
in section (3.4).

We can impose more energy constraints and factorize the wavefunction further, lead-
ing to higher codimension singularities. The codimension of the singularity is equal to
the number of energy constraints.

Consider the Bunch-Davies wavefunction for a given process G. An energy constraint
can be represented by a subgraph of the Feynman graph G. Such constraint is realized
by setting the energy of the subgraph to zero.

The energy of a subgraph g is given by the sum of the energies of its vertices and the
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internal energies flowing in the propagators that connect to its complementary subgraph:

Eg=) o+ ¥ (4.1)

vEVy ecé

where V), is the set of vertices inside the subgraph g, £ is the set of the subgraph edges
that connect the subprocess g with its complementary subgraph g, y. is the energy
flowing in the propagator of edge e.

There is 1-1 correspondence between sets of subgraphs taken on the graph G and
singularities. Therefore, we employ the subgraphs to study the analytic structure of the
Bunch-Davies wavefunction for a given Feynman graph G.

The vertices of a graph are labelled by the natural numbers and the edges are labelled
by the two vertices at their extremes. In the case of a loop graph, the labels of the edges
are assigned in clockwise direction. A given general graph is referred to as G. A subgraph
is referred to as ¢g(v), where v = (1,2,...) is the list of the internal vertices separated
by a comma. For loop graphs, the order of the vertices is important: they have to be
ordered following the loop direction, which is clockwise. The subgraph containing the
entire graph is referred to as ¢(G).

Let us consider the following subgraphs with the associated singularities:

g(1) = @ = — Sing{(z, +y) — 0} (4.2)
g(1)g(G) = Sing{(z1 + ) — 0, (1 + 22) — O} (4.3)

Y12
g(1) = @m—) Sing{(z1 + 12 + y21) — 0} (4.4)
Y21

Y12

g(1)g(1,2) = @_> Sing{ (@1 + 12 + y21) — 0, (x1 + z2 + 2y21) — 0} (4.5)

2
Y21

These Feynman graphs are reduced, as we do not draw the external legs.

We refer to a set of subgraphs as g¢, where d is the cardinality of the set '. A set
of subgraphs g? is in correspondence to a singularity of codimension d. For instance,
g2 = {g(1),9(1,2)} is a set containing 2 subgraphs and the associated singularity is
codimension-2.

In this chapter, d is the cardinality of the set of subgraphs g?. It is not the dimension of the
spacetime.
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4.1.1 Toy model

In the previous chapter we have chosen a toy model described an action containing
conformally coupled scalars in FRW cosmology with a warp factor of the type a(n) =
(—m)™, o € Ry and v, € Z,. In this case the information on the cosmology can be
extracted from the wavefunction by integrating on the external energies, leading to the
following expression for the tree-level case:

g = / - I [dzods - (20 = X)) ] g (a0, we), (4.6)

veY

where V is the set of vertices. The internal energies y. are fixed by the external momenta
and are strictly positive y, > 0. B
We will refer to the full integrand including the measure as ¥g:

@/_Jg = H P‘k (@ — Xv>7k_1} V6 (o, Ye)- (4.7)

veY

g (y,ye) is the universal integrand and it is a rational function which contains only
simple poles and encodes the singularity structure of the Bunch-Davies wavefunction.

We restrict to the case where ~; is a positive integer, thus no poles or branch points
come from the integral measure. Moreover, no additional poles come from eventual
derivative couplings. Therefore, all the poles are contained in the universal integrand.

In kinematical space, the singularities are located where we impose energy conserva-
tion constraints on a subprocess or the total process. When approaching a singularity of
codimension d the Bunch-Davies wavefunction factorizes into a singularity of the same
codimension and a factorized wavefunction. This factorized wavefunction is computed
by taking d residues, enforcing energy conservation, on the wavefunction integrand vg.

The factorized wavefunction and the associated singularity are identified by a set
of subgraphs g¢ = {g1,...,0i,...,9a4} defining the energy constraints. This factorized
wavefunction is given by:

’l;gd = /00 H [d,,] Res,a Vg. (4.8)

Xv veV’

Here, Resga = Resg, 0 ... Resg, 0. .. Resg, 50, where Ej is the energy of the subgraph
g; € g¢. Therefore, Resge means taking d residues imposing energy conservation.

V' is the set of n, — d integral variables left, where n, is the number of vertices of the
graph G and d is the cardinality the set g?.

The residue of the wavefunction integrand can be computed by substituting the ap-
propriate singularities in the wavefunction @Eg with J-functions enforcing energy conserva-
tion and performing the integration, thus every residue removes one integration variable.
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Since the wavefunction @Eg is an integral function where the energy z, associated to each
vertex is an integration variable, we can impose at most n, energy constraints (residues).
Consider the 2-vertex graph example:

_ “+oo +oo 1
= dri\-(r1— X 7_1/ dzo) - (19— X))t . (4.9
vo /X1 -l =X X (22— o) (1 + z2) (21 + y) (22 + Y) (49)
The wavefunction obtained by performing the residue corresponding to the subgraph
g(1)= m—"a is
_ 400 L +oc0 ) 1
= dzi A - - Xy)7™ dzo) - — X))~ 4]
400 1
= deaX - (—y — X1)77 TN (20 — Xo) ! : 4.10
I e R 1

4.1.2 Compatible subgraphs

Consider the wavefunction given by eq. (4.8), computed by taking d residues, enforcing
energy conservation, on the wavefunction integrand 1)g. If such wavefunction, 7[1gd, is
zero for every order in which the residues are taken, then the set of subgraphs g¢ is
incompatible. When performing a sequential set of residues, we have to pay attention to
the order. We must not take incompatible residues sequentially, otherwise we get a null
amplitude.

If we let the internal energies 7. be non-negative, the compatibility rules for subgraphs
are derived in [9]. In the tree-level case, the internal energies y, must be strictly positive,
so the compatibility of each set of subgraphs must be checked case by case.

We refer to set of all the compatible sets of d subgraphs as &¢. The elements of &4
are g¢ where i € [1,|®9]]. The cardinality of &¢ depends on the specific process G.

4.2 Tree-level reduction

In order to perform the integral reduction for the Bunch-Davies wavefunction, we exploit
its analytic structure. In analogy with the flat-space integral reduction, we require that
the discontinuities of the wavefunction must match the discontinuities of the integral
basis.

As we have seen in the flat-space integral reduction, taking residues of the wavefunc-
tion integrand corresponds to computing the discontinuities of the wavefunction integral.
In fact, a discontinuity of codimension-d is computed by taking d residues on the wave-
function integrand and corresponds to a specific set of subgraphs g¢ € &<,
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First, we are going to define an integral basis which captures the singularity structure
of the Bunch-Davies wavefunction, which is encoded in the universal integrand. Second,
we are going to match the discontinuities for every singularity to obtain the coefficients
of the basis in terms of simpler wavefunctions and flat-space amplitudes.

4.2.1 Wavefunction integral basis

We exploit the 1-1 correspondence between singularities of the wavefunction and sub-
graphs to construct the integral basis. Each term of the integral basis corresponds to a
set of subgraphs.

For a given process, consider all the compatible sets of d subgraphs where d € [1, n,].
We refer to this set as &% and its elements are g¢.

Let us define a term of the basis associated to the set of subgraphs g¢:

Ia= / h [T [dahe - (2, — X, H Ei (4.11)

veV j=1"1

where E; are the energies of the d subgraphs contained in g¢. The basis term Igg is a
d-gon integral, meaning that it has d energy poles. We represent a term of the basis as
the corresponding set of subgraphs on the graph G with vertices drawn as black circles
and subgraphs in dashed red. For instance, the 1-pole basis term for the subgraph ¢(1)
of the 2-vertex graph is given by:

. +o00 +o0 1
\,.fy—. = dxl)\k . (.Tl — Xl)’Yk—l/ dl'g/\k . (Z‘Q — X2)Wk—1

. . —(5101 ) (4.12)

We can expand the wavefunction as a linear combination of this basis up to a rational
function R:

s ‘Qsd‘
g = Zzog‘flg? + R
d=1 =1
& &7
= Colg+--+ Y Cyelys + R. (4.13)
=1 k=1

where, in the first line, the first summation runs over the d-gon basis terms, where
d € [1,n,] and the second summation runs over every compatible set of d subgraphs g¢
belonging to &<

The rational function R cannot be determined exploiting the discontinuities of the
wavefunction and its determination is not within the scope of this thesis.
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4.2.2 Computation of the coefficients at treel-level
The wavefunction and its integral representation are equal up to a rational function:

ns I6 I

/%o T [dzohe - (20 = X0) " g (20, 4e) = D > Coalya + R (4.14)

v opey d=1 i=1

In analogy with the discussion of flat-space integral reduction, we exploit the analytic
structure of the amplitude to fix the coefficients. In particular, we match the discontinu-
ities of the wavefunction with those of the basis. We start by matching the discontinuities
of highest codimension and then proceed considering the discontinuities of lower codi-
mension.

A discontinuity corresponds to a specific set of subgraphs g¢. By taking the appropri-
ate residues on both sides of (4.14), for every combatible set of subgraphs g¢, we obtain
a set of equations that relate the coefficients to simpler wavefunctions and flat space
amplitudes, following the wavefunction factorization rules.

Let us describe the algorithm for computing the coefficients systematically. The
algorithm follows an iterative structure. In the first step we consider the discontinuti-
ties of highest codimension, n,, in the second step we consider discontinuities of lower
codimension, n, — 1, and we proceed until we get to the lowest codimension which is 1.

e (Codimension n,) We start by computing the coefficients Cyrs such that g € &",
namely the coefficients associated with integral terms having the highest number of
poles. For each g* € & we compute the corresponding set of residues, enforcing
energy conservation, on the integrands of both sides of (4.14). Since we compute n,
residues, the wavefunction and the integral basis, which are defined by integration
over n, variables, are completely localized. On the L.h.s. we obtain a factorized
wavefunction into flat-space amplitudes and on the r.h.s. we are left with only one
basis term. We obtain immediately the expression of the coefficient C’g?s:

Cg'z(ls = ReSg;ls r(/)g (415)

where Resgrs means taking n residues for the energies of the subgraphs belonging
to g;* going to zero. The order of the residues matters, since two incompatible
residues taken sequentially lead to a null amplitude. After calculating all the
coefficients Cyrs for every g;° € ®" we proceed to the next step.

An important remark is in order: the coefficients associated with integral terms
having the highest number of poles, i.e. n, poles, are fully determined by flat-space
amplitudes and do not depend on the cosmology.

e (Codimension ngy — 1) To compute the coefficient Cns-1, we match the discontinu-
ities of codimension n, — 1. We perform ng, — 1 resﬁues on the integrands of both
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sides of (4.14). We are left with one integration variable, we call Z. The integral
measure depends only on Z:

W) =[] D oo =X ]| (4.16)

IS 9;

where the measure is evaluated for the energies of the subgraphs belonging to g/~

going to zero.

On the Lh.s, the universal integrand g factorizes into simpler wavefunctions and
flat space amplitudes, following the factorization rules, and it is given by

Pgns—1(Z, Ye) = Resgns—1 ¥g (v, ye)- (4.17)

On the r.h.s., we perform the same residues on the integrands of the basis terms,
by substituting the appropriate poles with d-functions. Only the basis terms con-
taining these poles will survive. We have contributions from ng-gon basis terms
and one (ng — 1)-gon basis term:

+oo “+o0

o ~ SN | ~ 1~
/ dzp(2)y, ne=1 (Z,ve) ZCTLS 1Ug]/~ dzp (ZE)E —|—C'g?51/~ dzp' (7)
j

(4.18)

where the sum is performed on the sets of one subgraph g] € &' such that g}~ 1Ug}

is a compatible set of cardinality n,, i.e. g;* 'y g] € &"s. F; is the energy of the
one subgraph belonging to the set gjl-.

We have to isolate the contributions to the coefficient C'; me 1. We expand the inte-
grands on both sides of (4.18) using the relation (A.4), Where the energy variable
Z has been shifted by £ — ¥+ z. By matching the singularities, we obtain that the
contributions to the coefficient 09?3-1 come from the zeroth term of the Laurent
series for z — oo:

/+w ap L0 (D) (E.90)} = ZO”s » /+ 2, {n '<:7;)Ei}

X J

X

+ Gy / - d:zc/lz_m{ (:i;)} (4.19)

Here, we omit the shift of the variable z; otherwise, the equation would become
very cumbersome. Keep in mind that & — Z + 2z, and thus E;(Z) — E;(T + z) as
well.
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We can invert the above equation and obtain:

+00
“ = Jx *mdxz(zolloo{ (:c)}{/x dxﬁio*“’{ (@%?S”(j’y”}

chs g / " da;ﬁggoo{ (:E)Ei}}. (4.20)

After calculating all the coefficients C; ne—1 for every g~ € ™~ we proceed to

ng—2

the compute the coefficients C .2 for every g; € "2, The next step involves

computing generic d-gon coefﬁ(:lents

e (Codimension d < n,) We now compute the coefficients Cy such that g¢ € &<,

by matching the discontinuities of codimension d. For each set of subgraphs g¢
belonging to &<, we compute the corresponding set of residues on the integrands
of both sides of (4.14). The wavefunction contains ns — d integration variables
left. We call V' the set of integration variables we are left with. On the Lh.s. we
obtain a factorized wavefunction into flat-space amplitudes and simpler subgraphs
wavefunctions. On the r.h.s., we have contributions from ng-gon, (ns—1)-gon, ..
(d + 1)-gon basis terms and one d-gon term:

*

Ty EV!
1
:chfugﬁsd/ [H de] 2 H .
k Xo Ty EV! _(h‘EgZSid /
1
e [ | Tanfon T1 5
k v Ty €V greqps 4! J
+..
+o0 , 1
+3 Coo [ | T do| a5
k v Ty €V’ k
+o00
+ Cy / IT dao| () (4.21)
4 T, €V
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where the measure is evaluated at

p (o, v € V) =[] M- (w0 — X)) (4.22)
veEV o¢
and
Yga = Resga g (20, Ye)- (4.23)

The first sum in (4.21) runs through all the sets g~ such that g¢ U gi* % is a
compatible set of subgraphs, i.e. g¢U gzs_d € B™. The second sum runs through
all the sets gzs_d_l such that g¢ U gzs_d_l € &1 The same applies the the
other sums. The product runs over the subgraphs g;, indexed by j, belonging to
the appropriate set of subgraphs. Each energy FE; represents the energy of the
subgraph g;. The product of the inverse of the energies E; corresponds to the
remaining poles of the basis terms.

We now have to isolate the contributions to the coefficient ng. We expand the
integrands on both sides of (4.21) using the relation (A.4), where the energy vari-
ables x, have been shifted by z, = z, + a,z. By matching the singularities, we
obtain that the contributions to the coefficient Cg? come from the zeroth term of
the Laurent series for z — oo:

/ | 1] 0, i @) v0) )

T,V
400 1
_Zngugng_d/ [H dx, Eg%oo{ "(z,) H E}
Xo g eV gjears J
1
+ ch?Ung_d_l/ [H dl’v z—)oo{ (ZEU) H _}
k v Ty €V’ g]egns—d 1]
+ ...
+chfugi/ [H dzy Z—>O<>{ ("E“); }
k Xo Ty €V k
+ Cy / [H dw, | L9, (@) | (4.24)
Xo Ty EV!

Here, we omit the shift of the variables z,. Keep in mind that =z, — x, + a,z, and
thus Ej(x,) = E;(z, + ap2) as well.
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We have already computed all the coefficients of the previous iterations, thus by
inverting the above equation we obtain an expression for C .

After calculating all the coefficients Cyq for every g¢ € &4, we proceed to compute

the coefficients associated with integrai terms having a lower number of poles.

An important remark is in order. In the previous steps of the algorithm we have
shown that the n,-gon coefficients, associated with integral terms having the high-
est number of poles, are fully determined by flat-space amplitudes and do not
depend on the cosmology. The coefficients associated with integral terms having a
lower number of poles depend on the cosmology, which is encoded in the integral
measure. In a flat-space cosmology, the integral measure equals 1, resulting in
d-gon coefficients, where d < ng, to vanish.

4.3 Tree-level examples

We provide two examples of integral reduction for the wavefunction of a 2-vertex graph
and a 3-vertex graph.

2-vertex graph Let us consider a 2-vertex graph with one time-independent interac-
tion coupling A,

~ +oo “+oo
l/Jg = / dml)\ . (Il — Xl)'Y—l/ dl’g)\ . (Ig - X2)7_1¢g. (425)
X1 X2

where )¢ is the universal integrand of a 2-vertex graph. The integral basis has 6 terms.
The expansion is as follows:

~ too oo
wg = / dl’l)\ . (331 - Xl)’yl/ di[;2)\ : (33'2 - X2)771¢Q =
X1 X2

+o0 +00 1
=C doih - (z — X 7—1/ do) - (3 — Xo) !
019012 /X dmAslm = X)T fdwed (e = Xe) T e T
400 L +oo 1 1
+C / day )\ - —X”‘/ dzoX - (22 — X2)7™
s@pa) | dmd- ;= X)T [ e (e = Xe) T e
400 1 t+oo 1 1
+C / drih - (x; — X 7_/ dxa) - (12 — X3)7™
o) | 0T (71 = X1) v, (22 = X2) (1 4+ y) (22 +y)
+o0 1 +oo 1 1
C dy A - (w1 — X1)7 dzod - (2 — Xo) " ——
+ Cy1) /X1 T ($1 1) /X2 X2 (5132 2) (931+y)

+00 +o0 1
+C / dei - (x7 — X 7_1/ dro\ - (19 — X))V 1 —n
9(2) . A - (2 1) . oA - (g 2) @+ 1)
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—+o00 —+o00o 1
+C / drzi)-(x1 — X 7_1/ dro - (2o — X))V '—— 4+ R 4.26
9(1,2) . A (2 1) . oA - (X2 2) (@ + 22) ( )

Graphically (we omit the rational function R),

m—a = Gy @0 +Chanz &) +Cyuyp ®—e

+ Oy @—e +Cy0) o—@ +Cyuz e—e (4.27)

where the wavefunction is represented with squared vertices labeled as: m——a and the
1 2

subgraphs drawn in dashed red correspond to the poles of the basis terms. Let us apply
the algorithm for the computation of the coefficients.

e (Codimension d = 2) We start by computing the coefficients associated to integral
terms with two poles.

To compute the term Cy)41,2), We limit the space of integration to a contour
around the poles |r; + 2| = € and |21 + y| = €, which corresponds to taking the
residue of the wavefunction integrand at the poles. Such residue can be computed
by substituting the singularities with d-functions: 1/(z1 + x2) — (21 + z2) and

The integrals are completely localized. On the Lh.s of (4.26), the wavefunction
factorizes into two flat space amplitudes:

- %@ X @ (4.28)

1 T2 T4y 2 —y
where the subgraphs represented as solid red circles denote the computation of the
appropriate residues on the wavefunction integrand.

On the r.h.s of (4.26) we have only the contribution from the basis term Cy(1yg(1,2):

= Cyye02) @ (4.29)

1 z2

Therefore, we obtain:
1
Coyg(1,2) = z—yfh(:vl +y) x As(xs — y). (4.30)

Analogously, we compute Cy24(1,2),

1
Coyg2) = @A1($1 —y) X Az(22 + ), (4.31)
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and Cy(1)g(2),
1
Coo) = —5 Ar(zr+y) X As(22 +). (4.32)

As shown in eq. (3.74), the flat space amplitude A depends on its internal vertices
and on the energies flowing in the propagators that connect to its complementary
subprocess. For the sake of clarity, we do not list all of the energies of the vertices
and propagators. Instead, we identify a flat space amplitude by its internal vertices
and, if necessary, we indicate in parentheses the total energy of the amplitude,
which is set to zero. For instance, A;(z1+y) is the flat space amplitude containing
the vertex 1 and with total energy (x; +y) — 0.

Likewise, in order to refer to the wavefunction of a subprocess, we indicate the
internal vertices and, in parenthesis, its total energy. In this case the total energy
is not set to zero. For instance, 19(xs — ) is the wavefunction universal integrand
containing vertex 2 and its total energy is (xs — y).

It is important to notice that the 2-gon coefficients are fully determined by flat-
space amplitudes and do not depend on the cosmology.

(Codimension d = 1) Let us now compute the coefficients associated to the integral
terms with one pole.

Let us start from Cy(;y. Imposing the energy constraint z;+y = 0, the wavefunction
factorizes as:

“+oo

Yoy = N (—y — X1)7 / (v — X)), (4.33)

Xo

@y—-:@x%<-—-) (4.34)

z1 *2 r1+y T2 —y T2ty

where the subgraphs represented as solid red circles denote the computation of the
appropriate residues on the wavefunction integrand and the universal integrand is
given by:

Gty = %Alm ) - (alws — ) — dhalas +9)). (4.35)

The residue at x7 + y = 0 computed on the integrands of the basis terms returns:

) +00 1
Vo) = A (—y — X1)7 " Cg(l)gu?)/ dxy(rg — Xo)' '

Xo (_$2 + y)
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+o00 1 +oo
+ Cy(1)9(2) / day(y — Xo) ' ——— + Cyy) / dzo (g — X2)71] :

X2 (5132 =+ y) X5
(4.36)
We can represent the above equation graphically,
®m = Cynz &) +Chuye @—e + Oy @
1 o S~ -7
(4.37)

where the subgraph g(1) represented as a solid red circle denotes the computation
of the appropriate residue on the wavefunction integrand and on the integrands of
the basis terms. The subgraphs drawn in dashed red correspond to the remaining
poles of the basis terms.

By demanding that the codimension-1 discontinuity of the wavefunction matches
that of the integral basis, we derive the following equation:

+o00
/ dxs(xe — X2)7_1¢g(1)

X2

—+00 ) 1
= Cy(1)9(1,2) / dwy(ry — Xo)'

Xo (2 —y)
+o0 ) 1
+ C / dzs(ze — X5) 7 ——
s [ 2(w2 — X3) 1 0)
+o0
+ Cg(l) / dx2(x2 — XQ)’Y_I. (438)
Xo

To compute the coefficient Cy(1y, we match the singularities of eq. (4.38), using
partial fractions. We expand the integrands on both sides of the above equation
using eq. (A.4), where we have shifted xo — x5 + 2. The contributions to Cy)
are given by the zeroth term of the Laurent series expansion of the integrands for
z — 00. Namely,

+00
/ da:QLSKOO{(xz +2— Xzﬁ”%(l)}

X2

400 1
= dx Ego)oo{ ro+ 2z — X 7_1—}
9(1)g(1.2) /X - dmlis (2 2) o

+oo 1
+C, / dx ﬁgo)oo{ To+ 2 — X 7_1—}
oo [ - A2k (72 2) R

400
+ Cy) / dxﬁﬂoo{(m +2— Xg)”‘l}, (4.39)

Xo
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where 141y is given by (4.35) where the variable x, is shifted to x5 + 2.

Since the coefficients Cy(1)41,2) and Cy(1)4(2) have been computed in the previous
iteration, by inverting the above equation, we have an expression for Cy).

Due to symmetry arguments, Cy) is given by Cyq) by exchanging: z; < o,
X, & Xo.

Let us compute Cy(1,9). Starting from (4.26), we compute the residue at the pole
(x1 + x3) = 0 on the integrands of both sides:

-X
/ d.TQ(—IQ — Xl)’yil(ﬂfg — XQ)WilAg —

Xa
= Cy(1)g1,2) /X2 dzo(—x9 — X1)7 (12 — X))~ oty
~X X , 1
+C, / dro(—z9 — X1)7 (20 — Xo) ———
sD912) | o(—29 — X1)77 (22 — X) Tt 7)
~ X
+ Cya2) / day (=9 — X1)7 (w2 — Xp)7 ! (4.40)
X2

where Ag = Ag(z1 + x2) is the flat space amplitude associated to the subgraph of
the total process G. In order to have a non-null integral, the extremes of integration
have to be such that Xy, < x, < —X7, consequently, X; must be negative. We
interpret X; being negative as an incoming state and X, positive as an outgoing
state. Since we imposed total energy conservation, we recover a flat space amplitude
which is characterized by having both incoming and outgoing states.

We can represent the above equation graphically,

&0 = Cuna * Comuey G

T (4.41)

To compute the coefficient Cy(; 2), we match the singularities of eq. (4.40), using
partial fractions. We expand the integrands on both sides of the above equation
using eq. (A.4), where we have shifted x; — x5 + 2. The contributions to Cy 2)
are given by the zeroth term of the Laurent series expansion of the integrands for
z — 00!

-X
/ dl‘gﬁgo_))oo{(—xg + 2z — Xl)’yil(l@ +z — XQ)’YilAg} =
X2

-X 1
=C / dx £§0>Oo{ —zy—2z— X)) Hwp+2 - X 7_1—}
9(1)9(1,2) . 2 L7 o1 (=22 )7 (o 2) Er——
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B 1
+C, / dry L0 OO{ —ry— 2 —X1)  Hag+ 2 - X 7’1—}
4(2)9(1,2) . 2L 50 (=22 )7 (2 PR

+ Cya,2) / dxgﬁz_m{(—xz —z—X1)" Mo+ 2 — Xg)”‘l} (4.42)
X2

By inverting the above equation, we have an expression for Cy( o).

Notice that 1-gon coefficients depend on the cosmology, encoded in the integral
measure, as well as on flat-space amplitudes and simpler wavefunctions.

3-vertex chain The wavefunction of a 3-vertex chain graph is given by

~ Foo +o0 +o0
Yg = / A - (21 — Xl)vl/ dra - (22 — Xz)vl/ drs) - (z3 — X3)" g,
X1 X2 X3
(4.43)

were g = Vg (1, T2, T3, Y12, Yo3) is the universal integrand.
Considering the compatibility rules for subgraphs in [9], we find two incompatible
sets of subgraphs:
9(2)9(G) = e—eo—e ' ¢(1,2)9(2,3) = —o+—o) (4.44)

\ y /

There are additional incompatible sets of subgraphs if we restrict to the tree-level case,
since we have the additional constraint that the internal energies 12 and 93 must be
strictly positive.

There are sets of subgraphs which contain the incompatible subgraphs in (4.44) but
are not incompatible sets. In this case, it is important to pay attention to the order of
the residues that we compute to obtain the associated wavefunction. Let us consider, for
instance, the wavefunction associated to the set of subgraphs g®> = {¢(2), g(1,2), 9(2,3)}:

2@23 4y12y23 ®x @ x @ (@4

1 x2 + Y23 T3 — Y23 1 —Y12 X2+ Y23 T3 — Y23

where solid red circles denotes the computation of the appropriate residues on the wave-
function integrand. The associated universal integrand is given by:

1
4y12Y23

1%(2);,(1,2)9(2,3) = Ay (l‘l - y12)¢42($2 + y23)A3(1U3 - y23)- (4.46)

Although the incompatible set g* = {g(1,2),g(2,3)} is contained into the set g3 =
{9(2),9(1,2),9(2,3)}, the latter is compatible.
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After having identified all the compatible sets of subgraphs, we can expand the 3-
vertex chain in the integral basis:

t Ch@ea90) | '—W—" T Comeeag0) | 0—“—*’
t Coyg290) 'A—H—° + Cy@)90.2903) '—vﬂﬁ0
T Coyg3)9(2.3) 'gﬂ—" T Coyg)9(2.3) H‘A—"
+ Coyg@93) ®&—0—0 +  Ch)g1.2)023) HH—“
+ Co@0,2929) '—*v'”—" + Com0,2929) ’
t Cy.2)92.3)99) °—HH—°’ + Comygnr2) HH

T Co@p2) '—v'”—° T Cyme2) '—'H

+ Cyapges) 0;&'—0’ + Cyes 0—**—"

T Coiyes) '—“—v" oy &—e——

T Chayge) @—@—0 + e300,

+ Cymale) 'A—'—' + Cymlo) 0—0—0

20



(4.47)

where the subgraphs drawn in dashed red correspond to the poles of the basis terms.
Let us now apply the algorithm for the computation of the coefficients. We will show
the computation of one coefficient for each discontinuity codimension.

e (Codimension d = 3) Let us start by considering coefficients associated to integral
terms containing three poles. By taking 3 residues on the integrands of the wave-
function and the basis terms, the integrals are completely localized. Let us consider
the coefficient associated to the set g* = {g(2), g(1,2),9(2,3)}. By performing the
three residues on (4.47), we obtain:

@@% = Cy@)901,2923) @ (4.48)

1 z2 3

The coefficient Cy(2)4(1,2)¢(2,3) 18, thus, given by:

Cy2)9(1,2)9(2,3) = Resgs g = ReSayty1atyns=0 Vg (4.49)
T1+x2+y23=0
T2+x3+y12=0

where the factorization of the universal integrand is given by (4.46) and we obtain
the coefficient in terms of flat space amplitudes:

1
4y12Y23

Co(2)9(1,2)9(23) = Ai (21— y12) A + y23) Az (3 — ya3).- (4.50)

e (Codimension d = 2) Let us consider coefficients associated to integral terms con-
taining two poles.
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Let us work on a specific example where we compute the coefficient Cy 2)4(g)
associated to the following basis term:

BTN \\\\ +o0o +o0
e—er—e = / dri\ - (11 — X1)”_1/ do) - (12 — X))}

\::::’/ 7’,// X1 X
oo . 1 .
. drsA - (13 — X3)"™ )
/X3 3 ( 3 3) (x1+x2+y23)(x1+x2+x3)

(4.51)

The factorized wavefunction @g(l,g)g(g), is computed by taking the residues at the
poles 1 + x5 + Y23 = 0 and z1 + x5 + 23 = 0 of the wavefunction integrand g and
it is given by:

—+00

ba.2)90) = A+ (Y23 — X3)7 " /X day (—x1 — Y3 — X2) (71 — X1)" " g(1.29(0)5
(4.52)

where we have integrated out the variables x5 and x3 and the wavefucntion factor-

izes as:
R R L
2y23 '
T1 T2 + Y23
1 o xs3

T3 — Y23

Therefore, the universal integrand is given by:
1

5 Aio(21 4 22 + y23) As(3 — Ya3). (4.54)
Y23

Yo1,2)9(9) =
Computing the two residues on the integrands of the basis terms yields:

U9(1.2)9(0) = Ca(1)g(1.2)9(6) A’ - (Y23 — X3)7 ™"

—+o00 1
: dry(—x1 — ya3 — Xo) " Hay — Xp) T —n
/Xl (a1 = = X oy = X0

+ Cy2)9(12)9() A - (Y23 — X3)7 "

+oo 1
: dry(—x1 — a3 — Xo) Ny — X))
/)(1 (o # )" (@ 1 —Z1 + Y12

+ Cy129@)A” - (Y23 — X3)77!
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“+o0o
. / dl)f1<—1171 — Y23 — XQ)W_l(t’El - Xl)V—l (455)

X1

where we have integrated out the variables zo and x3. We represent the above
equation graphically as:

y
= = Cg(l)g(lﬂ)g(g) + 09(2)9(172)9(9)
+ Cg(l,z)g(g) @ (4-56)

The codimension-2 discontinuity of the wavefunction and the integral basis, given
by (4.52) and (4.55) respectively, must be equal. Therefore we obtain the following
equation:

+oo
/ dxl(—fb'l — Y23 — XZ)%l(xl - Xl)%lzﬁg(lﬁ)g(g) =

X1

—+o00 . . 1
= Cg(1)g(1,2)g(g) /X1 d351(—$1 — Y23 — X2)77 (951 - Xl)% m

+oo ) ) 1
+ Cy2)9(1,2)9(9) / dry(=z1 — Yoz — Xo)' " (21 — X1) ———

X —x1 + Y12
“+o0
+ Cy1,2)9(9) / day (=21 — yos — Xo)? My — Xp) 7 (4.57)
X1

The coefficient Cy(1 2)4(g) is obtained by matching the singularities of the integrands,
using partial fractions (A.4). We shift the variable ;1 — z1 + 2z and pick the zeroth
term of the Laurent series of the integrands for z — oo:

+o0o
/ dxlﬁgzoo{(—% — a3 — X)) (2 — Xl)y_lwg(lﬁ)g(g)} =

X1
+o00 o . 1
= Cy(1)g(1,2)9(9) / dxlﬁiloo{(—:vl — Yoz — Xo)" a1 — X1)7™ —}
X1 1+ Y12
) 1 N
+ Cy(2)9(1,2)9(9) dxlﬁz%o{(—ﬂ?l — Y3 — Xo)" (11 — Xy) —}
X, —x1 + Y12
+o0
+ Cy(1,2)9(9) / dl‘l‘c,(zo—)wo{(_xl — Yoy — Xo) " () — X1)7_1}. (4.58)
X1

Here, the shift in 2z is omitted for the sake of clarity and 4.1 2)4g) is given by
(4.54). Inverting the above equation, we find an expression for Cy1,9)4(g)-
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e (Codimension d = 1) Let us consider the computation of coefficients associated to
an integral term with one pole.

Let us consider, for instance, the computation of the coefficient Cy; ) of the basis
term:

P +o00 400
l:.—.})—. = dZL'1>\ . (ZEl — Xl)’y_l / dl’g)\ . (ZEQ — XQ)’Y_l
T X1 X2
+o0 L 1
drs) - (r3 — X3)7™ . 4.59
/X3 ey = X s (459)

The factorized wavefunction zﬁg(m), computed by taking the residue at the pole
1 + T2 + Y23 = 0 of the wavefunction integrand g, is given by

?Zg(l,z) = )\3/ / drodrz(—

where we have integrated out the variable z; and the wavefunction factorizes as:

71($3 — X3)771¢g(1,2)

(4.60)

— Y23 — Xl)'yfl(iﬂz — Xy)?

E — = > 4.61
e i e (461
T1 x2 + Y23 T3 — Y23 =3+ Y23
The universal integrand is given by:
1
Yg(1,2) = ﬂAl o(z1 + @2 + yo3) X <¢3($3 — yo3) — V3(3 + ?J23)>- (4.62)
23

Computing the two residues on the integrands of the basis terms yields:

—T9 — Yoz — X1)7 @y — Xo) Mg — X3)77!

/ / dl’zdl‘g

(=22

(23 — 123) (=22 — Y23 + Y12)

— gz — X1)7 Mo — Xp)7 (23 — X3)7 7!

d.ﬁlﬁgdﬂfg

— Y23 — X1)7_1($2 - Xs)

(3 — y23) (21 + Y12 + Yo3)

v—1 (.1'3 _ Xg)’y—l

—+00 —+o00 —x
+ Cyyg1.293)\° / / dxzdxs( 2

(23 + y23) (=22 — Y23 + Y12)

— Y23 — X1)7_1($2 — X2)7_1($3 — X3)W_1

+o0 400 —x
+ Cy@)901.293)\° / / d932d9€3( 2

(3 + Yo3) (T2 + Y12 + Ya3)

— Y23 — X1)7_1(1’2 - X2)7_1($3 — X3)7_1

+oo  pdoo r
+Cg(l)g(lﬁ)g(ii)/\3/ / dxgdxg( 2

T — Y23 — X1)7_1($2

(29 + x5 + Y12)(—22 — Yo3 + Y12)

_X2)w—1(x3 _X3)“/

-1

(22 + 23 + Y12) (—T2y03 + Y12)



oo peo — Ty — — X)) Yy — X)) (g —
+ Cya)9(1.2929 A / / dfv2d$3( 2~ Y — X0)7 (@2 — Xa)" (25

X2 JXs (22 + 23 + y12) (T3 + Yo3)
+o0o +oo _ X y—1 To — X T — X
+ Cy(12)92.3)9(0) A / da:zdxg( — o3 — X0) @ — Xo) T (25 — X))
Xo I (2 + 23 + Y12) (23 — Yo3)
+o00 +o0 . o X y—1 X 'y
+ Cyyga 2)/\3 / / drodrs (=22 — yo3 )7 N — Xo) (g )™
X2 X3 (_xQ — Ya3 + y12)
+oo +oo . . X y—1 X Ly
+ C'9(2)9(1,2)>\3/ / dxgd:c3( T2 — Y23 1) (w2 — Xo) " (2 3)7”
X2 X3 (x2 + Yoz + ylg)
+oo +oo . . - X v—1 - X ~—1 _X -1
+ Cy3)9(1,2 >\3/ / dxgd:cg( L2 — Y23 1) (2o )7 (s 3)
Xz JXs (73 + Ya3)
- — X))t — X)L — X, )1
9(12)9(G)A / / d:vgdgcg Y23 )7 (2 2)"" (xs 3)
(T3 — Ya3)
09(1,2))‘3/ / dradzs(—xs — Yo — X1)7 (w2 — Xo)' g — X3)7 !

(4.63)

where we have integrated out the variable x;. We represent such equation graphi-
cally as:

Y23 o~ h Lz .
= Cog.20) ! s+ Coen) @—-

x1 o x3 ——— = -~ -
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+  Cya2) @—‘ (4.64)

To compute the coefficient Cy( 2), we equate the codimension-1 discontinuity of
the wavefunction and that of the integral basis, respectively given by (4.60) and
(4.63).

The coefficient Cy(; 9y is obtained by matching the singularities of the integrands,
using partial fractions (A.4). We shift the energy variables: x5 — x5 + anz, x3 —
r3+ azz. We obtain an expression for Cy(; 2) by considering the zeroth term of the
Laurent series of the integrands for z — oco. For the sake of clarity, we omit the
shifts in the energy variables.

oo pFoo
/ / d:vzdxgﬁz_m{(—wz — oz — X1)" w2 — X)) (s — X3)7_1¢g(1,2)} =
X Jxs

400 oo (—xg — Yoy — X1 ) (g — Xo) V(25 — X3) !
dzodrs L) Oo{
1)g(1,2)9(G) / / 203~ (23 — Y23)(—x2 — Y23 + Y12)

+o00 +o00 ¥ ¥ 1 Ly -
+ Cy2)9(1,2)9 / / dx?d%ﬁz_m —T2 — Yo3 )7 Yy o) (s )
X Xs 1‘3 - y23)($1 + Y12 + y23)

400 + — Ty — _X’le X'y—lx_XW,I
+Cg(1)g(1,2)g(3)/ / dx2dx3£z~)oo{ 2 y23 1) (2 9)7 H(x3 3)

——

8

(3 + 923)( — Y3 + Y12)
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e X2 X B (=22 — Y23 + Y12)
+o00 +o00 o — - X 7—1x_X 7_11’—X 1
+ Cy21901,2) / drpdasL?., . { (222 = s 8: +( 2 = Xo)" (x5 — Xs) )
X2 JXs 9 + Y23 + Y12)
e e (=29 — yo3 — X1)" Hxe — Xo) 7 (g — X3)77!
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+0o0 +00
+ Cy(1,2) / / dx2d$3£2_>oo{(—$2 — o3 — X1)7 (w2 — Xo)' N as — XS)V_I}
Xo X3
(4.65)

where 1),4(1,9) is given by (4.62). By inverting the above equation we find an expres-
sion for Cy(; 2, in terms of flat-space amplitudes and simpler wavefunctions.

4.4 1-Loop reduction

Let us consider the integral reduction for the Bunch-Davies wavefunction of a 1-loop
Feynman graph. The only addition with respect to the tree-level case is the integration
over the free loop momentum /¢,

~ +OO
Vg = /
Xo
The integral in the free loop momentum can be rewritten in terms of integrals over
the energies flowing through the loop with an appropriate measure u, and domain of in-
tegration I, this result is derived in [24]. The number of integral variables corresponding
to one integration in the free loop momentum d” l_; depends on the dimension D of the

spatial momentum and on the number of loop edges neg). In fact, the number of integral
variables n, is given by

I [dzohe - (@0 — X)) / dlg(xy, e ). (4.66)

veY

ng = min(D, n'Y). (4.67)

The total number of integration variables of the wavefunction is n = ny 4+ n,, where n; is
the number of vertices. Let us refer to the set of loop integration variables as £, where
ne = |£]. The Bunch-Davies wavefunction at 1-loop takes the form:

do= [

Here7 H@(y]) = ,uf(yla cee 73/71@) and ¢g($v, yj)~E @Dg(xb ey Tpgi Y, - - 7yng>-
The physical poles of the wavefunction ¢g are the same as in the tree-level case and

are given by the poles of the universal integrand. Provided that there are no branch
points in the measure py, we can apply the same computation as in the tree-level case.

I [dare - (2, — X,) %] /F [H dyj] pe(y;) g (o, ;). (4.68)

veY €L

4.4.1 Wavefunction integral basis

In analogy with the tree-level case, we exploit the 1-1 correspondence between singulari-
ties of the wavefunction and subgraphs to construct the integral basis. Each term of the
integral basis corresponds to a set of subgraphs.
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For a given process, consider all the compatible sets of d subgraphs where d € [1,n]
and n = n, + ng. We refer to this set as &? and its elements are g¢. The compatibility
rules for subgraphs are derived in [9]. Let us define a term of the basis associated to the
set of subgraphs g¢:

too d
Iya :/ IT [dzore - X)) /Ldej] 11e(y; H 1, (4.69)

voovey j=1 ]

where F; are the energies of the d subgraphs contained in g¢.
We can expand the wavefunction as a linear combination of this basis up to a rational
function R:

n |69
B =33 Caly R
d=1 i=1
o] ©")
Z Colg+---+> Cyplp +R. (4.70)
k=1

where, in the first line, the first summation runs over the d-gon basis terms, where
d € [1,n], and the second summation runs over every compatible set of d subgraphs g¢
belonging to &<

4.4.2 Computation of the coefficients at 1-loop

The wavefunction and its integral representation are equal up to a rational function:

00 n |87
/-I— H [dwv)\k . (va ’Yk 1 / LH dy]] yj @/Jg l‘v,yj Z Z C dI d + R.
voovey d=1 i=1

(4.71)

Since we are going to compute residues on the whole integrand, it is convenient to write
the measure more compactly:

H(xmyj) = H [)\k ' (xv - Xv>vkilj| ' luf(yj)7 (472>

vey

where p(y;) = pe(y1s - Yn,)-
Let us describe the algorithm for computing the coefficients. As in the tree-level case,

we start by matching the discontinuities of highest codimension and then we consider
the discontinuities of lower codimension, until we get to the lowest codimension, which
is 1.
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e (Codimension n) We start by computing the coefficients Cy» such that gi' € &".
For each g' € &", we compute the corresponding set of residues, enforcing en-
ergy conservation, on the integrands of both sides of (4.71). Since we compute n
residues, the wavefunction and the integral basis, which are defined by integration
over n variables, are completely localized. On the l.h.s. we obtain a factorized
wavefunction and on the r.h.s. we are left with only one basis term. We obtain
immediately the expression of the coefficient Cyn:

Cg? = Resg? ’gbg (473)

where Resgr means taking n residues for the energies of the subgraphs belonging to
g7 going to zero. The order of the residues matters, since two incompatible residues
taken sequentially lead to a null amplitude. After calculating all the coefficients
Cyr, we proceed to compute the coefficients CQ;H associated to integral terms of
dimension d =n — 1.

It is important to emphasize that the coefficients, associated with integral terms
having the highest number of poles, are fully determined by flat-space amplitudes
and do not depend on the cosmology or the loop measure.

(Codimension d < n) We now compute the coefficients Cys such that g € &4,

by matching the discontinuities of codimension d. For each set of subgraphs g¢
belonging to &<, we compute the corresponding set of residues on the integrands
of both sides of (4.71). The wavefunction contains n — d integration variables left.
On the Lh.s. we obtain a factorized wavefunction into flat-space amplitudes and
simpler subgraphs wavefunctions. On the r.h.s., we have contributions from basis
terms of dimensions n,n —1,...,d+ 1, and one term of dimension d:

/*“’ 11 [dx”]/ [H d%] (20, Y5) Ve (€0, Ye)

v peV! e
-G Tt [ { T vt T1
k vey’ eL’ gjengd J
+oo
ZCdugn - 1/ H de/LdeJ] "y, yj) H Ei
veV! e/ gyeqn-d-1

+ ...

O%/ 11 dxv/[H dyJ] (o)

vey’ eL’
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+0d/+°°H (d,) / [H dy]] "(24,;) (4.74)

JeL’

where the measure is evaluated at

W (@orys) = [T - (oo = X071 - pelyy) (4.75)
veY ggl
and
1/}%1 - Resgf V6 (To, Ye)- (4.76)

The first sum runs through all the sets gz_d such that g U gz_d is a compatible
set of subgraphs, ie g U gk_d € 6", The second sum runs through all the sets
g7~ %! such that g¢ U gi~“ ' € "L The same applies the the other sums. Each
energy I; represents the energy of the subgraph g;. The product of the inverse of

the energies F; corresponds to the remaining poles of the basis terms.

By taking d residues, we are left with n — d integration variables. While there
is some arbitrariness in choosing which integration variables to integrate out, the
total number of integration variables remaining is n — d = |V'| + |£'|. Tt is crucial
to emphasize that we must integrate out the same variables on both the left-hand
side and right-hand side of (4.71).

We now have to isolate the contributions to the coefficient C| da. We expand the
integrands on both sides of (4.21) using the relation (A.4), Where the energy vari-
ables x, have been shifted by z, = z, + a,z. By matching the singularities, we
obtain that the contributions to the coefficient ngl come from the zeroth terms of
the Laurent series for z — oo:

/joo I1 [dxv]/ [H dy;

£, o) V() |

ve)’ jeL’
:chqu / H d:EU / LH dyJ] z—)oo{ ($v,yj> H Ei}
k veV! eL gieat=4 7
+o00
+Zog§lUg" - 1/ H [dx,] / [H dy; L’go_m{ (24, Y5) H Ei}
veV’ eL’ gi€0)” d—1 —J
+ ...

cdug/ 1T da:v/[de]

vey’ JeL’

et oo )
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+od/+°°H (d) / LH | L0 { i (0 0))} (4.77)

eL’

We have computed all the coefficients of the previous iterations, thus by inverting
the above equation we obtain an expression for C d.

After computing all the coefficients C| a for every g¢ € &9, we proceed to compute
the coefficients associated with 1ntegral terms having a lower number of poles.

An important remark is in order. In the previous step of the algorithm we have
shown that the coefficients associated with integral terms having the highest num-
ber of poles are fully determined by flat-space amplitudes and do not depend on
the cosmology or the loop measure. The coefficients associated with integral terms
having a lower number of poles, depend on the cosmology, which is encoded in the
integral measure, and on the loop measure.

4.5 1-Loop example

We present one example for the integral reduction of a 1-loop wavefunction. We consider
a bubble graph in flat-space cosmology.

Bubble graph The bubble graph is given by the following reduced Feynman diagram

—

y12 = ||

Q (4.78)

: . . v =
and its Bunch-Davies wavefunction is

wg(iUl,fL’z) = /dD@ﬂg(l’hfﬂmylz = ’ayyzl = \Z—ﬁ‘), (4-79)

where p'is the external momentum, ('is the free loop momentum, D is the dimension of
spatial momentum. In a flat-space cosmology, the external energies x; and x5 are fixed.
In the case of the bubble graph, n) = 2. Therefore, for D > 2, the number of
integration variables is n, = 2, namely ;2 and yo;, while for D = 1, there is only one
integration variable, 5.
For D > 2, the wavefunction of the bubble graph, in terms of integration in the
internal energies, is given by:

Tbg(xb%z) = /dylzdyzl M@(y127y21) ¢g($1,$27y1273/21)7 (480)
r
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where the integral measure ji,(y12,%21) and integral domain T' are derived in [24]. For
D=1,

bg(x1, T2) :/deuuz(yu)1/)9(%:952,%2)‘ (4.81)

In this case, the one-dimensional momentum ¢ is a scalar so y192 = ¢ and yo1 = ¢ — p =

Y2 — P- _
It is convenient to define 1g as the integrand of the bubble graph wavefunction (4.80),
including the measure:

Vg = pe(Y12, Yo1) Vg (71, T, Y12, Yo )- (4.82)

Let us now construct the basis considering all the compatible sets of subgraphs with
cardinality d € [1,ny]. For D = 1, n, is equal to 1 and the basis has only 1-gon terms.
The integral basis is given by:

1

(21 + Yo1 + V12)
1

(T2 + Y21 + Y12)
1

(l‘l + T2 + 2y21)
1

(.Tl + T2 + 2y12)

thg = Cy) / dy12pte(y12)
I

+Cg(2)/dy12ue(y1z)
r

+ Cy1,2) / dy12tte(y12)
r

(4.83)

+ Cy21) / dy12pte(y12)
T

where Y21 = Y12 — p.
For D > 2, n, is equal to 2 and the basis has 1-gon and 2-gon terms. The integral
basis has 9 terms and it is given by:

1

(21 4+ 22 + 2y91) (1 + Yo1 + Y12)
1

1+ To + 2yo1 ) (T2 + Y21 + Y12)
1

1+ T2 + 2y12) (21 + Y21 + Y12)
1

1+ T2 + 2y12) (T2 + Y21 + Y12)
1

1+ Y21 + y12) (22 + Y21 + Y12)
1

1+ Y21 + Y12)

1/~Jg = Cg(l)g(m)/dyudymﬁb(%mym)
r

+ Og(Z)g(l,Z)/dylzdy21ué(y127y21)(
r

+ 09(1)9(2,1)/dylzdy21w(y127yz1)(
r

+ 09(2)9(2,1)/dy12dy21,ué(y127y21)(
r

+ 09(1)9(2)/dymdymm(ym,ym)(
r

+ Cg(l)/demdymﬂé(yu,ym)(
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1
Ty + Yo1 + Y12)

+ Cg(g)/demdymw(ym,ym)(

1
+C / dyi12d ,
9(1,2) . Y12 y21,uz(y12 921)(x1 T +2y21)

1
T+ 29 + 2y12)

+ 09(2,1)/dymdym,ue(ymyym)( (4.84)
r

We represent the basis expansion graphically as:

Y12

X1 xr2 \ ’
Y21 N
+ 09(2)9(2 1) /‘ +C, g(1)g(2) | /\ + Cg @

+ Cy2) @ ;4 Chae ,' + Cy(2,1) r\’ ) (4.85)

In this example, we consider a theory with an action that does not contain couplings
with time derivatives. In this case, we can use the recursive relation (3.61) to split the
universal integrand into two 2-vertex graphs:

2

1+ Y12 x2+ Y12
1+ Y21 T2 + Y21

Y21

Let us consider the case D > 2 and apply the algorithm. We compute one coefficient
for each singularity codimension.

e (Codimension d = 2) The coefficients of the basis terms containing two poles are
computed by taking two residues and, thus, localizing completely the integrals
of the wavefunction and the basis. For instance, let us compute the coefficient
Cy(1)g(1,2)- We compute the two residues on the wavefunction integrand (4.82) and
obtain:

Ai(z1 + o1 + y12) - A2(za + Yo1 — v12)
9(g(1.2) 241271 + 22)

Resg(yg(1,2) g = (Y12, y21)

Y

(4.87)
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where we have used relation (3.61), Resg(1)4(1,2) = ReSay+y1a+ya1=0 and
T1+T2+2y21=0
oz 1) 50,2 = 012800 [ g -

The factorization of the wavefunction can be represented graphically as:

Y12 Y12

1 @ 1 x1 + Y21 + Y12
= = — X X 4.88
@2 1+ T2 r1 +Y21 T2 +y21 2y12(x1 + 332) @ @ ( )

T2 + —
Y21 2 T Y21 — Y12

We take the same residues on the integrands of the basis terms (4.84),

Resg(1)4(1,2) @Eg = Cy1)g1,2) (Y12, Yo1) . (4.89)
g(1)g(1,2)
Since the wavefunction and the integral basis must have the same discontinuities,
the coefficient Cy(1)4(1,2) is given by:

Ai (21 + o1 + y12) - A2(xa + Yo1 — v12)
C _ . 4.90
9(1)g(1,2) (1 T 72) (4.90)

(Codimension d = 1) Let us consider the coefficient Cy1). Approaching the singu-
larity x1 + y12 + y21 = 0, the wavefunction factorizes as:

Y12 Y12
@ 1 T1 +y12 T2+ Y12
i OB,
z1 z2 (xl + x2) 1 +721 x2 +y2
” . (4.91)
thus,
1/;9(1) = / dyo1 1 (Y21) (1) (421) (4.92)

where the measure is ¢/ (y21) = (y12, y21) ‘ , the domain after integrating

out X F’ d X X Y12=—21-Y21
y12 is I and the universal integrand (1) is given by

Yy1) = [Vo(x1 + 22 4 2y21) — Yo(—21 + 22)] +

Ay (21 + Y21 + yi12) 1
2(33'1 + .CL’Q) (_ml - y21)

i [Va(=21 + 29 — 2y21) — Ya(w2 — 71)] } (4.93)
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The contributing terms of the integral basis are given by:

/
. 1
—C dyz1pt
Vg(1) 9(1)g(1,2) /1“ Y2t (Yor) (@1 4 22 + 2y21)
/
1
C dya it
+ 9(1)9(2’1)/1“ Ya1 b (921)(_331 + Ty — 211)
/
1
+C / dys 1!
9(1)g(2) . ya it (yn) (xg — 1)
/
+ Cyq) / dya1 it (y2n)- 9
r

We represent the above equation graphically as:

Y12

@ = Cynyg12) ) + Cy1)g(2.1)
T T2 N ,
Y21 S
+Cyg2) @ +Cy) @ (4.95)

We match the codimension-1 discontinuities given by (4.92) and (4.94):

1
/, dya1 Ml(y?lwg(l)(le) B Cg(l)g(l,Z) /r/ dyglp'(ym) (X1 4+ 22 + 2y21)
1
C d !
+ Cy1)g(2,1) /, Yo1 4 (921) (—1151 e 2y21)
1
+ Cg(l)g(2) // dy21ﬂl(y21)m
+ Gy / dya1 ' (yo1)- (4.96)

We expand the integrands of both sides of the above equation using relation (A.4),
where 1, is shifted to y21 — 921 + 2. The coefficient Cy(yy is obtained by selecting
the zeroth order terms of the Laurent series for z — oo:

/F/ dys LY, {M/(yzl)%(l) (1) }

1
9(1)g(1,2) ” Yo Losoo M (Y1) (w1 + 29 + 2y21)
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1
C dyar £2,. i J
1 Cg1)g(2,1) /r/ Ya1kzso0 M(ym)(—xl—l—a?z—Qyzl)

1
0 !
+ Coya@ /F / dyzlﬁﬁoo{u (yzl)—(x2 " }

+ Co) /F / dyzlﬁgﬁoo{n’(ym)} (4.97)

where 1041y (y21) is given by (4.92). Inverting the above equation we find an expres-
sion for Cy(;) in terms of flat-space amplitudes and simpler wavefunctions.
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Chapter 5

Conclusion

In this thesis, we have addressed the challenge of developing a systematic technique
to compute inflationary correlations. To achieve this goal, a promising approach is
represented by the wavefunction of the universe, whose squared modulus provides the
probability distribution to compute inflationary correlations.

The inflationary correlations are the field correlations at the end of inflation and
determine the initial conditions for the universe’s evolution. A central challenge in
cosmology is to extract fundamental physics from these correlations, shedding light on the
physics of inflation and improving our understanding of physics at very high energies.
Indeed, inflation serves as a ’cosmological’ particle accelerator, allowing us to probe
physics at energy levels beyond what terrestrial experiments can achieve.

The advantage of considering the wavefunction of the universe is that, for conformally
coupled scalars in FRW cosmology, it can be cast into a relatively simple form. In fact, in
this context, the information on the cosmology can be extracted from the wavefunction
of the universe by integrating a rational function, the universal integrand, on the space
external energies with an appropriate measure, depending on the cosmology.

We have begun this work by reviewing the flat-space scattering amplitudes, focus-
ing on their analytic properties, and integral reduction techniques for flat-space 1-loop
amplitudes. Such analytic properties can be exploited to compute 1-loop amplitudes
using integral reduction. Specifically, the amplitude is expanded in a basis of integrals
that capture its singularity structure. The coefficients are determined by matching the
discontinuities of the amplitude and those of the basis, and they are fixed by tree-level
amplitudes.

We have drawn inspiration from the integral reduction in flat-space to perform the
integral reduction of the Bunch-Davies wavefunction, in the context of a toy model of
conformally-coupled scalars in FRW spacetime. In order to do so, we have reviewed
the progress that has been done towards understanding the singularity structure of the
Bunch-Davies wavefunction for a single Feynman graph, with particular focus on the
factorization conditions near singularities.
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Then, we developed an algorithm to perform the integral reduction for the Bunch-
Davies wavefunction of a single Feynman graph at tree-level and we extended the treat-
ment to the 1-loop case. We defined a basis of integrals reflecting the singularity struc-
ture of the wavefunction. Then, by matching the discontinuities of the wavefunction and
the basis, we determined the coefficients in terms of flat-space amplitudes and simpler
wavefunctions, given by the factorization conditions.

In the algorithm for computing the coefficients, we start by matching the disconti-
nuities of highest codimension and then proceed considering the discontinuities of lower
codimension. The coefficients associated to basis terms with the highest number of poles
are fully fixed by flat-space amplitudes. The coefficients associated to basis terms with a
lower number of poles are determined by the residues at infinity in the energy variables
of the integrands of the factorized wavefunction and the contributing basis terms. The
presence of these residues at infinity is contingent upon the measure of the integral. In
the tree-level case, the measure is solely dependent on the cosmology. In fact, for a flat-
space cosmology, the residues at infinity vanish. In the loop case, there is an additional
measure stemming from the loop integration. In this case, contributions from residues
at infinity result from both the loop measure and the measure encoding the information
on the cosmology. In fact, there can be contributions from residues at infinity even when
considering a flat-space cosmology.

This computational technique possesses two crucial strengths. First, it is a general
method that works for any topology of Feynman graph at tree-level and 1-loop. Second,
it is a systematic way to perform the computation of the Bunch-Davies wavefunction,
therefore it can, in principle, be implemented in software.

In conclusion, in this work, we introduced a systematic computational technique for
calculating the Bunch-Davies wavefunction for a single Feynman graph at tree-level and
1-loop. Such wavefunction provides the probability distribution for computing inflation-
ary correlations. A deeper understanding of such correlations is crucial, as it would shed
more light on the physics of inflation and on physics at very high energy.

Future directions In this thesis, the integral reduction was performed using a basis of
integrals. The issue of computing and regularizing such basis terms was not addressed.
This is the most crucial aspect of future work to make this integral reduction practical.
Other areas of focus for future work involve addressing the weaknesses of this approach.
First, a crucial aspect of our computation relies on employing Cauchy’s theorem to per-
form partial fractions on the wavefunction’s and integral basis integrands. This implies
that the integral measure must not contain branch points. This limitation restricts the
cosmologies that we can consider in our toy model. Second, the integral basis is defined
up to a rational function, denoted as R. It is not possible to determine R by exploiting
the discontinuities of the wavefunction, since it does not have branch cuts.
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Appendix A

Cauchy theorem and partial
fractions

The Cauchy theorem states the following.

Suppose f(z) is a meromorphic function inside a simply connected region, and C
is a positively oriented simple closed curve within that region. If f(z) has isolated
singularities inside C' at points 21, 2, ..., z,, then the integral of f(z) along C is given

by
fcf(z) dz = 2mi ZRes(f, 2k), (A.1)

where Res(f, z) denotes the residue of f(z) at the isolated singularity z.
Let us now trace the curve C' in the opposite direction, and suppose that f(z) is
meromorphic in the entire complex plane, we get:

j[cf(z) dz = —=2mi Z Res(f, z;), (A.2)

Jj=n+1

where the points z,.1, ..., 2, are the isolated singularities of f(z) in the region outside
of the curve C.
Therefore, a direct consequence of the Cauchy theorem is that the sum of the residues

over the entire complex plane of a meromorphic function f(z) is zero. The same is true
f(z)

for the function =+, where we have inserted a simple pole at z = 0:

OzZRes(f(Zz),zk)
= Res (@,0) + ) Res (@zk) + Res (@z — oo)



= f(0) + Z Res <@, zk) — ﬁg(ioof(z) (A.3)

k, k0

where z = z;, are the locations of the poles.

Let us consider a function g(z), we want to expand it in partial fractions. Let us
define the function f(z) = g(z + 2), by shifting x — x + z, where z € C.

Notice that f(0) is the pole at z = 0 of @ and it is also our original function
f(0) = g(z). Thus, we have found a way to express g(z):

g(x) = — Z Res (@, zk> + L9 f(2). (A.4)
k, k0

Let us generalize this result to n variables. Consider the function g(z1, ..., x,), we
define the function f(z) by shifting all the variables as: z; — x; + oz, where «; is a real
non-null constant and z € C. The constants «; need to be set appropriately such that we
do not miss any pole. For instance, consider a 2-variable function g(z,y) = N(x,y)/(x—
y). This function has a pole in x = y. If we shift the variables x,y — (z + 2), (y + 2)
and consider f(z) = N(x + z,y + z)/(x — y). The z shifts in the denominator cancel off
and we miss the pole. This is why, in general, we need appropriate a; constants. After

the computation of all the residues we can set the constants «; to one.

The Cauchy theorem applies as before, since f(z) is a one dimensional complex
function. The formula (A.4) is still valid.

Let us consider an example:
22+ y?+1
z+1)(y +2)(z +4)
(T 4+ 2)® + (y+oyz)* +1

ﬂ@:(

fe) = (+azz + 1)(y + ayz +2) (2 + apz + 4) A
g(x) = — Resz:(—l—x)/ax %Z) — ResZ:(_4_m)/a$ %Z) — RQSZ:(—Q—y)/ay @ + E,(z(ioof(z)

—2? 4 20y — 8x — 2 + 8y +47  2? —2wy+ 20+ y? -2y +1
B 3(x+4)(z —y+2) B+ D)a—y—1)
—23 4+ 32%y + 622 — 3xy? — 122y — 122 + > + 6y% + 12y + 3
B (+2) (2 +y-2)(-z+y+1)

+1, (A.6)

where in the last line we have set a,, = oy = 1, which is allowed after having computed
the residues. Notice that the contribution without poles is given by the zeroth term of
the Laurent series,

LY f(z)=1. (A7)
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