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ABSTRACT OF THE DISSERTATION

Loop effects in de Sitter spacetime

by

Akhil Premkumar

Doctor of Philosophy in Physics

University of California San Diego, 2022

Professor Daniel Green, Chair

de Sitter spacetime plays a central role in modern (quantum) cosmology. Yet, there are
various aspects of quantum field theory in de Sitter that we do not understand at the same level
as we do Minkowski spacetime. In particular, perturbative calculations in de Sitter give rise to a
variety of contributions that grow with time (secular divergences). We study how such terms
can be interpreted using a renormalization group approach, which eventually culminates in an
effective theory description of the long wavelength physics. We also introduce techniques to
compute loop integrals in de Sitter, a problem for which the standard flat space QFT methods
are inadequate. These methods complement and validate the EFT description, and allow us to

calculate higher order corrections to the Stochastic Inflation framework for massless scalars.
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Chapter 1

Introduction

The theory of Inflation tells us that the very early universe underwent a period of rapid
expansion, driven by an inflaton field. During this era the universe could most simply be
described by an approximately de Sitter (dS) metric, characterized by a single energy scale H,
the Hubble parameter. As points in coordinate space become separated by distances larger than
H™', they fall out of causal contact, and can no longer influence one another. Eventually inflation
ends, and these superhorizon fluctuations re-enter the horizon, seeding the structures we see in
the night sky. The quantum dynamics of the inflaton are thus embedded in our cosmological
observations.

We can get some intuition for how quantum fluctuations manifest in QFT calculations by

a simple analogy. Consider the de Sitter (dS) metric
ds? = —di? +a(t)?dx®,  a(t) =, (1.1)

where H is the Hubble parameter, which is assumed to be a constant in this work. This metric
defines an expanding spacetime, which we may visualize as shown in Fig. 1.1. Imagine now,
some path of arbitrary shape in space, which will also expand with the scale factor a(¢). We can

define the dimension of this object by counting the minimum number of H ! sized balls required



to cover the path. We will assume that this number, N, is related to H —1ag
N o HA (1.2)

where A is the dimension of the path. For instance, if the path were a straight line of length

a(t) x|

1
71 ) balls. Therefore, the dimension of a line is

a(t)|X|, we could cover it with Njjpe = <
Ajine = 1, which makes sense. For simplicity, let us take the path in Fig. 1.1 to be a line also.
Furthermore, let us imbue this line with the property that, as it expands it reveals more structure.

This is depicted in Fig. 1.2. How does this behavior affect the dimension of the line?

Figure 1.1. A cartoon of de Sitter spacetime. Three dimensional space is visualized as a
plane that expands over time. Also shown is a path covered with balls of fixed size H~!, the
characteristic length scale of a fixed dS manifold.

Once again we cover the line with balls of size H~! and add up their number. Due to its
newly revealed structure we will require more balls to cover the line than if it were a perfectly
straight line. If we still assume that N scales with H as in (1.2), we can get the new number of
balls required by modifying the value of Ajj,e — 147,

=\ 1+Y
Niine = (%) . (1.3)
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Figure 1.2. A line in dS that reveals more structure as it expands, a consequence of which is a
change in its dimensions.

The number Y is called the anomalous dimension of the expanded line, and it is smaller than 1.
This captures the intuition that the jagged line is not a one-dimensional object anymore, but it
is not quite a two-dimensional object either. Similar considerations apply for paths of arbitrary
shapes as well.

But why would these paths reveal more structure as space expands? You see, all this time
‘paths’ in dS were just a stand in for quantum fields, and the structure that gets added over time
are generated by quantum fluctuations which get stretched out by the expansion of dS. In other
words, anomalous dimensions encode the ‘quantumness’ in cosmic structure.

Before we leave this example, we may use the fact that y < 1 to expand (1.3) to

S |
N]ine:<al(_;>’f’> (1+7ylog(aH|X|)+---). (1.4)

That is, if we were doing perturbative calculations in some parameter of size O(7), we should



watch out for log(aH |¥|) to identify anomalous scaling. If we were working in Fourier space
we would have log(|k|/aH) instead. Such logs often arise from loop calculations in dS. This is
a reasonable! but non-trivial claim, owing to the appearance of special functions in the actual
integrals we need to compute. The first two chapters that follow develop some techniques to
extract and interpret such logs from ‘full’ theory calculations.

Notice that (1.3) involves a ratio of length scales a(¢)|¥| and H~!. The first one grows
exponentially with time whereas the latter remains fixed. A physics problem with such a large
separation of scales must admit an effective description. In the present case this is would be an
EFT of the long wavelength (soft) modes. The second half of this work explores physics in dS
with this EFT, and culminates in a rigorous derivation of the Stochastic Inflation framework, and

corrections to it.

I'This is consistent with our understanding of logs that show up in flat space loop integrals — loops in standard
QFT can be organized as an expansion in /. If we set 7 — 0 all the loop effects vanish and we would be left with a
purely classical theory.



Chapter 2

Dynamical RG and Critical Phenomena in
de Sitter Space

2.1 Introduction

The physics of de Sitter space has posed both conceptual and technical challenges to
our understanding of the universe. Ultimately, the lack of a fixed boundary in the presence of
dynamical gravity is an unavoidable challenge in defining physics in de Sitter space [3, 4, 5,
6, 7, 8]. Yet, there have long been more mundane challenges associated with divergences in
perturbation theory [9, 10, 11, 12, 13, 14, 15, 16, 17, 18], with and without dynamical gravity.
Resolving the origin of these divergences is a more tangible problem than quantum gravity in de
Sitter itself and is surely a necessary step towards a complete theory of (quantum) cosmology.

Significant progress has been made in our understanding of perturbation theory in
cosmological spacetimes. In the particular case of cosmological correlators in single-field
inflation, it has been shown to all-loop order that time-dependent contributions from individual
diagrams must vanish when all the diagrams are summed together [19, 20]. In essence, in the case
of single-field inflation, the secular divergences are not physical. The absence of such divergences
is unique to the metric fluctuations due to the nonlinear symmetries of these modes [21, 22],
which are also responsible for the separate universe description of cosmology [23] and the
single-field consistency conditions [7, 24].

In contrast to the metric fluctuations, the divergences associated with conventional



quantum fields in cosmological backgrounds are physical [16, 25, 26, 27, 28, 29, 30, 31, 32]. In
some cases, these divergences can be re-summed using known techniques from quantum field
theory (QFT) [11, 33, 34, 35, 36, 37]. The dynamical renormalization group (DRG) [38, 39, 40]
is one such approach that is well-suited for secular divergences in cosmology [41, 42, 43, 44].
These divergences are at most logarithmic in the scale factor [15, 16] and thus the leading logs
can be resummed using the DRG. Unfortunately, the meaning of this resummation lacks the
clear physical interpretation that we associate to the renormalization group in flat space.

In recent work, a number of non-trivial features of tree-level perturbation theory in de
Sitter space have been connected to conventional physics in flat space. For instance, the analytic
structure of correlations functions has been seen to encode the flat space S-matrix [45, 46, 47, 48].
In addition, these cosmological correlators display the analogues of simple poles and factorization
associated with the exchange of new particles [49, 50]. These types of observations have helped
demystify otherwise peculiar properties of these calculations.

In this work, we will explore the origin of secular divergences in de Sitter space and their
relation to physics in flat space. To make the origin of these divergences manifest, we will study
theories that flow to perturbative IR fixed points in flat space. At the fixed point, the theories are
conformal and their de Sitter correlators are determined by a Weyl transformation [51] from flat

space to de Sitter,

n
<ﬁl ()_61 3 Tl) ot ﬁn(frh Tn)>dS - (Ha(Ti)Ai> <ﬁl (fl ) Tl) tte ﬁn(fn; Tn)>ﬂat ) (21)
i=1
where Z,- are the dimensions of the operators at the IR fixed point, 7 is the conformal time,
a(t) = (—Ht) ! is the scale factor and ¥ are the spatial coordinates. In perturbation theory,
Z,- = A; + 7% where A; is the dimension at the UV fixed point and 7; is the anomalous dimension
calculated in perturbation theory. Expanding the dS correlator in %, one sees that perturbation

theory in de Sitter must contain (¥;loga(7;))" divergences that are not present in the flat space

calculation. Given only the lowest order divergence, ¥;loga(7;), one can use the DRG to recover



the full power-law in Equation (2.1) as required by conformal invariance.

When the coupling is not tuned to be at the IR fixed point, the theory is not conformal
and the de Sitter correlators are not necessarily related to flat space correlators by a Weyl
transformation. Yet, the perturbative calculation does not depend on the precise value of the
coupling and the form of the secular divergences remains unchanged. We will show that these
logarithmic divergences can still be resummed and the resulting power law is determined by
the (scale-dependent) flat space anomalous dimension, (), calculated at the scale of horizon
crossing, U = H.

We will first analyze a general version of this problem using conformal perturbation
theory in de Sitter space. When conformal perturbation theory is applicable in flat space, the
same expansion can be used in de Sitter space using the map described in Equation (2.1). We
show explicitly in conformal perturbation theory that anomalous dimensions in flat space become
secular divergences in de Sitter. We then show how they can be resummed using the DRG
equations. These insights will apply to a wide variety of theories, including perturbative QFTs
involving gauge fields, fermions and/or conformally coupled scalars. We will show this explicitly
in several examples.

The organization of this paper is as follows: in Section 2.2, we demonstrate our main
results using conformal perturbation theory. In Sections 2.3 and 2.4, we show how these general
results arise in the specific examples of a conformally coupled scalar with a A ¢# interaction in
d = 4 — € dimensions and Yukawa interactions in four dimensions. We conclude in Section 2.5.

Details of the calculations are presented in the Appendices.

2.2 Conformal Perturbation Theory

2.2.1 Definition

Conformal perturbation theory in flat space is a powerful tool for understanding a

deformation around any fixed point, whether weakly or strongly coupled. We imagine that the



fixed point is described in terms of some action, Scrr, that is deformed by one of the operators
in the CFT,

S = Scrr + l,LLd_A/ddx o(x) , 2.2)

where x is a d-vector, U is the renormalization scale, A is the dimensionless coupling, and A is
the dimension of the operator. From the Euclidean path integral description, it is easy to see that
a correlation function in the perturbed theory can be related to a correlation function in the CFT
via

(Oi(y)...) =(Oi(y) .- oY 'rddmj(x)>CFT : (2.3)

where (...)crr means we are calculating a correlation function in the (unperturbed) CFT. Taylor

expanding the exponential then gives the result in terms of correlation functions CFT,

<6’,-(y)...>zz( Mid “) (H/ddxk> Hﬁ X1))CFT - (2.4)

n

This procedure is very general and is even applicable to theories where Scrr 1s unknown (or
doesn’t exist). Of course, as a practical tool for calculations, it is limited to cases where the
correlation functions are known and can be integrated.

Given a theory in flat space described by conformal perturbation theory, we can apply
the same procedure to define perturbation theory in de Sitter space, now writing S = Scpr +
Apd=4 [dtd?'x\/—g O;(x). Using ds*> = a(t)*(—d7?> +dx*) and \/—g = a?(7) in conformal

time, we can write

dej)n

(Gi(y) .- )as =a” Z ! <klﬁl/ddxkadA’(Tk)> (). [T0ix))crr

n

where (...)cpr is the correlation function at the UV fixed point in flat space.



2.2.2 Perturbative Flow between Fixed Points

We will consider a CFT in d = 4 dimensions that contains an operator of dimension
A =4 —¢e. We will first consider the RG flow in flat space and then address the behavior in de
Sitter. In flat space, we deform the theory by S = Scrr + AU [d*x O(x).

The first thing we must determine is what happens under RG flow. At leading order, the
B-function is given! in terms of the dimension of the operator, ; = ,u% =—(4—-A)L =—¢€A.
We calculate the correction to the 8 function, noticing that a generic correlator of quadratic order

in A takes the form

(.. 22u / & xid*x 0(x1)0(x2)) . 2.6)

We will assume the operator product expansion (OPE) of & contains the term

ﬁ(xl)ﬁ(xz) ﬁ(xz) s (2.7)

D _
|xio[2

where x;; = x; —x;, and C # 0 is the OPE coefficient. Using the OPE, our generic correlator

contains the term

1 1
<. .. E)LZ‘UZS /d4x1d4xz ﬁ(x1)ﬁ(x2)) D) < .. 512[.1286‘/614)612 |X12|74+£ /d4X2 ﬁ(x2)>

1,0 0 2/!11 dxy2 / 4
3(...2!7Lu C2w A |x12|1—8 dXQﬁ(xz»
;LZ €2
5 (...%C/d“xz O(x2)) | 2.8)

where U is the normalization scale in units of energy. We have regulated the divergent integral

with a cutoff in position space for clarity, but we will otherwise use dimensional regularization
- . 2 .

throughout. This divergence can be absorbed into a counterterm & = +% by changing the

action to S+ (Auf) (14 8,) [d*x O(x). Differentiating this modified coupling constant with

1 is an energy scale which decreases to zero as we flow from the UV fixed point to the IR fixed point.



respect to u, we find
B, = —eA+m*CA%+0(A%) . (2.9)

This beta function drives the theory from the UV fixed point at A = 0 to the IR fixed point at
MR = . Since € < 1, the behavior at the IR (UV) fixed point can be understood purely from

perturbation theory around the UV (IR) fixed point.

Two-point function in flat space: Let us now derive the perturbative correction to the equal
time two point function in flat space, in anticipation of the cosmological calculation. Expanding

to first order in conformal perturbation theory, we have
<ﬁ(f| , ’L'())ﬁ(fg, ’L'())> = <ﬁ()_5| s T())ﬁ()?g, ’L'())>* —A LL%@()?] s T())ﬁ()?g, ’L'()) /d4X3ﬁ(f3)>*

where (...), is a correlation function calculated at the UV fixed point. Inserting the correlation

function (2.46) with a = 1 and using (2.48) to perform the integral, we find

d’L'3d3X3
Xy ) gy + TR [A2 (x5, + TE[A2

<ﬁ(xl,f())ﬁ(XQ,T() /dfg,d X3 ﬁ()@,fg

8*)0 Am*C

1
XZA (E +10g(,ll)€12) +.. ) 5

12

where x;; = |X;;|. Reintroducing the coupling, A, the bare two point correlation function is then

(O(%1,7%0)0(%,70)) ~

s ( . AT2CA

x12

(lez)e)

_2m*CA C?L

The % divergence can be removed by introducing a counterterm 87 = so that the two-
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point function of the renormalized operator, & = Z 0y, takes the form

(Or(X1,70)Or(X2,T0))) = (1 =262)(0(31,7) O (%2, T0)))

I
= (1-47°CA log(uxiz) +...) . (2.10)

As aresult, O acquires the anomalous dimension
_ (87) =2m*CA (2.11)
Yﬁ - I’Ldu zZ) — . .
Notice that at the IR fixed point the dimension of operator ¢ becomes
AR=A+7V;=4—e+21°CAhr =4+¢, (2.12)

which is consistent with the IR fixed point being attractive. In fact, from the perspective of the
IR fixed point, the RG flow from the deformation of A = Ajgr + A should be controlled by the

dimension of the operator at the IR fixed point,
Bsn = —(4—AR)SA+ 0 (5A%) . (2.13)

Taylor expanding Equation (2.9) around the fixed point, one finds 53 = €04 as required from

Equation (2.12).

Two-point function in de Sitter space: Now let us consider what happens to this theory when
we compute late-time correlation functions in dS. At the UV fixed point, the power spectrum in

dS follows from the conformal map from flat space to de Sitter, Equation (2.1),

) B a(T()>_2A
(O(%1,70)0(%2,70))x.ds = — 34

12

11



We will use conformal perturbation theory in de Sitter, Equation (2.5), to determine the leading
correction to this two point function. From the outset, we know the theory in flat space flows to a
CFT in the IR where & acquires a non-trivial anomalous dimension. Therefore, as explained in
the introduction, there must be a loga(1p) divergence associated with this two-point function in
de Sitter space. Our goal is to find this divergence explicitly and understand the behavior away
from the fixed point.

Equal-time in-in correlators are most easily computed using the analytic continuation
to Euclidean time, as explained in Appendix 2.A. Applying this formalism at linear order in A

requires that we calculate the quantity

I=—2uf / dxs / 415 alits + 1) (O(F1, )0, ) O (%3, i +T0))s

a(’L'o)_ZA o0 3 a(i”L’E + ”L'())S
=—A SC—/ dr /d X . 2.14
WO L | R T apa, + ape @19

A priori, it might seem surprising that the above integral contains a divergence as ) — 0. At
fixed x3 # x1,xp, the integral in ¢ is manifestly convergent. Similarly, at fixed ¢ the integral
over X3 convergences. However, we are integrating over both 7z and X3 and there are divergences
associated with taking X3 — X1,X; and 7z — 0 simultaneously. We can estimate the degree of
this divergence by noting that the integral of X3 around either X; or X, is regulated by ¢ so
that [d3x3 ~ Tg. If we then perform the 7¢ integral, it scales as ‘EE”A = 75 which becomes a
logarithmic divergence as € — 0.

The integral in Equation (2.14) is performed explicitly in Appendix 2.B.2 using Fourier

transforms. The resulting log-divergence arises precisely as expected from the above scaling

argument, and leads to

2.50 —2A
,(y_,w%‘mz <é+10g(—&;2)—yb~—|—...> . (2.15)

12



Putting it all together, the two point function of & is given by

—2A
(0(F1,70)0(%2,T0) das = % (1 —4n’cA <% +log (—%) n )) (2.16)

12 T0

We see that the coefficient of the log is the anomalous dimension in flat space, 47>CA = 27,.

2.2.3 Dynamical RG

The two-point function in de Sitter space contains a number of divergent terms. The first

_ 4m*CA

thing we should do is remove the % divergence. Introducing a counterterm &z = =

we get

the renormalized two point function:

- S a(t) A 29 (1 pxi2
<ﬁR(X1,TO)ﬁR(xz,TO)>:T(1—4717 cA E—l—log _H_‘L'o _|_..._5Z

a(T0>72A ( 2 ( ‘uxn) )
=———|(1—-4n"CA1 - N
X%S 8 HTy +

The interpretation of the remaining log is more transparent if we separate the two dimensionless

pri) _ ol 2
log( HTO>—10g<H>+log(’TO|>. 2.17)

The distance must appear in the ratio x1, /| 7| in order to remain invariant under the rescaling

ratios as follows,

x — px and a(t) — p~'a(t) which leaves the metric fixed. Furthermore, additional interactions
are known to give rise to pure logu/H [17] and logx/t divergences and therefore must be
treated separately.

We can easily eliminate log 1t /H divergences by choosing pt = H. Physically, this means
that we should use standard RG to run the effective couplings of the theory to the energy scale
H (or simply define them at the scale H). Since H is fixed in de Sitter, this choice ensures that
there will be no large logs associated with p. We will define Ay = A (1 = H) as a reminder that

we fixed the renormalization scale. This is also a physically sensible result as H is usually the

13



physical scale where non-trivial (cosmological) correlations are generated.

Renormalization in the conventional sense does not address the logarithmic growth in
conformal time. In fact, the mode is only super horizon when, xj/|7| > 1, and our log is
necessarily large. We can formally resum the large logs in analogy with the renormalization group
via the DRG. Following the procedure in [42, 44], we introduce a reference time and distance, 7,

and x,. We then add a counter-term to the operator, 87 — 8z(1 +2w2CAglogx,/|T.|), to get

(Or(X1,70)Or(X2,70)) = % {1 — 47%Clylog ( 12 *)] .
12 X T0

Of course the operators of the theory are independent of x, and 7, so that we have a differential

equation for the two point function

)

Tiogte Ty (Or 1 ) Or (e, 1)) = 2¢(H) (O (51, ) Or(F2, ) (2.18)

where we have defined

d

_ o2 2
_alog(x*/|r*|)62|“*H 212 C A+ O(A) . (2.19)

Y(H)

Here we make a crucial assumption that all the secular terms can be absorbed with counter-terms
such they vanish when 7, = 79 and x, = x12. We will return to discuss the justification for this
assumption.

By construction, x, /T, only appears in the ratio xj»7,/(x.7p) S0 we can rewrite this

equation as

)

m(@(ﬁ,m)@e(@,m)> = —(2A+2y(H))(Or(X1,7) Or(%2,70)),  (2.20)

where we introduced the additional factor of 2A to account for the tree-level power spectrum.

14



We can solve this equation to find

1
|a(To)x12|2A+2Y(H)

(Or(F1,70) Or(Fa, 7)) = (1+0(Ax)) - 2.21)

where the €'(Ag) corrections are not logarithmically enhanced. We have used our freedom to
choose the overall normalization of the operator to write the result in terms of a(7y) = —1/(H1).

An important open question we will not address in this work is the range of applicability
of the DRG for cosmological correlators. Instead, we will use the proximity to a conformal fixed
point ensures that the DRG is accurately resuming our secular terms in the cases of interest. At
the conformal fixed point, the DRG will resum all the secular logs as required by symmetry.
Away from the fixed point, the structure of perturbation theory ensures the DRG will resum the
leading logs as desired. However, for a generic theory in de Sitter space, the applicability of the
DRG is less certain. In would be desirable to have a general result, like in flat space [52], that

characterizes the validity and limitations of the DRG.

2.2.4 Summary

Using conformal perturbation theory, we have seen that for a theory that flows between

two fixed points, the (leading-log) two-point function in de Sitter space is given by

1
|a(To)x12|2A+2Y(H)’

(Or(%1,70)Or(%2,70)) = (2.22)

where y(H) = y(A(u = H)) is the anomalous dimension calculated in flat space at the renor-
malization scale u = H. Since the correlators in de Sitter are invariant under the group of de
Sitter isometries, the higher point correlators must be de Sitter invariant with an effective scaling
dimension of A = A+ y(H).

The derivation of this result implicitly assumed that we were studying a deformation by

a slightly relevant operator. However, we must also find the same result from the perspective of

15



the IR fixed point, in which case the deformation would have been slightly irrelevant.

These results will apply to a wide range of interacting theories, including massless
particles with spin and conformally coupled scalars. When these theories are perturbative, they
are close to the Gaussian fixed point and therefore can be understood as being close to a CFT.
Light scalar fields in de Sitter are not captured by this description because Equation (2.1) does

not apply when m?/H? # d(d —2) /4.

2.3 Scalar Field Theory

We would like to see how the general behavior described in Section 2.2 arises in explicit
examples. In this section, we will calculate the power spectrum of the ¢2 operator in the A ¢*
theory in dS. These types of self-interactions are particularly common for inflationary models
and are of broad interest. From flat space, we know an anomalous dimension arises at one-loop
and thus the same should be true in de Sitter. Furthermore, by choosing d = 4 — €, the theory
flows to the Wilson-Fisher fixed point and, as a consequence, the dynamics in de Sitter must

approach the behavior of the CFT by construction.

2.3.1 The (¢?¢?) correlator

Given a free real scalar field ¢ of mass m in de Sitter space, one expands the fields in

modes according to
= d* 'k ik-X * T
O(X,7) = /Wel * {vz(‘c)a%—kvz(r)az} .

In the Bunch-Davies vacuum, the modes are given by

. /T _ _
w(e) = —ie " DIVE R (o) by (k)
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¢2(k7 TO) ¢2(7€)/7TO)

—

p

(a) The tree level diagram
k+p k+q

—

¢(k, 7o) ¢*(K', 0)

— —

p q

(b) The order A correction

Figure 2.1. The Feynman diagrams involved in the calculation of (¢2¢?).

where k = |k| and Hy, is the Hankel function of the first kind with v = (d;—])z - I’Z’T; The free
field theory in flat space maps to the conformal theory with mass m? = d(d —2)H? /4 in dS,

which means v = % Therefore the mode functions are

—i e—lkT

v2(T) =

These are just the modes for a free massless theory in flat space, scaled by factors of a=*¢ as it
should be in a conformal field theory.

As explained in Appendix 2.A, we can compute equal-time (in-in) correlation functions
as an anti-time-ordered Euclidean correlation function. The anti-time-ordered propagator for our

perturbative calculations is therefore

T 7{’ 7{‘ - 1 eikh’E\ 293
(T (oime + w)0(—hm))) = (2.23)

Note that 7p < 0 will be fixed throughout the calculation and 7z € (—eo, ).
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We begin by computing the equal-time in-in correlator (¢2¢?) in d = 4 — & dimensions

using the expression [53]

<¢2(z7 T())(PZ(—?C,, TO)> = <T (¢2<%7 T0)¢2(_7é7 TO) eXP[_ / dTE Hint(iTE + T())Cl(ifE + TO)]) > 5
(2.24)
where Hiy(7) = +l4—“!8 [a?'x,/=gd*(t,x). The lowest order term in this expansion corre-

sponds to Fig. 2.1a and it evaluates to

- S 1 dPp 1 ¢ -
2(k 2(—k — - — k'€ 2.25
<¢ ( 7TO)¢ ( ,7:0)>* 2614A¢(’L’0)/(27F)D ’k-{-[_ﬂp 2a(70>2A¢2 ( )

where D=3 —¢,d =D+ 1 and c ~ —1/(4x?) is a constant (see (2.53)). Note that, Ay = %
and Ay> = d —2. The computation of the momentum integral is detailed in Appendix 2.B.3.

Now we can calculate the first order correction to (¢?¢?) from the diagram in Figure 3.7.
Expanding Equation (2.24) to first order gives

S (e medEw) [ a(e) o) )

— N 2
oo dPp 1 e k+pllTel g—pltel
— _Aut / dg d / k o
WA BN | mp ate Bea(n™ 2ty 2p o

We have used the shorthand 73 = iTg 4 7 in the interest of space. The loop integral in the
parentheses is computed in (2.56). Substituting this into (2.26) the first order correction simplifies
to

k=

€ ) .
- E—sz ae LN K2 ) 2.27
H a(t)* JE 7 |1—¢ T]( e ]) (2.27)

Comparing this with (2.25) we see that tree level behavior of the correlation function has already
factorized out.

Finally, we are left with only the time integral to compute. This integral is the source of

18



the secular divergence. In the limit |%170] < 1 and € — 0, (2.27) is approximately

A k'€ 1 U
T 64 () (g +log (g) —log(—kp) +. ) : (2.28)

where . .. are terms that vanish in the limit |%‘L'0| < 1. The (¢>¢?) correlation function at order

A is then

- C

2 A 1
<¢2(k> TO)(PZ(_k; ) = W k€ [1 + e <E +log (%) —log(—ktp) + .. ) } .
(2.29)

Removing the divergence in (2.29) and performing a dynamic RG resummation:

- - - A
<¢2(k, TO)(PZ(_k,TO)) lJ:H ﬁ kl_gexp (— 3271:4C lOg(—kT()) +.. > (1 +.. )

— kl—E —kT() 27¢2(H) 1+0 AZ
s Ak (14 007)
CH_ZY¢2(H)

1—e+2y,2(H) 2
= k 9 1+0(A
Za(fo)2A¢2+2y¢2(H) ( (Ai))

where
Ay Ay
Tedrte - Tlem
64n*c 16w

Vo2 (H) = (2.30)

Comparing with (2.25) we see that the effective dimension of the ¢? operator is corrected to:

Au
A¢2 —>A¢2+Y¢Z(H):2_8+W

which is precisely Ay2 4 72 (u = H) at one-loop, where Y2 (1 = H) is the anomalous dimension

in flat space at the scale u = H.
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2.3.2 Implications for A¢* in Four-Dimensions

As we discussed in Section 2.2.4, our results don’t crucially require that there is an
interacting IR fixed point. As such, we can also view the above calculation as the dimensional

regularization of A ¢* in four-dimensions by taking the € — 0 limit. In that case,

An
Ao =242 2.31
0=t lom2 2.31)

where Ay = A(u = H) as before. Unlike the € > 0 case, in four-dimensions the theory flows to
the trivial fixed point in the IR, A (1 — 0) = 0. Nevertheless, since the anomalous dimension is
fixed at u = H we still have a finite Ay. As a result, the power spectrum of ¢ in de Sitter space
will acquire a fixed anomalous scaling with time and space in the super-horizon limit.

We can similarly conclude that conformally coupled scalars in de Sitter will acquire
anomalous scaling in four-dimensions. The anomalous dimension for ¢ in A¢* is generated
at two-loops and a direct calculation is beyond the scope of this work. Nevertheless, we can
conclude that such a two-loop de Sitter calculation should find that Equation (2.22) holds with

A%
%) = 150

(2.32)

in accordance with the anomalous dimension in flat space.

2.4 Yukawa Interaction

As a final example, we will study the RG flow of a scalar field theory in d = 4 dimensions
that is perturbed by a Yukawa coupling %, = L@ Wy, where v is a massless Dirac fermion. In
flat space, ¢ acquires an anomalous dimension at one loop and therefore will exhibit a 1-loop
secular divergence in dS. In this sense, the Yukawa coupling is the simplest example where the
power spectrum of a fundamental scalar (as opposed to a composite operator) exhibits secular

divergences of the type discussed in this paper.
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The calculation of this effect does not require us to discuss the mode functions of the
fermions directly. For the purpose of our calculation, Yy = & is just an operator of dimension
A =3 — ¢ in a free CFT, where we have introduced € as our regulator. We can therefore use the

action

S[o] + At /d‘w@(p 7 (2.33)

and evaluate the correlation functions of & using the same conformal perturbation theory
approach described in Equation (2.5).
The two point correlation function for ¢ receives a 1-loop (O(A?)) correction from the

Yukawa interaction,

5 . A ué 2 poo oo
1= <¢<k> T0)¢(_k7 TO)>lfloop :(%)/deEa‘l(r) /wdrlga4(7/) (2.34)

(T (9 1)9(~%.%)0 (. 1) 0 (K, D)0 (R, 7)6(—K,7) ) .

where T = itg + 1 and v/ = it + 7). We evaluate this correlator by Fourier transforming the

real-space correlation function of & given in Equation (2.1). Using (2.61) and (2.23) in (2.58),

we find
(Au)? /°° € /°° ) oo [Fdo e MERED o)
1= N d d — k
V) dwd(®) | dwa(T) | oo (26)? (K +07)
(Aue)? /°° do 2, 2y
=—73235N — J(w,k) I (—w,k)(k € 2.35
eV L 3e S @R S CoRE o)) (235)
where we have factorized the two time integrals by defining:
oo e_k|TE‘+inE
F(0,k) :/ dtg a® (itg + 1) — (2.36)

We could compute this integral explicitly and substitute it back into (2.35) to proceed. However,

the calculations become complicated if we take that route. We will therefore pursue a simpler
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strategy: first, we will evaluate (2.36) in flat space-time i.e. we set a(7) = 1. Next, we will
compute (2.36) setting 7y = 0. In each case we substitute the result back into (2.35) and extract
the € — 0 behavior. The final answer for the general 7y # 0 case is then obtained by requiring
that it match with these calculations in the respective limits. The details are given in Appendix

2.B.4; the final results are (see (2.62) and (2.64))

ail AZ 1 u
= ( +210g(k)—75+...> 2.37)
=0 A2 1 ,u

where o7 is a divergent piece defined in (2.65). Requiring that the general answer must reduce to
these expressions, we find the first order correction (2.35) is

€,7—0 A2 1 u
| ~ ——m———— 21 N 2.39
16 w2a(19)%k ( + Og( kHr0)+ ) 2.39)

Note that setting 7y = 0 in the log will cause it to blow up. This is the origin of the term .7 in

(2.38). Putting it all together, (¢ ¢) is

(q)(%,ro)q)(—%,r()»:m(l 8’122( +21o g( k}fltr())J“')) . (240

7r)L

We remove the divergence in (2.40) using a counterterm &z = and perform a dynamical

RG resummation to find

- 2\ k=H H 2%
(0 (k,70)¢(—k,0)) "= 2a(t) 221 (H) =23 (H)

where

)LZ
Yo (H) = +@ : (2.41)
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Comparing with (2.23) we see that the dimension of the ¢ operator is corrected to:

/12
Ay — A H)=1+-H2 .
" o+ Y (H) + e

As expected, ¥y (H) is precisely the anomalous dimension found in four-dimensional flat space

from a Yukawa coupling of a scalar to a Dirac fermion.

2.5 Conclusions

Secular divergences present a significant challenge to perturbative calculations of cosmo-
logical correlators. In this paper, we have shown that a certain class of such divergences have
their origins as anomalous dimensions in flat space. Like anomalous dimensions, they can be
resummed to give corrections to the power law behavior at late times. This interpretation of
the divergences is unambiguous as this resummation is required to match the predictions at the
conformal fixed point.

Our results apply to a wide range of quantum field theories in de Sitter space. Massless
particles with spin are generically conformally coupled and admit a description in terms of
conformal perturbation theory. In contrast, scalar fields with generic masses are not conformal
in de Sitter and thus our treatment is limited to the case m? ~ d(d —2)H? /4. Scalar fields of
generic masses are far from conformal and display a wider range of IR phenomena not addressed
here. Ultimately, one hopes to have a complete understanding of secular divergences both of
quantum fields in de Sitter and in the presence of dynamical gravity.

The main conclusion from this paper is that there is a broad class of secular divergences
that is expected in QFT in de Sitter space and has an unambiguous and simple interpretation.
The meaning of IR divergences in de Sitter (particularly in the presence of gravity) has been the
subject of significant ongoing interest and we believe these simple calculable examples can serve
as a useful test-bed for future investigations.

The broader problem of characterizing all possible IR divergences of cosmological
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correlators remains an outstanding problem. Significant progress has been made recently on
the divergences associated with massless scalars in de Sitter [30, 31, 32] and ultimately confirm
the validity of the stochastic inflation framework [11] for understanding the non-trivial long
distance behavior. While light scalar fields have certainly presented a unique challenge to
perturbative calculations, we have seen here that there are still secular terms associated with
massive fields that arise as an interplay between the short-distance and late-time behavior. A
complete understanding of all such divergences at the same level as QFT in flat space would be a

desirable outcome of a renewed focus on IR effects in de Sitter.

Acknowledgements

We are grateful to Daniel Baumann, Matthew Baumgart, Tim Cohen, Victor Gorbenko,
Enrico Pajer and Ben Wallisch for helpful conversations. D. G. is supported by the US Department
of Energy under grant no. DE-SC0019035.

This chapter, in full, is a reprint of the material as it appears in Daniel Green, Akhil
Premkumumar, Journal of High Energy Physics 04 (2020) 064. The dissertation author was one

of the primary investigators and authors of this paper.

2.A Analytic Continuation of the In-In Formalism

Throughout the paper, we have integrated in Euclidean time to simplify time integration.
In this appendix, we will review this procedure following [53].

We will use the in-in formalism to define equal-time correlations functions in the Bunch-
Davies vacuum. These are most easily calculated using the interaction picture operators Qj, and

Hamiltonian Hiy(¢) via [15]

To

(0(10)) = <Texp {i/ro Hmt(r)a(r)df} Qint(70)T exp [—i/

—oo(1+4ig) —oo(1—ig)

Hint(T)a(T)dT} > .
(2.42)
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The Hamiltonian is given in terms of a Hamiltonian density, .7, (7,x), via
Hin(%) = [ dxa*(2) Hin(7.2). (2.43)

The deformation of the contour by a factor of (1+i€) defines the Bunch-Davies vacuum and
ensures that the integrals converge as T — —oo. We can make this convergence manifest by
Wick rotating the contours on the left and right of the operator by T — +itg + 79 [54, 53]. The

resulting expression for the in-in correlators becomes an anti-time ordered integral

(Q(w)) = <T (Qim(ro) exp [— /_O:OHim (itg + 10) a (iTe + T0) drE} ) > (2.44)

This is particularly useful for CFT correlators, where the anti-time order correlators in Euclidean

time are given by

(65 + 70,8) O (iTh + 10, 7)) = alite + 1) ity + ) 2, o
(T — 75)? + (=)
Ca(it)) 2a(it) 2a(it3) ™2
oty + T A2 |03 T35 A2 (x5, 415y |42

(O(%1,i11)0(%2,iT2) O (X3,i13)) =

(2.46)

where 7;; = 7; — T; and X;; = X; —X;. We left the 7) dependence in Equation (2.46) implicit in the
interest of space. It is important to notice that all correlators are calculated at equal Lorentzian

time, 7y, and therefore the 7y dependence cancels in 7;;, as shown explicitly in Equation (2.45).

2.B Details of Loop Integration

The explicit calculations of some of the loop integrals in the main text are performed in
this appendix. A number of these integrals are divergent but are made finite with dimensional
regularization and/or analytic continuation. We will therefore explain the regularization schemes

first and then apply it to the integrals needed for the main text.
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2.B.1 Dimensional Regularization

Throughout this paper, integrals are regulated by a parameter € that controls the scaling
behavior of the integral. This may or may not be related to the dimension of space-time, as
indicated in each section. In Section 2.2, we have general dimension d and an operator of
dimension A = d — €, where d and € are independent parameters. It is therefore useful to think
of the d and A dependence of these integrals as independent.

We will often be interested in d-dimensional radial Fourier transform of the correlation

functions. As a result, we often have to evaluate the following integral

1 19 2d—24 F(% —4) / dk oikx 1 ' (2.47)
|x[4 L) J @m)d |kjd—2A

This integral is convergent for 2A < d. We will not be in this regime, but we will define the
integral at other values of A by analytic continuation of the above formula. This is a standard
technique in QFT but is also commonly used as a definition of the Fourier transform. This choice
is justified because the divergent contributions we are neglecting are associated with d-functions
in position space (contact terms) and therefore vanish when x # 0.

For conformal perturbation theory, one is often calculating an integral over a conformal

three-point function. Using Equation (3.42) and the convolution theorem, it is straightforward to

show that X
d d
[t (=) Tead) 1 .
(x73)A (x3,)2 T(A) [(d—24) 34

This result is again defined by analytic continuation, the divergent contributions are contact terms

and vanish when xj, # 0.
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2.B.2 de Sitter Conformal Perturbation Theory

The leading correction to the two point correlation function (&€ in de Sitter space

involves the integral (see (2.14))

a(T())*ZA o0 3 a(i”L'E + ”L'())E
=t [ gy [ |
Xt —eo 035 + T3 A2 123, + T3 [A/?

Shifting X3 — X3 + X, we see that the X3 integral is just a convolution of the function F (¥, 1) =

(x2 + 12) /2 with itself,

i l‘ugcd(fo)*zA /°° Jr ('T 11 )£/d3 1
= - A Ea(llg 0 X375 S
xlA2 oo |(%21 —X3)2+T]%]A/2|x§+ré]A/2

X%, —oo (2m)3 ’ '
In the last step, we have applied the convolution theorem,
D o Ap(a d°k  gxm o
JaPyFEFG) = [ Gp S PE? (2.49)
and introduced
l1—¢
~ = 2= 1 2m3/2 kK \ 2
F(k,te) = [ d*xe ™7 = Kei (k|tel) -
)= [ Pxe o =y (atr) 1)

The full expression is therefore

2A oo
= —AueC&/ dtga(itg + 19)°
xy e

&Pk z.  4nd kK o\'E 2
X/Welk.m _ (2 ) (Kep (klze]))
r(2-%)* \2|%]| 2
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Computing the k integral,

I= —MLECa "
X7 r(z__

5 e\ =~ (5 €5 €
275 gL (2 —e )T (2-2) oA (2 -e2- 50— 2i-T12 )
x 7| 3 2)*M\2 T2 2 a2

where »F is the regularized hypergeometric function. Carrying out the integral over 7z and

5 /_oodTE a(itg +19)°¢

taking the limits € — 0 and 79 — 0, we get
- a(m) (1 Uxi2

2.B.3 Integrals in the 1¢* theory

The equal time correlation function for the ¢ operator (see Equation (2.25) and Fig. 2.1a)

involves the loop integral

/ d% 1 2.51)
(27)P |k + B|p

Usually, one computes loop integrals like this with Feynman parameters. However, there is
another way to do this calculation which is particularly useful for unequal times. We notice that
the integral (2.51) is just a convolution of the function k~! with itself. Therefore, we can use the
convolution theorem in the form

d°’p _ - 8
/ # Fk—p)E(p) = / dPx e k¥R ()2 (2.52)

ie. FxF &L F2IEF( P) is radially symmetric we can change p — —p without changing the
result. Therefore, all we need to do is find the Fourier transform of k! and square it. Using

(3.42) we see that 272k ! LT, x=2+¢ and therefore

A3k 1 2 .
[t e [ (L) e e
(27) |k+p|p 27
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where

+0(e) . (2.53)

We can use the same strategy to evaluate the loop integral in (2.26),

Py o—lerplltel g—pll
/ ( p ¢ ¢ (2.54)

2m)37¢ 20k+p|  2p

2 k o
Notice that the loop integral is a convolution of the function F (k) = ¢ z‘krE‘ with itself. Moreover

—k|7E] “ dw . 1
e 0] SO e
2k w2’ 0? + k? (k)

and therefore the Fourier transform of the function F (k) is

P — dPk e—k\‘L'E\—HzJE B dPk do ta)TE—i-lkx 1
(.X) - ( - (

2P 2k 2mP | 2x¢ @2+ k2
(342 T(35%) 1
n'7 22 (24 12)7°

[ el il T2(Z2) [ e s
(2mp=¢ 2k+p| 2p e (W4 252

This result can be simplified using (3.42) if we turn dPxe= % gdx =KX where K = (w,%)

and x = (7,X). To accomplish this we rewrite

1 1
W / d'L‘5 T TE)( / d'r/ dwe™ foo(t— TE)( —|—T2)2 )
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so that our integral becomes

5 —lkx i —le
d>ex / do % / d*ex

£ oo ioT,
G22) 158 pe 1G) / o—
I2—g))-w (0?+k2)/2

8 1+¢ 1-¢
277 k 2
Ke 1 (k ,
r<z—e> (\rEr) = (e

where Ky (z) is the modified Bessel function of the second kind. Plugging this back into

Equation (2.55), the loop integral turns out to be

d3¢€ e—|z+ﬁ|\TE| e~ PIEl k\ 2
/ 338 7 = =M (_> Ke (k|‘L'E|) (2.56)
(2m) 2|k + p| 2p |7e | 2
where
I_Q ;8) e—0 1

= +0(e) . (2.57)

2.B.4 Integrals for the Yukawa calculation

In the main text, we found the one-loop correction to the ¢ power spectrum was deter-

mined by the correlation function

where we have shown the contractions required for a connected correlator. To evaluate this
correlation function we need the anti-time-ordered two-point correlation function of &'. However,
unlike a generic operator in a CFT, the normalization of &' = Yy is determined by the propagator

of the free fermion. With this normalization factor, the power spectrum of this operator is given

30



(T(OKk,T)O(—k, 7)) = / d*x e ¥ (T(0(x,7)0(0,7'))) (2.59)
1 s e a M1)a A7)

ﬂ4/d N = (2.60)

(322)]\] > do eiw(TE_Tflf)(kz—i—wz)l_ga(r)_3+ea(fl)_3+£ . (2.61)

e 2T

where, in the second line, the factor of 7% arises for matching to a Dirac fermion and where we

have defined

N— 1 I(—14+€)es0 1 (1
© 22272 T(3-¢)  8=m

E—ZyE+...) +0(¢) .

We now turn our attention to computing (2.35) in two simple cases: (i) In flat space-time and (ii)

when 79 = 0. Starting with the flat space-time limit,

a(t)—1 /oo e klte|+ioTg 1
(k) AT 2k kK +w?’
the first order correction (2.58) is
> dw 1 e—0 A2 1 u
= Oy [792 L0 B (L (M) )
at = (A1) w 2T (k2—|—(1)2)1+£ 1672k (8+ %\ % Yot

Next, we return to de Sitter space but set 7y = 0 to find

oo 1 £ e_k‘TE|+inE
F(,k) :/ dtg (— )

I(1—¢) i#(k—im)' "¢+ (—i)¥(k+iw)' ¢
— . 2.62
He 2%k (k2 + w?)' ¢ (202
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This expression can be simplified using exp (2itan’ (%)) k+’“’ . Then, the integrand in (2.35)

becomes

I(0,k) I (—0,k) (K + 0?)' ¢

= HI_;Z—;I;EZ)ZCOS ((1 —¢)tan”! <%> + %8> cos ((1 —¢&)tan! (%) — %6)
e~ ﬁ (1 v (2yE —2logH+2%tan*1 (%)) €+0(82)> . (2.63)

We can now substitute (2.63) into (2.35) to obtain

(Aué)?  cdo 1

Iy=""5N | —— 35—
07 4(w)? " Jo 27 K+ 02

(14 (2% —210gh +2Ztan ™! (2) ) e+ 0(e)?)

£—0 A2 1 u
N 21 I 2.64
162 a(79)%k ( + Og(H>+”Q{+ ) (2.64)

In the final step we have used
“ dw 1
e 2T K2+ 0% 2k

and introduced

o > do o tan~'(w/k) /2

- d6 6tan 6 2.65
k.2 k Rt a? 27rk/n/2 o (2:05)

with 6 = tan™! (%) This term is clearly divergent and, as pointed out in the main text, it is a

consequence of setting 7y = 0.
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Chapter 3

Regulating Loops in dS

3.1 Introduction

Inflationary theory [55, 56, 57] posits that the early universe underwent a period of
approximately de Sitter (dS) expansion. During this period, inflaton modes of large comoving
wavelength leave the horizon, only to re-enter at a later time and seed the structure we see in the
night sky. Thus, the quantum dynamics of these super-Hubble fluctuations become ingrained
in our cosmological observations. In particular, the equal time in-in correlation functions of
light scalar fields encode a great deal of information about the inflationary era that could be
revealed by measurements of primordial non-Gaussianity [58]. However, not enough is known
about these correlators beyond tree level. This situation becomes untenable as our measurements
improve in precision, especially in light of the fact that loop calculations lead to infrared (IR)
divergences and unbounded time-dependent ‘secular’ growth [9, 10, 12, 13, 14, 25, 26, 27, 28,
59, 60, 29, 61, 62, 63, 15, 16]. Such secular terms appear at all orders of perturbation theory,
and will be our primary concern in this paper.

In this work we develop a method to compute secular divergences associated with scalar
field theories on a fixed de Sitter background. It is not easy to calculate these divergences,
even for simple 1-loop diagrams [64, 26]. The basic problem is the lack of time translational
invariance in dS, which means time appears explicitly in the momentum integrals. Such integrals

are not scaleless, hampering our ability to compute them with the usual bag of tricks we employ
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in flat space. A solution to this problem was recently introduced in the form of Soft de Sitter
Effective Theory (SASET) [65, 66] where, in the long wavelength limit, the time integrals
factorize and separate from integrals over 3-momenta. This returns the scalelessness of the
momentum integrals, allowing us to tame the divergences without violating the symmetries of
the underlying dS spacetime. However, we still need to match the EFT with the UV theory, and
it would be desirable to have a way of regulating loop integrals on the UV side that shares all the
nice properties of the regulator we use in the EFT (dynamical dimensional regularization). Such
a procedure must also be generalizable, so that we don’t have to invent a new way of doing the
integral for every diagram we encounter.

Our method starts with the following simple observation: dS spacetime has dilatation
invariance in place of the time translation invariance of flat space. The latter allows us to Fourier
transform the time variable, which suggests that the transform best suited for dS should have,
as its basis, the eigenfunctions of the dilatation generator. Mellin transforms have exactly that
property [67, 68, 69]. Once we switch to Mellin space, the momentum and time integrals
decouple, and the divergences manifest as overlaps of certain poles of the integrand. These
overlaps may be removed by introducing tiny shifts to these poles, in much the same way that
loops in flat space QFT are regulated by tweaking the number of dimensions [70, 71]. In fact,
the connection was first made in [72], and Mellin-Barnes (MB) integrals have been used widely
in evaluating sophisticated Feynman diagrams in particle physics [73, 74, 75, 76]. We employ
some of the tools developed in these papers in the present work, thereby placing our method on a
well-established foundation of computational techniques.

As with dimensional regularization (dimreg), our approach respects the symmetry of
the background de Sitter space at every step of the calculation. The end result also bears a
strong resemblance to a standard dimreg answer, with the secular growth encoded in diverging
I' functions. Once isolated, such divergences can be interpreted with the machinery of the
dynamical renormalization group (DRG) [77, 64, 78, 41, 43, 42]. This procedure resums large

secular logs in the same way regular RG operates on UV logs in flat space. In the effective theory
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language, the DRG evolution of composite operators of a massless scalar naturally leads to the
framework of Stochastic Inflation, which describes the probability distribution of the scalar field
as a function of time [11, 79, 80, 65, 32, 31, 81]. Stochastic Inflation is the conceptual basis for
slow-roll eternal inflation, and even subtle changes to the time dependence in this picture can
have a profound impact on the phase transition to eternal inflation. Loop effects introduce such
corrections to this framework at higher order, as demonstrated with SASET [66]. Our method
allows us to draw the same conclusion, by performing loop calculations in the full theory itself.

The paper is structured as follows: In sec. 3.2 we outline the transition to Mellin space
and explain how divergences are encoded in this representation. Next, we review the MB
representation of a 4-pt function in sec. 3.3, and use it to compute the O(A) contribution to
(0%¢?) and (¢ ¢) in sec. 3.4 and 3.5. We explain the calculations in detail, to be pedagogical, but
most of the intermediate steps are mechanical and can be automated [76, 75]. We also identify
the issue of requiring more than one parameter to regulate certain integrals, and offer some
suggestions to resolve this. By way of a quantitative example we have calculated the anomalous
dimension of the ¢ operator over a range of masses and summarized them in table. 3.1. We
conclude in sec. 3.6 by reviewing the lessons learnt from our calculations and contemplating

future directions.

3.2 dS loops in Mellin space

Perturbative QFT calculations in dS are plagued by a variety of divergences. One
particular kind, the secular growth terms, causes the naive perturbation expansion to break down
at late times. Such contributions are often furnished by loop integrals, which are difficult to
compute in dS. The problem becomes more tractable if we represent the correlation functions in

Mellin space.
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3.2.1 General structure

Consider a scalar field ¢ with mass m in a fixed dS background with the metric ds*> =
a(7)?(—dt? +d¥?), where dX is a line element in D space dimensions, 7 is the conformal time

and a(t) = —1/H~. For a free scalar field one expands the field in modes according to

dPk -
0(%,7) = / e {v(Dag +vi()al} . 3.1)

vﬂr):eTe?léiﬂﬂf(—wngﬁk—kr), (3.2)
D2 2
v = (3.3)

where Hl(‘l,) is the Hankel function of the first kind (we follow the convention in [67]). We
are interested in calculating correlation functions of the field at a fixed (late) time using the
in-in/Schwinger-Keldysh formalism (see [15, ?] for a review). Such calculations involve integrals

of the schematic form

(@7 (0) ¢ (70))in-in

dD 7 S
S H/ dtia(t; D*'H/ p, Hiy (am(k, B)T) Hiy (a1 (k, ) Tivt) - -

3.4)

where a, (75, p) are some linear combinations of the 3-momenta. The evaluation of this integral is
made difficult by the fact that the variables of integration, 7; and p;, are trapped as arguments of

Hankel functions. There are few special values of v for which H;,(—k7) has a simpler functional
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form, but even in those cases calculations involving loop integrals are cumbersome!. To make

progress, we rely on the following convenient MB representations [82],
o . . . —2s

v (1) _/C+’ ds iv v iz

e 2 H; = —TI — )T ls—— | (—=

met iy @)= | om0t 2))T 3 2

o ctioo g iv iv\ (iz\ >

e Y = [T (1 ) (=) (&

me Ty @)= | a2 ) T2 ) 2

where ¢ > |v|. These representations have been used to study late-time tree level correlation

(3.5)

functions in [67, 68]. Building on that work, we will explore whether the same approach is
fruitful in analyzing loop integrals in dS. To outline the procedure we begin by substituting (3.5)

into (3.4) and changing the order of integration,

<¢7€v] (‘L’O) . ¢7(»\’/1(70»in—in D EI/ngF(Sg + %)F(Sg — %)H T0 dfia(fi)D+1 (_fi)—Zs/

i

dp; L o
XH/(Zﬂl;i)'“am(k,P) Sy (k,F) 7300 (3.6)
J

We have ‘released’ the variables 7; and p;, at the cost of introducing an MB integral for each
Hankel function. The Mellin variables sy label the eigenstates of the dilatation generator [69].
In the late-time limit, 79 — O, the time integrals reduce to s-conserving delta functions at each
vertex [67, 68]; dilatation invariance of de Sitter space leads to conservation of s the same way

that translation invariance implies conservation of 3-momenta k. We are then left with

<¢%vl (70)"'(])73;(70)>in—in ) El/dsér(se—i—i{)r(w— ¥YO(8)O(sp+...)0(spr+...) ...

Lo o
XH/(M];;)“-%(’@P) By (k)0 (3T)
J

"For instance, the two point function of a conformal mass scalar has the form (¢¢) ~ ek(T=7) /k, where the
exponential makes it difficult to evaluate the loop integral with techniques we use in flat space calculations (see [64]
for more details). Life can be made simpler by imposing a hard cutoff, but this could generate unphysical logs.
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where Q(s) = O(sy,...,5¢,...) is some ratio of polynomials of the Mellin variables. The form of
the r.h.s. reflects the fact that dilatation and translation do not commute. The momentum integrals

are now manifestly scaleless. Evaluating these introduces new sy-dependent I" functions,

F(D—Sg/—...)...

T(s;—...)... bi(k)™

(0 (30)- 6! ())in-in > [T [ dss T (s0+ )0 (50 =) Qs

: (3.8)
where by (75) are ratios involving the external momenta, and the prime on [];’ indicates that we
have applied the delta functions in s. All that remains is the evaluation of a multidimensional MB
integral (3.8). Integrals of this form have been studied extensively as a tool to simplify certain

Feynman diagrams in particle physics [83, 73, 74, 75, 76]. Drawing on that literature, we turn

our attention to extracting and understanding the divergences contained in (3.8).

3.2.2 Divergences in MB integrals

Consider the simple case of an MB integral

+ico
K(x) = /_ ) ST (s— )T (—s)x ™. (3.9)

The poles of the integrand are the poles of the I" functions. These are at s, =a,a—1,a—2,a—
3,... which are the ‘left’ poles and at s, = 0,1,2,3,... which are the ‘right’ poles. The contour
is a straight line that runs parallel to the 3(s) axis and it must separate all left poles from all right
poles. This is the Mellin contour prescription. We may then close the contour on either the left
or right half plane, picking up the residues at the poles.

Now consider the case where a = 0. This leads to an overlap of the zeroth left and right
poles as shown in Fig. 3.1a. In this situation no choice of contour can separate all left poles from
the right ones. Instead, if we set a = —¢&, where € is a vanishingly small positive number, we
have the situation shown in Fig. 3.1b. The overlap is removed and a contour % can be driven

between the left and right poles. As € approaches zero the contour is said to be ‘pinched’. The
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Witha = —£ <0 3(s) finite
—2—¢ —l-¢ —€ V/\ R(s)
—0 ® o ® ®
(N 1 2
¢l | ~T(e)

(b) Poles of I'(s +£)I'(—s)

Figure 3.1. Regulating divergences in MB integrals. The overlap of the zeroth left and right
poles in (a) makes (3.9) undefined because no contour can separate all the left poles from right
ones. In (b) we have shifted the left poles to the left by €, allowing us to drive a contour between
the two kinds of poles. In the limit € — 0 we approach the situation in (a), known as contour
pinching, which results in a divergence I'(g). This is simply the residue at s, = 0, as we close
the contour on the RHP. The residues at the other poles are finite in the same limit.

value of the integral at € = 0 is defined by analytic continuation of the integral at € > 0.
If we close ¢ on the RHP we pick up the residues at the right poles. However, notice

that the residue at the zeroth right pole s, =0 is

Res[[(s+&)['(—s)x ;s =0] = —I'(¢), (3.10)

which blows up as € — 0. In other words, an overlap of left/right poles signal divergences in the
MB integral. Also note how the divergence appears as a I'(€), in the same way it does for a flat

space loop integral computed with dimreg?.

%In fact, the Mellin approach produces the same answer in flat space, that we obtain by the conventional methods.
See Ch. 4 of [83] for an instructive example which uses the MB representation of Feynman propagators to compute
the one-loop self-energy graph in QED.
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Figure 3.2. A contour that does not separate left/right poles.

What happens if the contour does not separate the left and right poles? Suppose we
chose to integrate over a contour %" that intersects R(s) to the left of the pole at s, = —¢,
as in Fig. 3.2. Then, this pole must be included in the sum of residues. But that means
K'(x) =Res[s = —€]+Res[s =0] +--- =T'(¢) —I'(¢) +.... That is, there is no divergence,

even in the limit € — 0 when the zeroth poles overlap. The situations in Fig. 3.1b and Fig. 3.2

differ only by the placement of the pole at s, = —¢&. Therefore we can write
/ B () T(—s)r = +Resls = —€] + | s+ e)[(—s)x (3.11)
—I(s —s)x ' = §=— —I(s —s)x . .
¢ 2mi ¢ 2T

The integral over ¢” is a finite and the divergence manifests in the residue at —¢. Incidentally,
this also suggests an algorithm to identify and separate the divergence from any Mellin integral.
If we keep the contour fixed in Fig. 3.1b and decrease &, the zeroth left pole will cross over to the
right at some point. We then end up in the same situation as Fig. 3.2, except that the contour is
still €. To recover the original integral we’ll need to add the residue at s, = —¢, just as we did
in (3.11), thereby isolating the divergence as a separate term. This is the basis of the procedure,

first introduced in [74], to extract divergences from Mellin integrals over several variables.

40



3.2.3 N-dimensional MB integrals

By iterating the same basic steps discussed above, we can identify and separate diver-

gences in an N-dimensional MB integral of the general form (cf. (3.8))

dsy = dsy TLT(Ui(s) s sy

K(x1,x2,...,28) = — - X Xao 3.12
Crxeo) = [ om | 2w e (vi(s) "t N ©-12)
where x, are the ratios of kinematic variables, s = (s1,...,s5), and the arguments of the I"
functions in the MB integrand are
Ui(s) & ai+ Y bise
: (3.13)

def.
Vi(s) = dl+ Y Digs
12
where the constants a;, by etc. are reals. The integral in (3.12) is just an extension of (3.9) to N
Mellin variables. The poles of this integral are the poles of the I" functions in the numerator, that
is, those s where

Ui(s) = —n, n e Zy. (3.14)

As before, an MB integral is well-defined if the contours separate the left and right poles. For a

multidimensional MB integral like (3.12) this condition is equivalent to the requirement
Ui(¢)>0 Vi (3.15)

where U;(%) is the real part of U; evaluated on the contour %’. For example, consider the situation
in Fig. 3.3. If Uy (s) = a+s, then U1 (%) = a+s% > 0 if we choose a contour which intersects
the R(s) axis at s¥ > —a. Similarly, if Up(s) = b — s then U (%) = b —s5% >0 = 5% < b.
Taken together, an integral with both these I functions requires —a < s% < b, which is exactly

the condition that the contour must separate the left/right poles.
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Figure 3.3. Pole structure of an MB integral [, zd—;l.F(a + 5)['(b — s)x~5. The contour satisfies

a < s < b, which is equivalent to the condition that the arguments of the I functions in the
integrand are positive when evaluated on the contour (cf. (3.15)).

Generalizing this further, the condition for the n'" pole of I'(U;) to be on the ‘correct’
side is U;(€) +n > 0. That is, an n'" right pole will be on the right side of the contour and an n"
left pole will be on the left if this inequality is satisfied. Otherwise it means that the pole has

crossed the contour. Thus, we have the following pole crossing condition for the n™ pole,
Ui(¢)+n <0. (3.16)

The inequalities (3.15) and (3.16) allow us determine where a pole is, even in the N-dimensional

case when it becomes difficult to visualize the location of the poles and contours.

3.2.4 Analytic continuation

The MB integral in (3.12) will have divergences if the integrand has overlapping left/right
poles. This makes it impossible to choose a set of straight line contours that satisfy (3.15) for all
U; (Fig. 3.4a). We circumvent this issue by introducing parameters & into our integral that shift

the poles around until we can meet the conditions (3.15). That is, we change (3.13) to

U,'(S) —a;+ ZbigSg —+ Zcikek

¢ k (3.17)
Vi(s) = d;+ Zb;gsz + chkr‘%

7 X
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(0)

and choose the initial values & = €, to make the left/right poles separable with straight line
contours (Fig. 3.4b). The original integral, for which & = 0, is defined by analytic continuation
of the integral with the modified arguments (3.17). As we take & — 0, some of the poles will
cross over to the ‘wrong’ side of the contours (Fig. 3.4c), and we separate the residues at those
poles as in (3.11). Around & ~ 0 some left/right poles nearly overlap, with the small non-zero
values of g, keeping them from complete coalescence. The residues at these poles isolate the
divergences in the original integral. We can understand these ideas with a rudimentary example.

Consider the double integral

N T r T 1
/ 271'1 G,y 27 1<ZW€) Z(ZWS) (Z7W78)a (3 8)

where I';(z,w, €) = I'(Uj(z,w, €)) are Gamma functions with arguments of the form (3.17), and
¢, and %, are straight line contours which we close in the right half plane. These contours
separate the left/right poles of the integrand at € = &y. Suppose that, as we decrease € — 0, the
first left pole z, of I'j has crossed to the right of &, at € = €. Following the discussion around

(3.11), we may write

dw
K = Res[I'y; —TI(z4,w, € —F* g)r €
eS[lZ*][ngmzz w, &) /2%1/ (z,w,&1)2(z,w,€1)..

O (3.19)

The asterisk on I'] indicates that the n = 0 pole of that function is on the ‘wrong’ side. Therefore,
the double integral K* includes a contribution —Res|[I"};z,] (the minus sign is due to the clockwise
direction of the contour), which needs to be compensated with a +Res[I'};z,] to recover the
original integral K. This is exactly the term K;, which is the residue of K at the first pole of
I'y. If z, was a right pole that crossed to the left we would have written [, %Fl (z,w, €1) =
3

Az s (z, w,€1). Next, we concentrate on the K term’.

i As we continue

—Res[I';z,] + fcg

3Note that I'>(z,, w, € ) can have a different w dependence than I';(z,w, &;).
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e @ @ [ [ o
overlap j
(a) The original integrand, with all & = 0, has overlapping poles.
3 Sy
11560
@ o [ [ o [ R(s¢)
@ @ [ o [ [
(b) The poles are separated initially by setting & = 8150).
3(se)
7 T
O O O O oe R(s,)
O O XX O O O
~T(e)

(c) Some poles end up on the wrong side of the contour and nearly overlap when & ~ 0

Figure 3.4. An MB integral is defined by shifting its poles around till the left/right poles are
separated by a straight line contour. Analytic continuation involves reverting these shifts and
allowing the poles to cross back to their original position. As a pole crosses the contour, we
isolate the contribution at that pole (cf. (3.11)). Some of the left/right poles (encircled) nearly
overlap, resulting in divergences. For an N-fold MB integral all this happens across N complex
s¢-planes simultaneously. Note: The poles in these figures have been staggered vertically for
clarity; they are all real valued in our examples. See sec. 3.2.4 for further explanation.

44



decreasing €, suppose a pole w,. of I'; has crossed over at € = &. Then,

w
K =Res[['1;z4]Res[T2(z4) - - - Tin(zs); wi] + Res[T1; z4] [g 2—mF§(z*,w, &)...

w

def.

S K+ K (3.20)
Similarly, if a pole of I"; crosses over in K* as we decrease € from &1, we write K* = K5 + K**.
We will assume that no more poles cross over as we continue down to € ~ (. Therefore we can
expand the integrals in K{', K and K** as a Taylor series in €. It is clear from context which
poles are on the wrong side, so we will drop the asterisks on the K’s henceforth*. Collecting

everything together, we obtain
K—Kj+K +K,+K. (3.21)

This is just a 2-fold version of (3.11). The break up of K depends on the choice of contours, but
the final answer will be the same when everything is added up. Some of the terms in (3.21) will
contain I'(g)’s, from taking residues at nearly overlapping poles (see Fig. 3.4c). These are the
divergences we are looking for. Since (3.18) is a 2-fold integral there can be a maximum of two

simultaneous pinches, and the leading behavior around € ~ 0 is at most

const.  const.’
K~ 0(eY). 3.22
2 + e +0(¢e”) (3.22)

The extension to the N-dimensional integral (3.12) is straightforward. The procedure described
above has been developed into an algorithm in [73, 75, 76]. We will illustrate the steps in the

examples below.

“The naming convention for the r.h.s. of (3.21) is from [74].
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Figure 3.5. The 4-pt correlation function at tree level.

3.3 The tree level 4-point function

The calculations in this paper begin with the contraction of the tree level 4-point function
of scalar fields shown in Fig. 5.3 (we are working with a A ¢* interaction). The MB representation
of such functions are detailed in [67]. We will summarize just the basic elements required to
set up our loop integrals, using the same conventions as that paper. First, the Mellin-Barnes

representation for the dS bulk-to-boundary propagator is

~—

Fv
+,

. . . —25+iv
o) — (g2 ) v WV (_Tk
(1570) = (—7)2 7"V M (10) " i F(s+ 2>F<s ) ( 3 (3.23)

bt}

where 7 is a point in the bulk and the late time 7y — 0. The contour is a vertical line that intersects

the real axis to the right of the pole at s, = —%. The other symbols are
A%
§E() Y Fin (s + %) (3.24)
wt. ey D(=iv)HP"!

JK/(’L'()) = (—T()) (3.25)

4r

The +(—) sub-indices indicate the contributions from the (anti)-time-ordered branches of the

in-in contour. The four point correlator of Fig. 5.3 is given by

) () (v g v\ (AT ()
<¢z11 0,79, > _il/w CHoP Hszi (1:70) - (3.26)
J:

+ — 1 )
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Substituting (3.23) into this equation gives

4 —2s;
V) (V) 2 (v3)  (v)\| | -1 , / St (ki T
<¢%l ¢7€2 (PzS ¢%4 >i_:|:lH f/jq-(f()ukl) [ds]“-p(‘guv)jlille J (2
70
X/ dT(_f)D*1*2(31+S2+33+54),

(3.27)

where [ds] v ]Jyzl i % and

4 . .
p(s,v)de:f'HF(sj—F%)F(sj—%), (3.28)

j=1
det. o (ki "
itk S T (%) At (329
=1

The momentum and time arguments which were previously trapped inside the arguments of

Hankel functions are now out in the open. We can do the time integral right away,

- (_T0>D72(S1+52+S3+S4) TOjO

0
dr(—1 D—1-2(s14s2+53+54) _ 20 s (D
/w o D —2(s1 + 52+ 53+ 54) w8 (3 — (s1+52+53+54))

(3.30)
which converges® for R (2 — (s; +s2 +53+54)) < 0. Applying the delta function constraint

and reorganizing a bit allows us to write (3.27) as

-D-1
<¢7§1V1)¢7§2V2)¢£3V3)¢7§I4)>;:j:lH 5 €:Fi%(D+i(v1+v2+v3+v4))</jﬁ(f(),ki)](k,V), (331)
def. (D D 4 —2s;
I(k,v):/[ds]427r15 S —Gitntsnts) ) ps v TIG™. (32)
J=1

>Usually the in-in contours are deformed slightly, such that the lower limit of the forward and return legs are
—oo(1 Fi€), to kill the contribution from very early times. The same thing is accomplished here by constraining the
real part of the Mellin variables.
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Figure 3.6. (¢>¢?) at tree level.

The full 4-point function is the sum of the contributions from the forward and return legs of the

in-in contour,

/
<¢£V1)¢£V2)¢£V3)¢£V4)> — H P 'sin (E(Dnti(vl +vz+v3+v4))> (o, k) (k, V). (3.33)
1 2 3 4 2

3.4 The anomalous dimension of ¢

As our first example we compute at 1-loop the anomalous dimension of the ¢ operator,
Yp2- This quantity was computed for the conformal mass case in [64]. We will set up the problem
for a scalar field with general mass m and plug in a specific value for m later. We start with the

tree level expression for (¢2¢?) (see Fig. 3.6),

=2 [ 20 BP0 @Gy () (3.34)

where G(¥) is the late time two point function

HD*I
4r

64" (1) = 1im (o) (w)0f!) (m)) =

To—

) k 2iv
L(—iv)?(—1)P T2 (5) . (3.35)

We could, for instance, arrive at this expression by taking the limit 7 — 7y ~ 0 in (3.23) in which
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case the integral is dominated by the pole at® s, = —%’. The momentum integral in (3.34) can be

computed using the convolution theorem (cf. (3.41)). The result is

_D_ 9 D 1L iv2T( —iv)2 ) )
<¢2¢2>4ree:(4ﬂ)2€+21ﬂ( 2 21;22(;233) C(—iv) HPD=2(_ gy D4V DH4iv (3 36)

Next, we calculate the first order correction (¢2¢?); which is obtained by contracting the legs

k+ pi k+ p>

¢2(7(’/7 TO)

Figure 3.7. The first order correction to (¢2¢?).

of the 4-point correlation function (3.33) as shown in Fig. 3.7. This corresponds to setting

751 = %%—ﬁl,%z = 51,753 = %+ﬁ2 and %4 = p» in (3.33) and integrating over p; and p»,

) dPp, dP W) ) () (i \/
0o | (275;3 (27;;?) (000 00700 0"

k+ﬁ1 p k+ﬁ2 P2

_c / (ds) 2718 (2 — (51 + 52+ 53 +54)) (8, V) 2PLspec k5, V). (3.37)

Here, I5pec is the momentum integral and we have collected the prefactors into the constant C,

d®p; dPp, 1 1 1 1
(2m)P (2m)P |7€’+l—51|2s1—iv1 p%n—ivz |7(’_|_15*2|2S3—N3 p%S4—iV4

Lpec(k, 8, V) = / (3.38)

by (T : 4o
C— H-D-1gn <§(D+z(v1+vz+V3+v4))> (,I;Il W,/ij(ro)) (3.39)

We keep the masses distinct for now, leaving open the possibility of using the Vv;’s to regulate the

divergences in (3.37). The momentum integral (3.38) clearly factorizes into two integrals of the

The integrand in (3.23) also has poles s, = % + n but these produce analytic terms in k which don’t give rise to
long-distance correlations. See [67].
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form

d®p 1 1
Imole)= | G g o0

This presents us with the opportunity to introduce an analytic continuation parameter. To see

how, we first note that Ion is just the convolution of the function f,(p) = 1/p" with itself,

D,
Imom(a,b):/(;1 )Dfa(k+ /dDye zkaa( )/ (), (3.41)

where f,(¥) is given by the radial Fourier transform

o dPp Py 1 (
fn(y)_/(Zn)D pr o 2nab/2 T

") n=b. (3.42)

) y

Before substituting this into (3.41) we change the integral measure dy — dP y with the promise
that we’ll take D — D at the end. We will also introduce a factor of (—1)? =D in front to preserve
the overall dimensions, and to ensure that the momenta & appears as the product —k7 in the final

answer. This way it remains invariant under the rescaling k — p~'k and a(7) — p~la(t) [64].

With these changes
1 F<D5a)r( 5b> D—D/ p. € iy
1, —T d
mom (Cl ) 2a+b gD r (%) r (g) ( 0> yZD—a—b
[ (D=a\ (D=b\T <a+b 204)) )
(3.42) 1 ( ) ( ) 2 2 kD—a—b(_k,.L.O)D—D (343)

where we have introduced a bar above I,om to indicate that we have tampered with the dimension
D at an intermediate step. The difference D — D can be used as an analytic continuation parameter.

We introduce this parameter into one of the momentum integrals in (3.38) by writing

Ispec = I_ (2S1 —iv] , 2S2 — lVQ) Imom(2S3 — iV3, 2S4 — iV4) (3.44)
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with the other momentum integral obtained by setting D = D in (3.43). We may now substitute

this into (3.37) and integrate over s4 to apply the delta function. The result is

2D -D iY.v;
<¢2¢2>/l —C M(_k,L.O)D DkD+ Yvj
(4m) ™2
X/[dShF(?—Sl—Sz—S3+’Z“)F(Sl+S2+S3+’§“)HF(SJ+sz)r(’z)—sj+wzj)
j=1

F(%—D—{—Sl—l—s —%—%) F(—Sl—SZ—%—%>

X (3.45)

F<D_Sl_52+%+%> F<§+51+S2+%+%)
The divergences are completely encoded in the 3-fold MB integral. To proceed we will need to

plug in values for D and v;.

3.4.1 The conformal mass case

We will first compute ¥,> for a scalar field with conformal mass m*=2H*inD=3

dimensions. This corresponds to v = % Substituting these numbers into (3.36) we obtain the

tree level contribution

, 1

(9°0%)ree = — gz (—HT)'k. (3.46)

The first order correction follows from setting

i,
V) — — —i20
2

Vi s A2 (3.47)
D—3+268

in (3.45). We have introduced the parameters o and 6 to make the MB integral well-defined,
that is, to remove any overlaps of left/right poles as required by the Mellin contour prescription’.

These are the parameters denoted by & in (3.17). The actual integral, with & =0 =6 , will be

"It is possible to remove all pole overlaps in this case with just one parameter, as discussed in sec. 3.4.1. We
chose to use two here to illustrate some aspects of using multiple parameters.
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defined by analytically continuing in these parameters. With these substitutions

IR IR RN
2 4 2\/ 1420 —-26 11213140 506170 8191 10
=C——k —kT /d , 348
<¢ ¢ >l (47[)3_6 ( O) [ S]3 F11F12 ( )
where we have labelled the I'-functions,

[ =T(=i+s1)

=T —s1)

O=T(—{+s+a)

F4ZF(%—52+OC)

I's =T(—;+s3)

Fﬁ = F(% — S3)

(3.49)

[7=T(—14+s1+52+53)
[g=T(3—s1—52—53)
Ig=T(1—s51—s52)
TCio=T(—1+s;+5—+3)
Iy =T(1+s51+s2)
I'py=TGE-5—s+o).
The evaluation of this integral is discussed in detail below. However, most parts of the calculation
can be done using the MB Mathematica package by Czakon [76].
Choosing the contours

We shall focus on the MB integral

IFTRIRRI MR I I I IR B
K:/[ds]3 1121304 5161718190 10

(3.50)
'z
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We will integrate this over straight line contours. The integral is well-defined if we can choose

contours such that (3.15) is satisfied. This gives the following inequalities:

1 5
Ui2(6)>0 = —<s¥ <=

4 4
1 s 5
U374(<€)>0:>4—1—a<s2 <Z+a
1 5
Us6(€) >0 = — <s§ <=
4 4 (3.51)
l v, o, 9_3
U778(Cg>>0 — Z<S1 +55 +53 <Z
1
Ug(€)>0 = s 4575 < 3

Uio(€) >0 = s¥ +55 >1+a—34.

These inequalities can be combined to give the condition

13 5 ¢ @ @ . (5 7 15
max(Z,Z 05714—06 5)<S1 t53 + 53 <mln(Z,Zaz+0‘>- (3.52)

The contours s(lg and s(f have another constraint which follows from U 3 9(%¢") > 0,

1 .1
5—a<f+g<§. (3.53)

This condition can only be satisfied if o > 0. This means that for sufficiently small & and 0,
(3.52) becomes

5 5
Z+Oc—5<sclg+s;’”ﬂ+s;‘”ﬂ<é—l,

(3.54)
which requires 6 > o. The inequalities (3.53) and (3.54) indicate that the contours are pinched,
with o and 6 — o being the width of the pinches (cf. Fig. 3.3). We will see shortly how these
pinches manifest as the divergences of (3.50).

The conditions (3.51) can be satisfied by choosing @ = 0.1,8 = 0.7,scf = s;@’) = 0.3 and

s(zg = 0.17. This choice is by no means unique.
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Analytic continuation

With the contours fixed we start at & = 0.1,6 = 0.7 and analytically continue to the
region around o, 0 ~ 0. As we decrease o and & we keep track of the poles that cross the straight
line contours and add the residues at those poles to the integral in (3.50), now evaluated at a
smaller value of the parameters o and 6. These residue terms may have poles in the remaining
variables which can cross other contours as the parameters are decreased further. Iterating this
process we end up with a collection of residue terms, plus the original four fold integral. Some
of the residue terms contain factors that diverge as o, — 0. All remaining integrals can simply
we expanded in &, 6 under the integral sign since there are no further pole crossings.

The present example is simple enough that we end up with only four residue terms.
Decreasing to o = 0.08 and 6 = 0.56, the first poles to cross the contours are at s, = % —a and
s2 = 1 —s; + @ — & which are the zeroth poles of I'; and I'jy. Following the pattern in (3.11)

and (3.21), we can write

K—K;+Kjp+K, (3.55)

where the K on the r.h.s. is evaluated at the new values of & and 8, and

K= /dilldig‘rlrz [4sTel 71891 : (3.56)
27i 27 INTIRY s=1-a
dsy dsz I'1 I3 4I s I7I g

Kio = il.i%123456789 (3.57)
27i 2mi INTIRY sr=1—s1+a—3

The I" functions of K3 and Ko will have a different dependence on & and 6 once s, is eliminated.
Reducing the parameters further we find that the zeroth pole of I'g, at s; = % + o, crosses over
in K3 prompting us to write K3 — K39 + K3. At the same time the pole s3 = }l — o+ 8 of I'g

crosses over in Kjg leading to the split K9 — Kjo.g + Kjo. There are no further pole crossings as
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o, 6 — 0. All in all we end up with

K — K39 +Kjo8+ K3+ Ko+ K. (3.58)

The term K39 is

—83)I'(§ —s3)I (=5 4 53)0'(§ +53).
(3.59)

I(

FN[IS)

2N (a)I(1 — )L 2a+1)[(—5 — o+ ) /0.3+ioo dss
V7l (o +2) 0.3—ic0 2TTi

The left/right poles in the s3 integral are separated by the contour. Therefore we can evaluate this

integral using Barnes’s first lemma® to obtain
K39 = —27'L'F(OC>+0(1). (3.61)

Next, the integral K g is

I(6—a)[(1+a—8)I(—L—a+8d)
G +8)r2+a—3)

Kiog =

0.3+ dg,
></03 . z—mr(%—sl)F(—%+s1)F(i+S1+5)F(%—S1+2OC—5)- (3.62)
33—l

The poles of the of the s; integral are well separated by the straight line contour around o, ~ 0.

Therefore we can once again use (3.60) to obtain
Kiog = —27l'(6 — o) + O(1). (3.63)

The remaining terms K3, Kjg and K in (3.58) are at most’ O(1) and can be ignored. Putting the

8Barnes’s first lemma states

+ie (7 . F(M+A4)T A +A4) T (A +43)T (A +A)
1 T I+ — )T (s —2) = F Ot AT T . (3.60)

where the contour is a vertical line that separates the left/right poles of the I" functions in the integrand.
20(1) terms are those which do not blow up as the analytic continutation parameters approach 0.
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pieces together we have

K=-2x(a)+I'(6—a)]+0(1),

which completes the evaluation of (3.50). Substituting the above result into (3.48),

(9%0%); = lim Cppmgh! 2 (hm) 2 x 22 [0(@) 4 (5 - @)

We evaluate the prefactor C defined in (3.39) with the v; from (3.47) and'’ D = 3,

H4
6472

H4

€= 620 /2

cos(ma)T(L —2a)(—19)* 2% ~ )42

(=70

Then, at leading order in o and & we have

(—H’L'())4

1
S5 KX |t g 2| (k)

(920%)) =

(3.64)

(3.65)

(3.66)

(3.67)

As expected the divergences are directly related to the width of the pinches. However, we do not

know the exact relationship between & and & except that they are both infinitesimal and & > o

(this condition, which follows from (3.54), fixes the sign of the ﬁ divergence and we must

adhere to it throughout the analytic continuation process). It is ‘reasonable’ to make the width of

the pinches equal by setting 6 — o = a. Then,

(—HT0)4 1

2 4 2\/
= k| ——2log(—ktp) + -

10The number of space dimensions in (3.39) is D = 3 and not the D = 3 + 2§ introduced in (3.43).
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An alternate parameterization

It is possible to define (3.50) with a single parameter instead of the & and 6 we introduced

in (3.47). This time we will set all v; — % and D = D = 3 but modify the time integral (3.30) to

(—70) % / “dr (=)D 1=2sibsosstsa)2e W20 (L p =28 o im§ (D (5q 45y 453+ 54) +€)

i (3.69)
where € is the new parameter in which we will analytically continue. We have used a factor of
(—70) 2 to keep the dimensions correct, just as we did in (3.43). Introducing these changes into
(3.45) and repeating the calculation we get

(—H‘L'())4 1
————k|——2log(—k e 70

2 1 2\/
(0297, = -
in agreement with (3.68). There is no ambiguity about the relationship between analytic continu-
ation parameters here since there is only one of them. We also see that it was correct to require
the width of the pinches match, for, any other choice would have led to a different answer. This
piece of insight will be useful in the next example where it is impossible to make the MB integral

well-defined with just one parameter.
Dynamical renormalization

The expression (3.68), with its 1 /o pole and the associated log, resembles a standard
1-loop result in flat space, computed by continuing the number of spacetime dimensions'!. The
term log(—k7p) = log(k/(aH)) blows up at late times, 7y — 0, jeopardizing the validity of the
perturbation series. This indicates that our series expansion was too simple-minded to begin with,
and a more careful treatment is required to handle these secular growth terms. The Dynamical

Renormalization Group (DRG) [77, 78] provides the required fix. To review quickly, we start by

"We can push the analogy further, to see that resumming the logs at all orders will simply change the scaling
dimension of the ¢2 operator (cf. (3.72)). The parallel between DRG and RG is explored in greater detail in [64].
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combining (3.46) and (3.68),

(970°) = (0797 (ree — A(0°0%)) +O(A?)

1
812

(—H7o)*k {1 - # (é —2log(—kTp) + - ) +0(12)} : (3.71)

We now remove the divergence with a counterterm, which also introduces a new ratio of
scales k. /(aH )4 (see [77, 64] for more details). Noticing that the correlation function must be
independent of this ratio, we obtain a differential equation for (¢2¢?), the solution of which

resums the secular logs to

(9292) = —#(—H"L‘o)“kexp (élog(—k‘a)) +.. ) (I+...)

_ —#(—HTO)“k(—kTo)Zy"’z (1+0(2%))

_ 1 H_27/¢2 k1+27¢2 (1 + 0(12)) (3 72)
872 ()2 22 ' '

Thus, treating the secular dependence with DRG induces an anomalous dimension for the ¢?

operator, namely

This anomolous scaling is a product of subhorizon effects, as we demonstrate in sec. 3.5.1. For
now, we note that the treatment of secular growth in dS closely resembles the handling of UV
divergences in flat space. This connection holds for all scalar fields of general mass, except when

the field is massless; massless scalars in dS have no flat space analogue.

3.4.2 ¥, for other masses

The calculation above was repeated for a few other light scalars with masses in the
range 0 < m? < (%)ZH 2. The results are summarized in Table 3.1, and plotted in Fig. 3.8. An

interesting feature of this graph is the sharp rise in the value of ¥,2 as we approach the massless
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Figure 3.8. Anomalous dimension of ¢ for different masses. Larger values of |v| correspond
to smaller masses (see (3.3)). The encircled points are given in table 3.1.

limit, v — i3/2. This indicates another divergence creeping in as we decrease the mass to zero.
If we setall v; =i3 /2—i2a and D = 3 in (3.45), and examine the I functions, we will find four
pairs of nearly overlapping zeroth poles which can lead to a maximum of three simultaneous

contour pinches'?. That means (¢2¢?), diverges as ~ a3 where 2« is the width of each pinch.

1

Of these, one factor of &~ is already present at the tree level (cf. (3.36) and [84]) and another

1 1

factor of ¢~ comes from the loop integral, just like in (3.68). The remaining &« is roughly due
to time evolution of the long wavelength modes; this intuition is made precise by the effective
field theory treatment of such modes in [65, 66]. Such divergences are a well-known feature of
massless fields in dS and their careful resummation leads to Starobinsky’s Stochastic Inflation

framework [80, 32].

12A very similar phenomenon happens with the massless two-loop calculation in sec. 3.5.1. The divergence
structure of the MB integral is explained in greater detail there.
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Table 3.1. Anomalous dimension of ¢? for different masses.

VI | we/A
1/3 | 0.00333
2/5 | 0.00483
1/2 T
2/3 | 0.00819
4/5 | 0.00967
6/5 | 0.01882

13/10 | 0.02612
7/5 | 0.04753

3.5 Mixing of ¢° and ¢

As our second example, we compute the order A contribution to (¢3¢). The dynamics
of a massless scalar, as described by Stochastic Inflation, receives an NNLO correction from
this term [66]. It is easiest to see this in the Soft de Sitter Effective Theory (SdSET), wherein
Stochastic Inflation is a direct consequence of EFT power counting (see sec. 5.2 of [65]). The
calculation below produces the same divergence structure for (¢3¢);, in the full theory as that
computed in the SASET, verifying the correctness of the effective theory approach.

We start with (3.33) and contract three of the legs together resulting in the two loop

diagram of Fig. 3.9,

dPpy dPpy / (v) . (v) ’
30 Vi) (v2) o (v3) (V4)
(¢ ¢>)L _/(277:)D (277:)D <¢ﬁl q)ﬁz (p%fﬁl*ﬁz(pz >

_c / (ds]a27i8 (B — (514 52+ 53+ 54)) P (8, V) 2PLyun (k. 5, V) (3.74)
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Figure 3.9. The leading contribution to (¢3¢).

where C is the prefactor defined in (3.39) and I, is the momentum integral

dPpi dPp, 1
(2m)3 (27)* p2 pb (k — p1 — Pa)c k4

Isun(k,8,V) = / , (3.75)

with a = 251 —ivy,b =25, —iva,c = 253 — iv3 and d = 254 — iv4. Once again, this integral can
be evaluated by noting that it is a convolution in momentum space (cf. (3.41)). We’ll also take
this opportunity to introduce an analytic continuation parameter D — D, just as we did in (3.43).

The result is

Isun <k7 S7 V) -

j—sj‘i‘.T) F<S1+Sz+s3—i(V1+V2+V3)/2—¥>
s p(sj_%> F(2—s1—s2—s3+i(vi+Vv2+Vv3)/2)

(3.76)

We can substitute this into (3.74) and apply the delta function. In order to proceed we must plug

in some actual numbers for the masses and dimension.

3.5.1 The massless case

We’ll now restrict our attention to the case of massless scalar fields. It is not possible to
make (3.74) well-defined with a single parameter. So we will do the calculation in two different

parameterizations, first by floating the masses and then by tweaking the time integral and number
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of dimensions, and compare the results. We set

3
V= iE —i2a, j=1,2,3
3
V4 =1I=——1i204
2 (3.77)
D=3

D=3+2§

where we have introduced three parameters to satisfy (3.15). We could have chosen a different
o foreach vj, to get v, =i % —i2a;. However these parameters will always show up together as
the sum a; + o + a3, which make sense since the s; variables associated with the legs carrying
loop momenta are interchangeable. So o 4+ o + 3 is really just one parameter which we have
identified as 3 and distributed equally between vy, v, and v3. The fourth leg, which does not

participate in the loop integral, is given its own 0y. We end up with

(9°9)y =C

8 —kty) 2 ISV
(—k7p) /[ds]3 LRIEIEIEIN IR 10 (3.78)

(475)378 k3—6a—2a4 FIO
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where

[ =T(3—51—s52—53—0g)
[b=T(3—5—s2—53+0)
[3=T(-3+s+s2+s3—3a+9)
Ii=TE-s51+a)

Is=I(-3+s1+a)

(3.79)

[6=T(G—-s+a)

I7=I(-3+s+a)

Is=T(G—-s3+a)

Igy=T(—-3+s3+a)

To=T(3 —51—s52—s53+3).

We will now focus on evaluating the MB integral in (3.78),
K= /[ds]3 1"11"21“31“41551"61"71“81“9. (3.80)
10

Anticipating the answer

At a glance (3.80) looks very similar to (3.50) but it is in fact hiding a much more intricate
divergence structure. This is already apparent if we examine the arguments of the I" functions
above. For instance, the zeroth left pole of I'4 is at a distance 2¢ from the zeroth right pole of I's.
As we take oo — 0 these poles pinch the contour and generate a 1 /2o divergence. There are four
such pairs of I" functions in the list which together can generate up to a cubic order divergence.

Thus, without actually evaluating (3.80), we may deduce the following form of the answer:

3 (&) C1 0
K~v—=+—5+—+0(a 3.81
5t 0@) (3.81)
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where @ denotes some linear combination of the parameters o, 0y and J, all of which are
nearly zero, and c; collects together the remaining factors. Also note that, for a massive scalar
(|v| < 3/2) there would be fewer simultaneous contour pinches, and the leading small & behavior
would be less singular than (3.81). This is another example of our observation from Fig. 3.8:
massless scalars in dS are saddled with more IR divergences than their massive counterparts.
The Mellin variables s; carry physical meaning, as eigenvalues of the dilatation operator.
Therefore, it is worth understanding which poles contribute to the terms in (3.81). To do so we

consider a simpler 2-fold toy integral, with the same features as (3.80):

2
Ktoy:/[ds]zr(i—Sl—S2+O£)F(—i+S1+S2—|—O€)Hl—‘(i—Sj-FOC)F(—i—FSj—FOC). (3.82)

J=1

As o — 0 this integrand generates three contour pinches, of which at most two manifest

simultaneously. Thus, the answer has the form
cy  C 0
Ktoy ~ @-I-E—I—O(a ) (3.83)

We can examine the singular structure of Koy on a R(s1) — R(s2) plane (Fig. 3.10). The poles of
our integrand are real and these are represented by straight lines in Fig. 3.10a and Fig. 3.10b.
These lines are the graphs U;(s) = —n (cf. (3.14)). For example, the red lines represent the poles

of I'(3/4 —s;+ o), which are at s j, = 3/4 + ot +n with n € Zg and j = 1,2. Similarly, we map:

3
— —s;+ a = —n (red lines)

4
3
-3 + 5+ o = —n (blue lines)
3 .
é_l_sl_s2+a:_n( lines)

3
1 + 51+ 52+ o0 = —n (green lines).
In applying Cauchy’s theorem we compute residues at the intersections of these lines and add
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them up in specific ways [85]. The real parts of the straight line contours are represented by a
point % in these plots.

We define the integral by choosing a value of « such that the left/right poles are well
separated by contours, as shown in Fig. 3.10a (see also Fig. 3.4b). As we decrease o¢ — 0 some
of the n = 0 poles (blue and orange) cross over to the other side, and come within 2 distance
of n = 0 poles of the opposite nature (red and green lines). The crossed poles are indicated by
dashed lines in Fig. 3.10b, and the intersections at which we take residues are marked with dots.
Due to their proximity to other poles, the residues along each dashed line will contain a factor
of [(2) (cf. (3.10)); residues computed at intersections of two dashed lines generate I'(2a)>.
Residues computed at all other intersections, which don’t involve any dashed lines, contribute to
the O(a®) term in (3.83).

It is clear from Fig. 3.10 that only a small subset of all possible poles contribute diver-
gences to the answer. This is just a 2-dimensional generalization of what we observed in (3.11).
However, there is something else going on: only a finite number of intersections produce an o>

term, whereas an infinity of them diverge as a~!. The poles which generate the o2

capture
the leading behavior of the mode functions in the long wavelength limit (see discussion under
(3.35)). In fact, the EFT description of such soft modes reproduces this divergence exactly,
without any UV matching [66]. On the other hand, an infinite number of residues have to be
summed over to fully account for the o ~! term, indicating that it is tracking much more than just
k < (aH) effects. In other words, this term encodes subhorizon physics. A similar analysis on
the example from sec. 3.4.1 would show that the a~! term there is also derived from summing
over an infinite number of intersections (this is apparent from (3.59) and (3.62)), which means
the anomalous scaling we found there was truly a UV effect.

Diagrams like Fig. 3.10 have special significance in the evaluation of multidimensional
MB integrals by the method of residues [86]. The straight lines we studied above become

hypersurfaces for an N-fold MB integral, and we take residues over the polyhedra formed by

these surfaces. For a field theory calculation, this leads to a multiple series in powers and
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logarithms of the kinematic parameters. The convergence of such a series has a geometrical
connection to the aforementioned polyhedra [85, 87]. While we focus only on the divergent
contributions in this work, it would be worth investigating whether the ideas in these references

can be used to understand the properties of dS loops in various kinematic limits.
Choosing the contours

We now return to the task of computing (3.80). The intial values of the parameters
o,y and O are chosen to satisfy (3.15), by the same process as in sec. 3.4.1. One possible
choice is 6 = 0.06, a = 0.26, oy = 0.76 with contours s(lg = s(f = s;”/ = 0.495. We have placed
the contours at the same position in the s, s, and s3 planes to leverage the symmetry of the
integral under the exchange of these variables. In practice this choice leads to simultaneous
pole crossings, which requires special care [75]. A simple solution that works for the present
calculation is to stagger the contours by a little bit, by choosing say s(f =0.5, s;’”& =0.495 and
s =0.492.

The conditions Uy 5(¢") > 0 etc., Up3(%) > 0, and U; 579(%¢) > 0 produce pinches
similar to (3.53) and (3.54),

3 v 3 .
Z_a<sj <Z+OC, j=1,2,3

3 3
Z+3a—5<s<f+s(25+s3(g<z+a4 (3.84)

9 (@ G G 9
Z—3a<slg+s2€+s3g<z—a4

from which we infer that o > 0, 30t — 6 < a4 and 3 > 4. We should honor these relationships
throughout, lest we end up with incorrect signs for the divergences. It should be noted that the
last pinch above does not give a divergence, because the poles of I'| are very nearly the same as
those of the I'( in the denominator, and they cancel. In other words, it does not correspond to an

overlap of poles in the unregulated integral, for which o, o and § are zero.
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(a) Prior to analytic continuation, when the left/right poles are separated (cf. Fig. 3.4b).
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(b) At the end of continuation, with the dashed lines indicating crossed poles (cf. Fig. 3.4c).

Figure 3.10. The poles of the integrand are represented by straight lines on a R(s;) — R(sy)
plane. Residues are computed at the intersections of these lines. Poles that cross over to the
other side are represented by dashed lines in (b). The residues at e contain a I'(ct)? divergence
whereas those at e give a I'(a). The latter encode subhorizon physics, as explained in sec. 3.5.1.
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Analytic continuation

We now begin our journey to o, 04,6 ~ 0 to determine (3.80) for a massless theory. The

first poles to cross at those of I's,I'7 and I'g. We separate the residues at those poles and write
K — K5+ K7 + K9 + K57 + K59 + K79 + K579 + K. (3.85)

I's,I’7 and I'g are the same upto an exchange of s;, and so are the terms K5, K7 and Ko as well
as Ks7,Ks9 and K79. Therefore, the above breakup is really K — 3K5 + 3K57 + K579 + K. We
focus now on each of these terms. First, K579 is the residue of K at the three poles s; = % -
and it involves no integrals. Next, K57 is a single integral which further breaks up, in stages,
into K57 — K577 + K57y + K57 as the parameters are taken to zero. The prime in K57,/ indicates
that the residue is taken at n = 1 pole of I, (cf. (3.16)). At the same time, the double integral
K5 further breaks up into K5 — Ksy7/ + K55 4+ Ks. Finally, the K in the r.h.s. of (3.85) is a triple

integral which separates as K — K> + K. The analytic continuation is now complete, with

K = 3(Ksy7 + K52 + Ks) + 3(Ks72 + K572 + Ks7) + K579 + K2 + K. (3.86)
Evaluation of the terms

We will evaluate a few of the terms in (3.86) to demonstrate the steps involved. The

easiest ones are those involving residues in all three variables. For e.g.

c_ Dilalsly T T _ T2a)’T(Bo—oy)T (—3 +3a+04) (3 — 6a +5)
379 Fl() F(6(X) ’

(3.87)
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There are also terms with a single integral, like

dS3 Fl F3F4 F61—‘;* 1“81";

Ksp = ;
©3 2mi rl() s1= Z—Oﬂ SHy=—853+0+0y
(2 —20y)
=T2a)[(-3ct+0u+8 2 3.88
Qo)T(=30+0u+8) s (3.88)
é CHs3—a) T (—24+s34a)TE—s34a) T (=2 —s3+20+04).
3

The symbol I'* indicates that the first pole of that I" function has crossed over. I"** means the
first two poles have crossed, and so on (see sec. 3.2.4). The s3 integral by itself does not produce
any new divergence since the overlapping poles are on the other side of the contour (see Fig.
3.2). Since the prefactor is already O(o~2) as o — 0, we need to retain the a dependence inside
the s3 integral to compute the O(Oc_] ) contribution to K. We can Taylor expand the integrand to

linear order in «, Q4 and write

ds3 . -
B P (34 53) T (—3453) TG —s3) T (=3 —53) (3.89)
&, 2T
(1 oW 50+ ol —s0) + Qat )y —s2) - w4
where y(x) = 1;(()’:)) is the digamma function. This integral can be computed using corollaries of

Barnes’s first lemma (3.60), like those given in appendix D of [83]. The answer is

I'(3—2a)

Ks) =T (2a)I" —30+0a4+06
(20T TG +30—a)

< 2t 2T [YE +w(3)]

~o (2 2 9W(-1) = 3W(L) ~ V(- DW(E) + (-6 6w(- D)+ 2(D)

“ou3m| 8 2 )43 - W) + 20w(E) ~ 2w DY)+ 203 )

(3.90)
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Next, there are terms in (3.86) which involve double integrals. For instance,

dsy dsz 15131 Tel5IgI0

Ks= | —— :
6 2mi (2 2mi I'o Sl:%_a
1) [ 826 — o) (—3 1 50) [ BB 2 s5) (23 4 853)T (—s23) D (523)
% 27T I 2 1 2 % i 1 3 7 3 23 23

(3.91)

f. . . o
where 573 oo s> + s3. We have retained only the leading order contribution from the double
integral since the prefactor is at most O(a~!). Once again these are evaluated using corollaries

to (3.60), and we get
21
Ks = T(200) =~ 3+ 2+ 6y w(3) +3w(3)2—12]. (3.92)

Finally, the K in the r.h.s. of (3.80) is what is left of the original K after all the divergent residues
have been extracted. It produces at most an O(1) contribution and may be ignored. All other

terms in (3.86) can be evaluated in the manner shown above.
The problem of too many parameters

It is clear from (3.87), (3.90) and (3.92) that K will have the structure we anticipated in
(3.81). However, the answer involves three parameters o, o4 and &, and we need to establish a
relationship between these to extract a meaningful result from (3.86). So far, all we have are the
inequalities & > 0,3 — 6 < a4 and 3a > ay (cf. (3.84)). We encountered a similar problem
in (3.67) and resolved it by insisting that all pinches have the same width. Said differently, all
divergent I" functions in K must have the same argument. In the present case such a requirement

furnishes the condition (cf. (3.90))

—3a+oa4+6 =2a0. (3.93)
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Next, we see that (3.87) has a I'(3cc — a4) in the numerator but, as noted under (3.84), this does
not lead to a divergence due to the I'(6a) in the denominator. So it makes little sense to equate
3a — ay with the pinch width 2. Thus we are still one constraint shy of being able to express 0
and a4 in terms of . To proceed we’ll make yet another ‘reasonable’ assumption: we’ll choose

oy = —3a to make I'(3a — o) cancel I'(6ax) exactly. Then,

<¢3¢>/ ~ H4 (_kro)716a TE _Sn(yE_2+10g(4))
A~ 51275 K3 303 302

N 4m (3% — 32+ 8(yz —2+1log(4))?)
3o

+0(a)

(3.94)

where we have used (3.93) to eliminate §.
An alternate parameterization

We will now redo the calculation using a different parameterization and compare with
the above result. This will help us justify our choice of a4 at the end of the previous section.

It is possible to make (3.80) well-defined with just two parameters instead of three. The
first of the these parameters, &€, is introduced by modifying the time integral as in (3.69). The
second parameter K is a shift in the number of space dimensions, D = 3 4 2. Finally we set all

Vi — i%, and D = 3 in (3.76). Applying the conditions (3.15) on this new integral we identify

the pinches
Sk =123
4 sj 4 ’ J=14
3 3
Z+2x<s‘f+s‘5+s§f<z+x+s (3.95)
9 (g (g (g 9
Z<S1 +55 +53 <Z+K—|—8.

Comparing this with (3.84) we see that the width of the first three pinches are now x instead
of 2a, the second pinch is —k + € wide, and the parameters must satisfy € > kK > 0. The
last inequality in (3.95) does not represent a true pinch because the divergence associated

with it is cancelled by the I'jg in the denominator, exactly as in the previous parameterization.
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However, the important difference is that equating the pinch widths establishes an unambiguous
relationship, € = 2k, between all two parameters. This also sets I'; /T"jp — 1, which is exactly
what the choice oy = —3a accomplished in the last calculation. Proceeding with the analytic
continutation, and setting € = 2k, we arrive at

_HY—Ht)*™ (—kw) 2 [ 8n  16m(2ye — 5+ 2log(4))

34\/ .
(979), ~ 51275 K32k | 353 3K2

| Am(40+ 3m2 — 16(yz — 2 +log(4)) + 16(ye — 2 +log(4))?)

I +0(x7)

(3.96)
The leading coefficient of log(—k1p) is the same in both (3.94) and (3.96), upto a renaming of

o — K,
H4
C96mtk3a2”

(3.97)
A more careful renormalization is required to make the subleading terms match. The important
takeaway is that the divergence structure of ((])3(])>jl in the full theory matches what we calculated
in the SASET [66], with a regulator that also characterizes divergences with 1/a poles. Thus,
the calculation in this section confirms that the SASET correctly reproduces the IR divergences
of the full theory.

In closing, we note that the sample calculations in this paper were ‘simple’, in that we
went no farther than O(1), and the MB integrands did not contain terms of the form pfj , where
pi denotes a momentum variable. While it is certainly worth pushing the method to do higher
loops, we believe the two examples considered above sufficiently illustrate the usefulness of the

method both as a computational tool, and as a way to glean qualitative insights about the IR

behavior of fields in dS.

3.6 Conclusions

In this paper we advanced a method to identify and extract divergences in dS loop

calculations. Motivated by the dilatation invariance of dS, we worked with the Mellin-Barnes
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representation of dS correlation functions [67, 68]. This allowed us to import the techniques
developed in [72, 73, 74, 75, 76], for flat space Feynman diagrams, to the calculation of loop
integrals in dS. The resulting expressions have the familiar structure of a dimreg answer (cf.
(3.68) and (3.94)), and we can resum the divergences with dynamical RG by way of extracting
meaningful physics. While the examples we considered in this work were simple, they illustrate

a few important aspects of loop calculations in dS that are worth highlighting once again:

1. The divergences in dS correlation functions manifest as pole overlaps in the Mellin space;
the problem of isolating divergences becomes a matter of locating these pole overlaps in a

hyperspace spanned by the complex Mellin variables {s;}.

2. Our method works for loop integrals involving scalar fields of any mass. In particular, the
calculations of sec. 3.4 reveal that all massive scalars are afflicted with secular growth,
with additional divergences introduced as we approach the massless limit (see Fig. 3.8).
Stochastic Inflation provides a non-perturbative resolution of these IR issues for mass-
less scalars. The technique developed in this paper allows us to compute higher order

corrections to the stochastic description, directly from the full theory.

3. Dynamical RG resums the secular logs from dS loop integrals, just as regular RG treats UV
logs in flat space. However, it is not clear whether DRG resums logarithmic corrections at
all orders, as regular RG does. The bulk of the difficulty in addressing this problem lies in
the evaluation of higher loop integrals. However, if we can extract the general properties of
such loops, without doing the calculations explicitly (see for e.g. (3.81)), perhaps we could
improve the underpinnings of DRG itself. Alternatively, the fact that the SASET correctly
reproduces IR divergences of the full theory can be taken as evidence that the DRG works.
From that perspective, investigating higher loops in dS could further strengthen the validity

of SASET.

4. When Mellin representations are used to simplify Feynman integrals in flat space, the
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variables {sy} serve as little more than auxillary parameters to be integrated over. But in
dS, these variables carry physical meaning, as the eigenvalues of the dilatation generator.
Furthermore, as we noted in sec. 3.5.1, multidimensional MB integrals can be computed
with the method of residues using a geometrical procedure on the hyperplanes U;(s) = —n.
We used these facts to identify that certain secular behaviors originate from subhorizon
dynamics. We are left with the distinct impression that there may be deeper physical

insights hidden away in the geometry of the aforementioned planes.

Mellin space is fertile ground for the study of correlation function in dS, as many authors
have noted before. It is our hope that the observations in this work reinforce that view, and

encourages further investigation of these tools.
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Chapter 4

Stochastic Inflation at NNLO

4.1 Introduction

The study of quantum fields in de Sitter (dS) space provides insight into the foundations
of inflationary cosmology. In particular, the equal-time in-in correlation functions of light scalar
fields form the theoretical underpinnings of the predictions for the observed density fluctuations
sourced during inflation [7, 15, 16]. These correlators encode a wealth of information about the
inflationary era that could be revealed by measurements of primordial non-Gaussianity [58]. Yet,
despite their importance, our understanding of cosmological correlators beyond tree level is quite
limited. For light scalars, explicit loop calculations have revealed the presence of infrared (IR)
divergences and unbounded time-dependent “secular” growth [9, 10, 12, 13, 14, 25, 84, 26, 27,
28, 59, 60, 29, 61, 62, 63].

Stochastic Inflation [11, 79, 80] is a framework for treating the IR dynamics of a massless
scalar field in a dS background, and has long been suspected to provide the non-perturbative
resolution to the IR issues associated with massless fields in dS [88, 89, 43, 90, 91, 30, 31, 32,
81, 65,92, 93]. The idea is to reframe the problem in terms of the probability distribution for
the scalar field as a function of time, resulting in a Fokker-Planck equation that depends on the
scalar field potential. There are two contributions to the evolution, resulting from quantum noise
induced by fluctuations of the field as it crosses the dS horizon and classical drift due to the

potential. This framework forms the conceptual basis for slow-roll eternal inflation [94, 95, 96]
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and can be used to describe the onset of eternal inflation quantitatively [97]. Moreover, these
results hint at the physical meaning of the dS entropy [98, 99, 100], which remains a significant
unsolved problem [5].

Notwithstanding the conceptual and technical appeal of Stochastic Inflation, it is neces-
sarily approximate. For example, we expect that there are non-Gaussian contributions to the
quantum noise that result from the UV interaction, which are not modeled by Stochastic Inflation.
Furthermore, the Fokker-Planck formalism obscures the connection to cosmological correlators,
and it is not a prioi obvious how to incorporate higher-order corrections. It would be ideal if we
could understand how the success of Stochastic Inflation relates to other results regarding the IR
behavior of fields in dS, such as the freeze-out of superhorizon metric fluctuations which has been
shown to all orders in perturbation theory [23, 20, 19], or the loop generated anomalous scaling
for the time-evolution of massive fields [53, 64]. One of our goals in exploring the corrections to
Stochastic Inflation is to understand how they fit into the broader context of quantum field theory
in dS.

A framework that accomplishes this ambitious goal is the Soft de Sitter Effective Theory
(SASET) [65]. By following the standard Effective Field Theory (EFT) playbook, this approach
isolates the dynamics that persist in the superhorizon limit, yielding more efficient calculations
of loop corrections to long wavelength cosmological correlators. Taking a real scalar field in dS
as the UV description, SASET describes the IR limit of this model by relying on two degrees of
freedom that correspond to the growing and decaying modes which are familiar from the solving
the Klein-Gordon equation classically in a dS background. This representation admits a power
counting prescription that systematically expands about the long wavelength limit in terms of a
local Lagrangian. Loop dependence on time and space is manifestly factorized throughout the
calculation, allowing an efficient isolation of the time dependent IR divergent logs. Such logs
lead to secular growth for both massive and light fields, and appear in SASET as contributions
to the anomalous dimensions of local operators. In the case of light fields, an infinite number

of operators become degenerate and Starobinsky’s model of Stochastic Inflation is equivalent
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to the leading order (LO) dynamical renormalization group (RG) that governs their mixing as
a function of time.! This implies that corrections to Stochastic Inflation can be computing by
simply extending the RG analysis to higher orders.

Taking the UV description to be massless A¢* theory, the endpoint of this RG flow is a

non-trivial fixed point where the field values are ¢ ~ HA~!/4

. Corrections to this description
around this fixed point must account for this non-perturbative scaling with A. In this paper,
we will calculate the evolution of operators to next-to-next-to leading order (NNLO) in this
power counting. At NLO, our results reproduce previous calculations [31, 92]; as we will show,
these contributions can be attributed to field definitions within SASET. In contrast, at NNLO
we find a universal correction in the form of a two-loop anomalous dimension that introduces
the first higher derivative correction to Stochastic Inflation. In the process, we perform the full
one-loop matching in SASET, which further elucidates the relationship between the EFT and the
UV descriptions.

One novel feature of SASET is that consistently matching a UV theory onto the EFT
requires specifying both Wilson coefficients and (time-independent) initial conditions. Deriving
the RG that yields Stochastic Inflation at NNLO requires performing this matching explicitly
at one-loop order. This provides a highly non-trivial check of the SASET formalism, and
these results can be utilized for a wide variety of correlator calculations. We will also use this
calculation as an opportunity to demonstrate the power of the symmetry preserving “dynamical
dimensional regularization” technique introduced in [65].

This paper is organized as follows. We begin with a review of Stochastic Inflation
in Sec. 4.2, with an emphasis on its origins as a Markovian process, which provides a framework
with which we can organize corrections. Then Sec. 4.3 reviews the most salient aspects of
the SASET formalism. The new calculations begin in Sec. 4.4, where we present the one-loop

matching results that are relevant for our applications here. These are then applied in Sec. 4.5,

'The dynamical RG flow described here should not be confused with the RG flow that appears in a holographic
dual via dS/CFT [5, 4, 6, 7, 45]. The key difference is that our dynamical RG applies directly to the in-in correlators
and not to the wavefunction of the universe.
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where we compute the composite operator anomalous dimensions that feed into Stochastic
Inflation up to NNLO, and leads to the main result of this work in Eq. (4.144). We then explore
the implications of this formula in Sec. 4.6, and finally conclude in Sec. 5.6. An appendix on the
relevant, but somewhat technical, six-point function matching is provided in Sec. 4.A, and the

hard cutoff version of the main calculations are given in Sec. 4.B.

4.2 Stochastic Inflation

In a theory of a massless scalar field ¢ in a dS background with Hubble constant H,
the field’s value will fluctuate by O(H) as each momentum mode crosses the dS horizon. An
equivalent point of view is that these stochastic fluctuations are the result of the non-zero
temperature within dS. This effect has a natural interpretation as a random walk, an idea that was
made precise by Starobinsky [11] and led the formalism known as Stochastic Inflation. In this
section, we discuss this approach, and emphasize the structure of higher order corrections.

For concreteness, we will assume the canonical example of A¢* theory in a dS back-

ground, whose UV description in terms of a scalar field ¢ is
4 1 K Qv Iooo, 1,4
SUV:/d x\/—g —Egu\ﬁ ¢d (P-l—im 1) -I-Eld) , 4.1)

where g,y is the dS metric and g = detgyy as usual. The essential formalism developed here
holds for general models. However, we will not be able to derive corrections to Stochastic
Inflation generically, and so we will work with this simple and well studied example when we
calculate explicit corrections.

In the process of discussing the general structure of corrections to Stochastic Inflation,
we will arrive at a natural interpretation for higher-order corrections in terms of the transition
amplitudes for the field ¢. Unfortunately, how to determine the corrections directly is not
transparent in this description. In Sec. 4.3.5 we will show how the corrections discussed in this

Section arise from operator mixing, and the remainder of the paper is devoted to deriving these
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corrections and their implications using SASET.

Before moving on, we emphasize that the formalism we develop in this section will rely
on the assumption that the late time evolution of ¢ can be modeled as a Markovian system (as
described in Sec. 4.2.2 below). This will be justified by the concrete calculation of the dynamical
renormalization group using the SASET that is developed later in this paper. It ultimately is due
to the fact that the dynamics of the SASET degrees of freedom are governed by a first order

equation, which is a consequence of the EFT power counting.

4.2.1 Leading Order

The framework of Stochastic Inflation results in a probability distribution P(¢,¢) for the

field ¢ at a time . To leading order, P(¢,#) obeys a Fokker-Planck equation

P H3 5 1 9.,
Ep(q),f):@&—q)zp(ﬁb,f)ﬂL@%[V (¢)P(0,1)], (4.2)

where the first term captures the stochastic noise from the inherent quantum variance of ¢, while
the second term is due to the classical drift induced by the potential where V'(¢) = dV /d¢. One
interesting application of this equation is to solve for the fixed point that the scalar field would
reach if it lived in an eternal dS background. To find the fixed point, we enforce that dPeq/dt =0

for the equilibrium solution Py, which implies
92 R e
9g2tea(®) =355 [V (9)Pa(9)] (4.3)
Integrating both sides of this equation twice leads to the solution

Poy(9) = Ce 8TV(O)/3H" (4.4)

We can use this leading order solution to organize corrections to Stochastic Inflation as a

perturbative series in the UV coupling.
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4.2.2 Beyond Leading Order

Having reviewed the leading order formalism and its consequence for pure dS, we
now turn to exploring the form we can expect corrections to take. In order to generalize this
Fokker-Planck equation, we return to its origins. The underlying assumption is that the system is
Markovian, in that the time slice of interest is entirely determined by the information contained in
the previous step. In other words, a Markovian system has no “memory.” Since this assumption
holds for the spectrum of scalar field fluctuations at horizon crossing, the resulting formalism
will tell us what kinds of corrections to Stochastic Inflation we can expect.

The Markovian assumption leads directly to the Chapman-Kolmogorov equations, which

describe a probability distribution P(¢,¢ + dr) that is fully determined by P(¢,1):

O p(9.0)= [[a0' [P0 )W (910") — P9, W (9]9)]. @)

where W (¢|¢’) is a “transition rate” in that it sets the rate for transitioning to ¢ from another
value ¢’ in a differential amount of time. This equation simply expresses that the probability
distribution for ¢ at t 4-dr is fully determined by the weighted sum of the possible transitions
that yield ¢ minus the sum of all the weighted transitions for ¢ to change value.

Next, we will reorganize Eq. (4.5) using what is known as the Kramers-Moyal expansion,
visualized in Fig. 4.1. This is effectively the assumption that the transitions are dominated by
“local” jumps [101]. The first step is to make a substitution of A¢p = ¢ — ¢’ in the first term and
A¢ = ¢’ — ¢ in the second term. In other words, when ¢ is in the final state, then ¢’ = ¢ — A¢

and when ¢’ is in the final state ¢’ = ¢ + A¢. This yields

)
SP@.) = [ d80[P(9—80.0W (910 —80)~P(0.0W (9 +80/a0)] . (46)

where we have included two compensating relative minus signs, one from the different changes

of variables for the two terms, and another due to needing to flip the limits of integration after
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Figure 4.1. Visualization of the Kramers-Moyal expansion. The top panel shows the probability
of “hopping” from ¢ to ¢’, W(¢'|¢) or from ¢’ to ¢, W(¢|¢'), or equivalently any other point
such as ¢”. On the bottom, we see the process in terms of the probability W (A¢|¢) to hop from
a specific starting point ¢ by a distance A¢.

switched the integration variable A¢p — —A¢@ in the second term. Since we are assuming the
main support of W comes from local jumps, we want to Taylor expand the first term for fixed ¢.

To make performing this expansion transparent, it is then useful to redefine W using

W(y,x) =W(x+ylx), 4.7)

so that Eq. (5.56) becomes

%P(rp,t) — [ar0[P(o - 20.)W (80,0 ~A9) ~P(9.NW(40,0)].  (48)

Then Taylor expanding the first term about a fixed value of ¢ yields

~ o o \" _
[ as0r(o - 80.0W (80,0 -a0) = [as0 ¥ (<40 5 ) P0.0(80.0)
n=0"""
= 1 g ) _
:,;ﬁ on / dAg (~A9)"P(9.1)W(A9,9), (4.9)
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where in the last line, we used the fact that A¢ is independent of ¢ to pull the derivatives outside

of the integral. Plugging this expansion into Eq. (4.8), we see that the n = 0 term cancels so that

J = 10"
2700 = L g P9)P9.1). (4.10)
where
©,(9) = [ dag (~49)"W(0+4918¢). @1

and we have used Eq. (4.7) to write this expression in terms of the original transition rate W.
Note that all terms in this expansion are total derivatives, as required for the conservation of the
total probability. We also see that Q,(¢) encodes the ¢-dependence of the n" moment of the

distribution. For the theories of interest here, Q,(¢) will admit a polynomial expansion in ¢:

[e]

1
Q.(9)= Y —al”em, (4.12)

|
m=0 m:

for some coefficients Q,(qm).
Thus far, all of this discussion was very general. If we specialize to the case of leading
order Stochastic Inflation, we can compare this expanded result with Eq. (4.2) to identify that the

n =1 “drift” term is proportional to the derivative of the potential,

1
v=Y EC@(])Z. (4.13)
— (!

so that matching with Eq. (4.2) implies

Ql = 3—Hcm+1 . (414)

Hence, for n = 1, m tracks the polynomial interactions that could appear in a generic potential.
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Moving to the n = 2 “noise” term, we again can compare to Eq. (4.2) to find

(4.15)

In this case, the m > 0O terms correspond to higher order corrections.
To summarize, if we assume that the UV theory has only a 7L¢)4 interaction, we conclude

that the generalized evolution equation that describes Stochastic Inflation takes the form

L 0" [y 1 qmgm 1 /
19 n;:‘,og!ﬂn ¢ P(¢,t)}+3—H%[v ((]))P(q),t)}, (4.16)

-
where V' is the ¢ derivative of the potential, which includes the matching corrections required to
obtain the accuracy of interest.

To develop some intuition for what the Q, corrections are capturing, we can interpret
W (¢ +A@|A¢) as the probability distribution of transitions of size A¢. Then Q,,(¢9) is simply the
n'™ moment of this distribution; the first and second moments Q;(¢) and Q,(¢) are the complete
set of inputs for a Gaussian distribution. Furthermore, if {2, has non-trivial ¢ dependence, i.e.,
ng#o) # 0, then the variance of the noise depends on the starting location of the jump. Finally,
if Q,—3(¢) # 0, then we know our distribution is non-Gaussian. More generally, we interpret the
n > 2 terms in the generalized equation governing Stochastic Inflation in Eq. (4.16) as encoding

contributions from non-Gaussian noise generated by the UV A¢* interaction. Therefore, we

conclude that corrections to Eq. (4.2) are of three types:
e Higher order “noise” terms captured by 9" /d¢" with n > 2, see Eq. (5.58).
e Higher polynomial terms in Q,,, see Eq. (4.12).

e Higher order terms in the potential V via corrections to coefficients and the generation of

higher polynomial ¢ terms.

Next, we will argue for how to relate the expansion in each of these quantities to the expansion
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in the UV quartic coupling A as it corrects the equilibrium solution in Eq. (4.4).
Organizing Corrections Systematically

Due to the underlying A ¢* potential, we expect that the statistics of ¢ are neither Gaussian
nor independent of the background value of the field. We therefore expect corrections to the
equation for Stochastic Inflation of the form discussed previously. In this section, we will take

the equilibrium solution in Eq. (4.4) and apply it to a UV theory with
V(9) = %/1 0 = Py(9) =Ce STROAHY) = o (9/0e)" (4.17)
where ¢§q = 9H*/(n*1). This distribution has support over a field range |¢| < @eq such that
4 1rs 9 s
(¢%) = Zr[z] X Qg = WF[Z}T- (4.18)
Therefore, we will organize the possible corrections by assuming the equilibrium scaling
¢~ P ~ HA™V/A. (4.19)

We will further assume that the corrections are generated as an expansion in perturbation theory,

so that
ngm) -~ 2'm’ Qg2m+l) ~ lm+1; ngm) ~ A'WI‘FI; and Cop ~ lf*l’ (420)

which we will see agrees with the explicit calculations presented below. Putting all of this
together allows us to determine the order in A for each term that appears in Eq. (4.16). Note that
we will assume the ¢ — —¢ UV symmetry is preserved, which explains the absence of many

terms. These contributions are as follows.
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Leading Order (LO): Stochastic Inflation at leading order is given by Eq. (4.2):

d H3 92 1 91
atP(‘P,l) = @WP(¢’l)+3_H% {

§l¢3P(¢,t)] , (4.21)

where we have used the known leading order results ng) = H?/(47?) and V'(¢) = A3 /3.
Both terms on the right hand side of this equation are O (A 1/ %) x P(¢,1), which defines what we

mean by “LO.”

Next-to-leading Order (NLO): Accounting for both Q,S"” and corrections to the potential, we
can determine that the next-to-leading corrections to Stochastic Inflation should take the form
9? 1 1

) d
5700 =0+ 5 f9?P(9.0)] + 3099 {§c6¢5P(¢,t>] : (4.22)

(2)

where the correction to the noise term Q5" ~ A and the correction to the potential ¢ ~ A will
both be determined below, and Qél) = 0 due to the ¢ — —¢ symmetry. We see that these NLO
terms are O(4) x P(¢,t). These corrections have been previously calculated in [31, 92].
Next-to-next-to-leading Order (NNLO): Following the same logic, we can find the form that
the next order terms take:

%P(q),t) =0(A"?) +0(1) + SH_;;T; (@0P(9.1))
1 0 { 1 3

0
b ﬁcww,ﬁ] + s (o eren). (4.23)

where Q§4) ~ A% and le) ~ A will be determined by operator mixing in the next section and
cg ~ A3, and ng) = 0 due to the ¢ — —¢ symmetry. These NNLO terms are O(13/2) x P(¢,1).

Note that in addition to these corrections, we must also include subleading corrections
to the parameters that already appear at lower order; these do not change the structure of the
equation, but will of course be accounted for as we perform the calculation. The rest of this

paper is devoted to determining these coefficients systematically using the framework of SASET,
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with a brief discussion of the physical implications of working with NNLO Stochastic Inflation.

4.3 Soft de Sitter Effective Theory

Stochastic Inflation, and corrections to it, are the consequence of quantum field theory in
dS for scalar particles with masses m? < H?. This can be seen directly at leading order, where
a variety of methods have been used to derive the Fokker-Planck equation [11, 79, 80, 88, 89,
43,90, 91, 30, 31, 32, 81, 65, 92, 93]. However, many of these methods become cumbersome
beyond leading order and often obscure how corrections arise.

Soft de Sitter Effective Theory offers a method to compute the equations of Stochastic
Inflation systematically to any order. The key advantage offered by SASET is that power counting
is manifest, thereby making corrections easy to identify. Furthermore, loop integrals are scaleless
and regulated by (dynamical) dim reg and thus preserve the power counting that is manifest in
the action. In addition to fixing the values of the SASET Wilson coefficients, the UV theory
sets the initial conditions for the effective theory fields. We will be specifically interested in
understanding the corrections to Stochastic Inflation for the concrete example of A¢* theory in
dS, where the UV action is given above in Eq. (4.1).

In this section, we will review the machinery of SASET and how it arises from a given
UV theory. In the subsequent sections, we will use this technology to match SASET to A¢*

theory and then use it derive the equations of Stochastic Inflation at NNLO.

4.3.1 In-In Correlators

As we will see below, Stochastic Inflation is equivalent to the renormalization group
equations that govern how composite operators mix. One approach to determining the operator
mixing is to compute the divergences of in-in correlation functions involving composite operators.
This section is devoted to setting up the relevant framework. We work in the interaction picture,

where fields are quantized using the solutions to their quadratic equations of motion. A free
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scalar fields in dS can be expressed as a mode expansion:

&Pk gl (7
050 = [ G (6 D)al +4 (k)ag). (424)
where T = —1/[aH] is the conformal time, and ag and ay, are the canonical creation and annihila-

tion operators respectively that satisfy

afap| = Cay s (R-7). (4.25)

In the Bunch-Davies vacuum, one finds the positive frequency modes are given by

2
¢ (k,7) = —ie'(V+2)3 \/T%H(_TP/ZH(V”(—M) with v:\/z—%, (4.26)

so that v = 3/2 corresponds to a massless field (see e.g. [102] for review). The observables of
this theory are equal-time in-in correlation functions, which are computed via

had t 1 IN—1
(injQ(r)fin) = ¥ i / dn [ dn... / diy
N=0 e e

—o0

< ( [Hinc(tw) [Hin (tv-1) - [Hi(0), Q0] 1), @27)

using

Hing(t / d3x\/_ 04w, (4.28)

We will be interested in multi-field correlators in the long wavelength limit, so that Q(¢) =
¢ (k1,7) ... ¢ (kn,?). In general, this expression must be generalized to allow for the i€ prescription
that projects the initial state onto the interacting vacuum, but this form is the most useful starting

point for understanding the superhorizon evolution.
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For illustration, we can compute the tree-level four point correlation function as

—

(9(k1)0 (R2) 9 (Ks) 9 (Fs) tree_’_/ dn dxa(r)( [0 (x,zl),¢(k1)...¢(7é4)}>/, (4.29)

where the ¢ (75) fields are all evaluated at the same time ¢, and we have introduced the notation

(.)=02r)&(Lhk){(...). (4.30)

At tree-level, we can simply use the massless mode functions,?

¢ (k,7) — H2_k3(1—zkr) ke 4.31)
to evaluate this expression
o (k 4 (1 — ik 1 ik;
(oo (i)o (o (k). =azm [* 4 [T U=RILKD oo

i=1 i

2 1 k 1 kikoksks 1
S——— =R N S 2 - YL
= 8(kikakaka )3 [3 <Z ) ( CTaH] T3 > k9"

+2 Y kikjko+ kt<2k2 Zkk)] (4.32)

i<j<t 1<J

where k; = kj + kp + k3 + k4. In the final step, we have used T = —1/[aH], have kept the log[aH|
and time-independent contributions, and have not included terms that vanish as [aH] — c. In
deriving this expression, we have expressed the commutator as the imaginary part of the integral,

which holds for real fields at first order in the Hj,; expansion, namely

i((Hin(1)0(0)) = (Q() Hin(11)) ) = 21m (Q(1) Hin(11)) (4.33)

for a real operator Q(t).

2We will use % — Vv = a # 0 as a regulator when we encounter loops.
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4.3.2 Taking the Long Wavelength Limit

In this section, we review how to determine in-in correlators in the soft limit using SASET.

The starting point is to decompose the UV fields according to

—

os(k.t) = H ([a(6) H] %oy (k,5) + [a() H] Po_ (k1) ) (434)

where ¢ (X,t) = ¢s(X,t) + Dy (X, t) is split into soft (superhorizon) and hard (subhorizon) modes,
and we have introduced a dimensionless time variable t = Ht so that the mass dimension of
operators tracks the EFT power counting. The parameters o and 3 are subject to the constraint
o + B = 3. This is straightforward to derive from the top down, as these parameters are
determined by the mass via @ =3/2 —v and B =3/2+ v, where v is defined in Eq. (4.26).
The decomposition of ¢g into @, and ¢_ is exact in the free theory. Taking the limit

kT < 1 and using T = —1/[aH] in Eq. (4.26), we find

- d3k kX = (T .\~
0o, (%1) = / a0 (k0% (4.352)
= Fhk g 7oA
o_(%1) = / a0 (k)b (4.35b)
where
D, = C ! and p_ =D ! (4.36)
O+ = (X\/Ek%_aa O = B\/Ek%—ﬁ7 .
and

rG-a
\/E b

NZ3
cos(mf) ([3 —

Cq=2""" and D =-2""F (4.37)

;-

N[ —

The operators d; and E% are given in terms of the UV creation and annihilation operators of the
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form

~ iyt —id . 7 _ o —iby T __ id .
ap=e "az—ke ‘a_y, and bk—l<e Vaz e Va7k>. (4.38)

From the UV theory, we determine that the operators commute with themselves

al,a| = [BL 5| =0. (4.39)

(@ ) = m)? 8 (k+7) (4.402)

(Biby) = @) 8 (k+1) | (4.40b)

where (..) = (0]..|0), and |0) is the vacuum that is annihilated by a;. This gives rise to classical

statistical power spectra

7 7 C(%t 1 3<(7. 1 1/

(0 () 9+ (1) ) = S 555 (2m) 8 (k+F') (4.41a)
— - D% 1 3 =4 -

(- (k) o- (1)) = g Q) SR+, (4.41b)

where Cy and Dg are defined in Eq. (4.37) above. Note that in the massless limit @ — 0, we
reproduce the famous scale invariant power spectrum.

The corrections to this mapping can be systematically accounted for by matching between
the UV theory and the EFT, see Sec. 4.4. The fields ¢, and ¢_ have well defined power counting;
they carry operator dimension @ and 3 respectively. After utilizing field redefinitions, on-shell

conditions, and power counting to remove redundant operators, the low energy effective action is
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given by

(o)

Cn n
Sy = / d3xdt[—v(¢+¢_—<p+¢_)—Z[aHP‘"“‘ﬁn—’,lm(p_ : (4.42)

n>2

where the ¢, | are dimensionless Wilson coefficients. Note that t carries dimension zero by
SASET power counting, so marginal operators are dimension three. This explains why we have
only included operators with a single factor of ¢_ since these are the only terms that become
marginal in the massless limit (¢ — 0). Additionally, we have not included any terms with 5
which start at dimension five and are therefore power suppressed by at least k? /[aH|?.

In addition to an action, SASET requires specifying initial conditions for the fields
¢4 and @_ that are acquired from the time evolution prior to horizon crossing. These initial
conditions are random such that, to leading order, ¢ behaves as a classical stochastic variable

with correlations fixed by matching

(s (Ba) i (B) ), = 2 NDNeR, ((G) x5 (LK) (4.43)

where Z is a reference momentum scale, Fj, ({q,}) encode the dependence on the rescaled
momenta g; = k; /o, and the (n) subscripts track the order in the A perturbative expansion for

each contribution; the two point correlators in Eq. (4.41) should be viewed as (... . Because

ic
¢ is time independent to leading order in the EFT, the initial conditions are determined by
matching the time independent terms.

We evaluate time integrals in the EFT using

/_ tw dt'[a(t)H]" = ~[a(t)H], (4.44)

where we assume that this holds even when y < 0. This analytic continuation enforces that the
contributions from early times vanish, thereby ensuring that power law divergences associated

with physics at horizon crossing are automatically absorbed into the initial conditions (in close
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analogy with how dim reg treats power law divergences).
Cosmological correlators are determined in SASET using the same in-in formalism
as applied to the UV theory, see Sec. 4.3.1. For illustration, we can compute the tree-level

trispectrum using Eq. (4.27) and the canonical commutator
(04 (%8), - (¥%) | = —5- 8 (—¥). (4.45)
Performing the time integrals using Eq. (4.44), we find

(00 ). () 01 () 0. () = (| 1 o . (o) ().
S 4 () H] ol (J_c”,t')} >
— 2201 () () [ #g3 ) [ av'[afe) ]+ permuttions

_aa CRRik ([“H]Z“) (4.46)
2v (k1k2k3k4)3_2a 2a ’

where c3 1 is the Wilson coefficient for the (p}r ¢_ operator, see Eq. (4.42), and we used Eq. (4.41a)
to evaluate the field contractions. In addition, we must include any trispectrum associated with

the initial conditions.

4.3.3 (Dynamical) Renormalization

Loops corrections are calculated in the SASET using dynamical dimensional regulariza-
tion (dynamical dim reg). Rather than varying the spacetime dimension, we instead float the
dynamical exponents &, and evaluate loop integrals by analytic continuation in &. Then when
we encounter divergences as o — 0, they will be accompanied by log corrections to the time
evolution, in exact analogy with conventional dim reg. To keep the units fixed as we vary o, we

will introduce the necessary powers of [aH| such that ¢, stays dimensionless. Then we take
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o = 0 at the end of the calculation, so that:

os(k.t) = H (@ (k1) +[a(t) H] o (.t) ) (4.47)

so that @, corresponds to a massless mode.
Since we are working within the EFT, we will typically encounter vanishing scaleless
integrals. Then we can isolate the UV divergence in the usual way by regulating the IR with a

dimensionful parameter K:

e [ Ep 1
oyt [ S0
- d3p 1 _ 1 F[—OC]
2a — 20 20
— [aH] / (2m)3 (p2+K2)3/2-a [aH] 8m3/2T[3/2— a]K
1 1 K
~53 (ﬁ —|—logm —logZ) , (4.48)

where we have taken the limit ¢ — O in the third line. Having isolated these UV divergent
contributions, we can use them to determine the (dynamical) RG flow, which resums a series in
log[aH .

Having regulated the divergence, we can then absorb it into the renormalization of the

operator

O=27,0 ith  Z,—1 ! ! +1 K (4.49)

= W1 —loe———= 5 TI0 .
oOR o 22 \20 " TaH], )
so that
1 [aH |, K
Op...) o< —=1 log — 4.50
< R > 7712 0g [aH] + log K.’ ( )

where [aH|, and K, are energy and momentum scales we have invented to make the logs small,

i.e., subtraction points. By definition the bare operator & is independent of these arbitrary
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parameters, and thus

d d dlogZs
——0=0 <— ——————Or=——""—"—"—0r=7Y0, 4.51
dlog[aH], dloglaH], * dloglaH], * YOR; “3D)

where the anomalous dimension Y is independent of [aH|. We are working with a scheme where
Z¢ is diagonal at the scale [aH|.. In general, ¥ — ¥;; is a matrix that acts on the space of

operators, and which encodes both the anomalous scaling and mixing of these operators.

4.3.4 Matching and Initial Conditions

SASET provides an effective description for the time evolution of scalar modes that have
crossed the Hubble horizon. Their state at the time of horizon crossing cannot be computed
within the EFT, and instead has to be provided as an additional input. This is why SASET requires
matching for both the initial conditions and the EFT Wilson coefficients. This is not unique to
SASET, but is necessarily part of any EFT description of the post inflationary universe as well,
see e.g. [103].

When defined using dynamical dim reg, SASET is a so-called continuum EFT [104].
Concretely, the time integrals include arbitrary early times, even though the EFT does not
provide a model of the subhorizon physics, since it relies on the use of the long-wavelength
mode functions at all times. Importantly, as with all continuum EFT, these early time integrals
only make scaleless (and therefore vanishing) contributions. Thus we can integrate over all times,
such that the regulated integrals respect the low energy symmetries and the EFT power counting.
Underlying the validity of this procedure is the fact that the subhorizon physics only alters the
initial conditions and thus we can fully account for all subhorizon evolution by matching a UV
theory onto SASET.

One can demonstrate how matching separates into Wilson coefficient and initial con-
dition corrections more directly using a hard cutoff to evaluate time and momentum integrals,

1.e., treating the theory as a Wilsonian EFT [104]. Let k; denote the magnitudes of the momenta
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appearing in the cosmological correlator, and let the cutoff of the momentum integrals A be
much greater than any of the k;. In addition, we denote the time cutoff by 74; this is the time
when all the EFT modes are in the superhorizon limit, and thus it specifies when we set the initial
conditions for the EFT.

Before 75, a subset of EFT modes are subhorizon, and so one must use the UV theory
to describe them. To match onto the EFT, it is useful to split the full theory time evolution into
pieces before and after 5. Let U;(t,t’) represent the interaction picture propagator, and |Q) be

the UV vacuum state. This decomposition can then be written as

(Q (R1,1) ... § (knot) | Q) = (QU (2, —o0) 1 (K1, 1) .. §1 (K £) Uy (£, —0) | Q)

= <Q‘UIT(IA, —W)UIT(Z,ZA)¢[(z1,I) ¢1(zn,Z)U[(t,tA)U[(tA, —00)‘9.> , (4.52)

where ¢y is the interaction picture field.

One can trivially re-write Eq. (4.52) as an expectation value of |y) = Uj(tp, —) |Q),
the state of the full theory fields at z4. One can then integrate out the modes whose wave
vector magnitudes satisfy kK > A, so that the remaining modes are superhorizon after 75. It was
shown in [65] that, after integrating out these so-called hard modes, the resulting action for the
superhorizon modes @, and ¢_ is local. We can then evolve these modes from 75 to ¢ using the

unitary time evolution operators defined within the SASET itself:

Qo (k1,1) ... ¢ (Kny1) | Q) =

{WEFT(tA) |U1T7EFT (t,tA) b (K1,1) .. @5 (st ) U grr (2, 20) | WiFT(20) ) (4.53)

where Uj grr is the interaction picture propagator obtained from Eq. (4.42), and ¢ is given by
Eq. (4.47). The state |ygrr(ta)) is the EFT state inherited from |y) that results from integrating
out the hard modes; this state encodes the initial conditions for ¢, and ¢_.

One then fixes the EFT parameters in Eq. (4.42) and the initial state |ygrr(tp)) by
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matching to full theory correlators. In practice, the full form of |ygpr(f4)) is more information
than is needed to derive the late time behavior of n-point correlation functions of ¢. Instead, it is

sufficient to determine a finite number of n-point functions,

(wirr(ta)| @+ (k1) - 01 (Kn) | WerT(22)) (4.54)

from matching. Furthermore, this shows that all of the contributions from ¢ < 75 are encode
in the state |Wgpr (7)) or, equivalently, in the initial conditions set at 5. Finally, since 4 is
an unphysical cutoff parameter, no physical results can depend on it. In particular, the initial
conditions can be identified as the time-independent contribution from the UV correlators. This
implies that we do not need to rely on hard cutoff to derive the initial conditions. In what follows,
we will regulate the theory using dynamical dim reg, and will derive the initial conditions by
identifying the time-independent contributions to correlators that appear when matching.

To illustrate the matching procedure, it is useful to first consider a simple example. By
expanding Eq. (4.27) to leading order in c3 ; and setting |in) = |Wgpr) we find that the tree-level

EFT prediction for the four point function of ¢ is

T

(010 (f1,1) .6 (k1) @) = (—)4“ (vrr(t)] g () . () (o)

TA

T d . .
+2ic3 ) l—féa Ex (yrr(ta) | [or (k1) . 04 (ka), @10 (%, 71) ] | werr(ta) )| . (4.55)
N
At

As in all perturbative SASET calculations, the time dependence and field contractions factorize
at the integrand level. The EFT prediction is then parameterized by the coupling c3 | and two
expectations values of |YgpT).

The expectation values parameterize the subhorizon evolution of the EFT modes before

tA. If the full theory is perturbative, then the subhorizon evolution is approximately Gaussian.
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Assuming the UV theory is given by A¢*, then to O(1) we can write

(err () 01+ () - @1 (Ra) [wier (ea)) = (e (&) 010 (R2) o 0r. (Bs) @14 (Rs) o

+ 2001+ (1) 1.4 (K2) g0 (@11 (R3) @1+ (Fa) Dyt +permS) + (@1 (K1) - @1+ (Ka) )y

(4.56)

where the final term on the RHS encodes the non-Gaussian contribution to the subhorizon
evolution of the modes. There is a similar formula for the expectation value on the second line of

Eq. (4.55). However, since it is already multiplied by c3 ;, we only need the (...) contribution

1c©
to the expectation value at this order.

The SASET two point functions derived from the free theory are given in Eq. (4.41). To
include the impact of the UV interaction on the EFT, we compute { ¢y 4 (k1) .. 7.+ (k4) )1c and
c3,1 by matching to the full theory. The superhorizon evolution between 7 and ¢ generates the

term proportional to c3 1, and so we can isolate the initial conditions contribution by evaluating

both sides of Eq. (4.55) at t5, giving

<(PI7+ (751) Q1+ (7%4) >IC - <Q| (P (%1 ’ tA) (P (754’ tA) “Q>connected ’ (457)

where the “connected” subscript refers to the fact that this does not include the contributions from
products of lower point contractions. The RHS of Eq. (4.57) can be computed using Eq. (4.27),
where Hj is given by the full theory interaction Hamiltonian and the time integrals extend from
—oo to f5. Since the integral’s main region of support occurs when the modes are subhorizon, we
cannot replace the mode functions with their late time behavior, and instead have to use their full
UV form given in Eq. (4.26). The UV mode functions simplify for scalars whose mass is much
lighter than the Hubble constant and can be approximated by Eq. (4.31).

One can then fix ¢3; by demanding that Eq. (4.55) reproduces the full theory prediction

for the correlator in the regime ¢ > t5. While the split between subhorizon (¢ < 75) and super-
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horizon (¢ > #5) evolution is manifest in the EFT, this split has to be inputted by hand in the full
theory, as was done in Eq. (4.52); this is effectively making a choice of scheme. Practically, one
can decompose the time integrals in Eq. (4.27) into regions before and after 74. In our four point
example, subhorizon contribution is already taken care of by the initial conditions, i.e., Eq. (4.57),
while the second term in Eq. (4.55) must reproduce the superhorizon evolution. The Wilson
coefficient c3 1 is fixed by this condition.

Since the split time 74 is arbitrary from the perspective of the full theory, all full-theory
and EFT predictions of the ¢ correlators must be independent of it. This provides an additional
check on the matching calculation in the hard cutoff scheme. Fortunately, when we calculate with
dynamical dim reg, the time integrals are manifestly independent of 74, while still maintaining
the split between initial conditions and time-evolution. In this sense, the hard-cutoff scheme
proves the validity of dynamical dim reg, while dynamical dim reg makes it manifest that we
can implement this procedure without breaking symmetries. This matches the more intuitive
argument that our treatment of initial conditions and time evolution in SASET is identical to the

continuum EFT approach.

4.3.5 Stochastic Inflation from SASET

From the point of view of our EFT, Stochastic Inflation can be understood as a conse-
quence of operator mixing. Specifically, for light fields for which o¢ — 0, the composite operators
@'} are degenerate to leading order (in that they have the same dimension as determined by the
EFT power counting). Assuming the correlations of these fields are only due to the Gaussian

contribution given in Eq. (4.41), one encounters a UV divergence from a one-loop contraction
2 3 2-2a
. 2 n\ Cg d°p H
(9L() ) D (@ (X) ) % (2) > / Qnyp e

2
D <(pf’r_2()_c') L)X (;) f%log[aH]. (4.58)
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The dynamical RG associated with this operator mixing can be written as

;—t<<p_’£(f) )= ”’%,;” (0172(F).) -3 ¥ 2ol @l®.).  @459)

|
m>1 m:

where the second term arises from the classical time evolution. This equation contains the same
information as Starobinsky’s formulation of Stochastic Inflation. Specifically, we can use the

Fokker-Planck equation given in Eq. (4.2) to see that these two approaches are equivalent:
d d
ﬁ<¢i> — a—t/d(P+‘Pj-P(‘P+at)

L 1 92 1 0 Cml m
= /d(P+(P+ (me((ﬁat)‘l-gm [ —’]‘P+P((P+,t)]>

|
m>1 m:

nn—1) ,_ n o, Cml _m
= /d(P+< (87172 )(P+ 2P(g0+,t)—§(p+ ! ZIW(PJrP((P%t))
m> :
_ n<n_1)< n—2>_llzcm_7l< n—1_.m (460)
- grz P+ /T3 L Sy NP Py

m>1

where in the second line we plugged in Eq. (4.2), Ht = t, the oo = 0 relation ¢|p_—o — HQ,,

and

!/ a m m
V() = 5Vigeo)| =Y ol (461)

o o_=0 | m!
This shows that Eq. (4.59) is equivalent to the leading order equation for Stochastic Infla-
tion Eq. (4.2). Therefore, calculating corrections to Stochastic Inflation has been reduced to
the straightforward task of computing the higher order dynamical RG equation using SASET.

Concretely, we would expect to find mixing between composite operators ¢’/ and all possible
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q)f_/ such that

J n n & Cm,1 / ntm—1 n\ v n+2m—2
Sl =5 X ltorm ) (3) T (ol

- (’;) Y d (@t 2) 4 (Z) Y en(@im N4 (462)
m=0 m=0

Note the role of the binomial coefficient which will originate from the number of fields inside
@} whose contractions are responsible for mixing with a given operator, leading to a single log

divergence. Repeating the above argument, we see that this dynamical RG is equivalent to

9 19 2 [& by o
EP((P—ht) BEVTN 190V (01, 0-)|p_=0P(01,t)] +m [Z 2—!(1342r P(¢4,t)

+

83 - dm 2m 84 - €m 2m
+—;m2§mﬂww+%z;ﬁmﬂww+m7

(4.63)

where we see that number of derivatives is related to the binomial coefficient of the associated
mixing term. Comparing with Sec. 4.2.2, we see that the NLO corrections are determined by
¢s,1 and by while the NNLO coefficients are ¢7 1, b, and dy. Achieving NNLO accuracy requires
matching A ¢* theory onto the SASET at one loop, the subject of the next section. Note, however,
that we have described Stochastic Inflation in terms of ¢, rather than the UV field ¢. This
distinction will be important because the equations of Stochastic Inflation are not invariant under
field redefintions. We will address these issues in detail in Sec. 4.5.3. Finally, we note that this
result demonstrates the Markovian assumption which led to Eq. (4.16) does in fact hold as a
consequence of SASET power counting. Specifically, the fact that the ¢_ dynamics are irrelevant
to the evolution of the @, correlators implies that the evolution of the system is indeed linear,

and thus it has no “memory.”
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4.4 Matching 1¢* Onto SASET at One-Loop

In this section we will show how to match correlators of ¢ to correlators of ¢, in the
SASET to determine the EFT parameters in terms of UV data. This then serves as input for any
calculation of cosmological correlators for A¢* theory in the long wavelength limit, including
the corrections to Stochastic Inflation we will discuss in subsequent sections. Furthermore,
by extending this program to one-loop order for the first time, this calculation will serve as a
non-trivial check of the SASET framework.

Unlike conventional EFTs, we match both the couplings of SASET and the stochastic
initial conditions, the former results from studying the time-dependent terms in the EFT while the
latter is fixed at the time of horizon crossing. As a result, consistent matching of time-dependence
of the UV correlators is non-trivial and requires that the SASET is a complete representation of
the long wavelength dynamics. In contrast, time-independent contributions to a given correlator
can always be absorbed into the initial conditions (up to composite operators as discussed
in Sec. 4.4.3). As a result, for tree and one-loop matching we will be particularly focused on

time-dependent UV contributions.

4.4.1 Tree-level Matching and Field Redefinitions

Tree-level matching in the interacting theory is non-trivial due to the impact on the initial
conditions. We will need to introduce non-Gaussian initial conditions in order to match higher
point correlation functions as calculated by the UV theory.

We can understand many important aspects of matching by Taylor expanding the UV
calculation in the long wavelength limit. As a simple demonstration, we can explore the

superhorizon behavior of the operator ¢. At first order in the coupling, we can apply the
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definition of the in-in correlator given in Eq. (4.27) with Q(¢) = ¢, which gives

(0] (%,7) = i/rdfl [Hint(f1)a¢in(ic’, r)}

A [T dr . : " o
=5/ [ now@ ) iow(@ ) o) @ed

where ¢, are the interaction picture fields. Because the time integral runs over all times, this
includes both the regime where the modes are hard (UV) and the long wavelength limit where the
EFT applies. Nevertheless, if we expand in the long wavelength limit and evaluate the integrals
with dynamical dim reg, we will only get contributions from late times. Since ¢;, are the free
field operators, we can use the map given in Eq. (4.34) to determine the long wavelength behavior

of the full theory:>
O — H([aH] %1 +[aH] > %q_). (4.652)

Then using T = —1/[aH| and keeping only terms that survive as [aH| — oo, one finds

(o0 @]+ EEO . 1)) )
= %% ( - (— % +logla(t)H] | + %) 93 (%)., (4.66)

where in the last line we expanded in & < 1. Note that the scaling dimension of ¢ is still o
and thus will provide the necessary distance scale to make the log dimensionless inside of a
correlator, as is familiar from conventional dim reg.

Now we turn to exploring the same effect within the EFT direction by calculating the

3Note we are not working in the EFT yet, because we have not integrated out the hard modes. All we are doing
here is taking the long wavelength limit.

102



time evolution of ¢ using SASET. Using Eq. (4.34) with Q = ¢, and J%, = c3 1 (pf_ o_/3! we

have

(o5 (X,t) = Cg)—’!l/tdtl/dB’XI[aH(tl)]za‘Pi(fl)i[fP(ﬁ%%(f)}

1 —
= ——’—<——a+log[a(t)H]>(pi(x), (4.67)
where it is trivial to match the tree-level UV interaction to the EFT interaction, such that
cap=c31= .. =A+0(A%). (4.68)

The equality between ¢, o and ¢, ,» found in matching is also fixed by the reparametrization
invariance of SASET. We see that the EFT is capturing the first term in the Taylor expansion of
the UV theory given in Eq. (4.66), but not the second.

The origin of the missing term is two-fold. First, we are only considering correlations
of ¢, instead of the full UV field, which also includes ¢_. This alone would not matter, since
@_ is suppressed by [aH] 3. However, in order to organize the interactions within the EFT,
we removed the 0470(pi /4! term by a field redefinition. Specifically, to remove the c, 0@’ /n!

operator, we take

Cn,0

LA S TP

[aH)} (=Dt (4.69)

Therefore, keeping track of the field redefinition implies that we should use

1
Perr =@ =H ([aH]_a(p+ +[aH])Po_ + %Og[am—w@i + > : (4.70)

with @ — 0 and B — 3. Now the quantities on the RHS live purely in the EFT. As a result

¢_ will not contribute to correlation functions of ¢ because they are suppressed by powers of
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[aH] 3. Combining this with Eq. (4.67), we find

1H 1 c .
(0], = <p++§§(c3,1 (E—log[aH]) +%) 01 (). (4.71)

where we dropped terms suppressed by powers of [aH|. Now we see that this matches the UV
expression in Eq. (4.66) when we use the tree-level matching relations ¢3 | = c40 = A given in
Eq. (4.68).

This result also provides the map between SASET and Refs. [32, 93], which derived the
soft behavior by explicitly expanding the UV in-in correlator in the superhorizon limit. The
tree-like structure they observe is a consequence of our power counting as only ¢, | is marginal
and hence interactions only include a single factor of ¢_. The nested set of commutators in
Eq. (4.27) ensures that the marginal operators always have a tree-like structure. In SASET, this is
manifest from dynamical RG, and all the additional finite terms arise from the field redefinitions.

By similar considerations, we must apply the field redefinition to match the UV potential
onto V (¢, ¢_) in the EFT. Although A% has been removed, this procedure introduces higher

order terms, such as

€31 €3,1€4,0

390 7 gy leHl 0 @720
€22 _ €22C40
22 4H) P2 g — 18030 Pl . (4.72b)

Removing the first term will introduce a (pJ7r @_ interaction at order A> and so on. As a result, our

field redefinition requires that

1 €22C40 5  €22C31C40 7
V(9,0 ) D — _< 3 4 222%, 203,14, ) 473
(@4,0-) D 70— (3195 + == 0L+ ===+ (4.73)
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Finally, using ¢ 2 = ¢3,1 = c40 = A from matching, we arrive at

VI o2 T L (4.74)

orcs | = %% and c71 = 162 3

The correction to cs; is equivalent to the NLO corrections to the effective potential
calculated in Refs. [31] and [92] using complementary techniques. While these two references
approach this problem from different perspectives, the wavefunction of the universe and the dS
static patch respectively, both effectively integrate out the decaying mode ¢_ which leads to
an additional term in the potential. Instead, when ¢_ is included, our corrections arise from
insuring ¢_ does not mix with ¢ at higher orders in perturbation theory. As the dimensions
of @, and @_ are well separate for & — 0, removing mixing can always be achieved by such a
field redefinition. Additionally, it is easy to determine the correction to 2,11 = A" by repeated
application of Eq. (4.69). Most importantly, we do not integrate out ¢_ to ensure we have a local
action, rather than an open EFT for the growing mode alone [30].

What we have accomplished thus far is to determine the correct basis of operators to
match the EFT and UV descriptions. We have ensured that the superhorizon limit of ¢ and ¢
agree as operators at higher orders in A. However, in order to match the correlators of the UV
theory, which include the subhorizon evolution, we will need to determine the stochastic initial

conditions beyond the Gaussian limit.

In order to correctly match the four-point function, we write the EFT trispectrum to order
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A as*

/

(pE)e®)0()0()) =[], ()0 ()9 (k) o (Ka) ). +permutations
+

(o) (k) o(Rs)o(ks))

AH* kl~3 1 k; C4.0
-~y | “40
8 (k1kaksks)? Z 3 (63’1 (2oc Tlog [aH]> 3 )

+{o()e()e)e®E)) - @75)

/

where ¢31 = c40 = A as before, and the subscript “C” denotes that this is only the connected
contributions. Matching this EFT expression to the UV result in Eq. (4.32) fixes the non-Gaussian

contribution to the initial conditions:

7 2 - -\ AH* Z'k-3(—L+’YE—2+logl%)
<9<k1)9(k2)£(k3)9(k4) >IC<‘> - 8(kikaksks)? [ - - 3 :
kikoksks 1 I
_% — 5k +2 ¥ ik + 3k (Lk- Zkikj)] ,(476)
/’l<l<] i<j

where k; = k| + ky + k3 + k4. Most significantly, all the time-dependence of the full UV trispec-
trum is already captured by the EFT and, as expected, the initial conditions are only required for
matching the time-independence contributions. This result is extended to the six-point function

in Sec. 4.A as expected from general arguments.

Matching Derivative Operators: Before moving on the loop-level matching, let us briefly
comment on the case where the UV theory is itself an effective theory. Specifically, we are only
considering the case of a A¢* interaction in the UV, while in principle there could be a variety of

higher derivative (irrelevant) interactions as well. The first such operator we can write down is

“For convenience, we take Co — 1 for the light fields and have dropped the additional constants that arise from
expanding Co, = 1 + at(ye — 2+ log2) + 0(062). While this choice has no impact on the physics (since the correct
constants will appear in the initial conditions by matching), it will simplify the algebra significantly.
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(Vo VH)?/M*. The full tree level trispectrum was calculated in Ref. [105] and is given by

8
<¢(%1)¢(z2)¢(z3)¢(7€4)>v4 = (21)’5 <;%l> A%%Zk?

|1k (12kikoksks | 3Tic <o kikih
k> i k!

kki 1 SN
+%+k—> ((k1 -k2> <k3-k4> +2perms>
t t

(0 ks 12 (ki + ko) kiky | 48kikakskg
i ki k?

+5 perms] . “4.77)

What we notice right away is that this gives us a completely time-independent result. It can

therefore only be absorbed into the initial conditions of ¢ :

(o1 (K)o (K)o (K)o (Ke)) > H*(o(k)o(k)o(Ks)o(ks)) . (478)

IC

This result illustrates a broader feature of physics in dS: higher derivatives decouple at long
wavelength and thus contribute, at most, time-independent correlation functions. This property
is made manifest in SASET and must hold in matching. As a result, a variety of possible UV
theories only impact the initial conditions and not the long wavelength dynamics. In this sense,
our choice to focus A¢* is not missing more complicated superhorizon evolution. Instead, higher
derivative terms are trivially matched in SASET and thus do not further illuminate the structure

of the EFT.
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4.4.2 One-loop Matching

When calculating loops in the UV theory, rather than the EFT, our EFT regulator (dynam-
ical dim reg) is not effective.’ Loop calculations in the UV are not scaleless and therefore we
will need to regulate them differently than the EFT approach. This difference will be absorbed
into the matching calculating. In Sec. 4.B, we match using a hard cutoff in both theories for an
example with consistent regulators in both and find identical results, up to scheme dependent
coefficients. To avoid the usual challenges of working with a hard cutoff, we will use dimensional
regularization in the UV theory via

(9(k.7)9(-k7)) = ng—l (—0)% (=) T Hy (—kt)HG, (— k7). (4.79)

where v = \/m To simplify calculations, we can fix v = 3/2 for any dimension,
and then can regulate integrals that appear via an analytic continuation in d. We note that while
this will regulate the one-loop divergences that appear in this section, dim reg alone is not
sufficient in general, as we will see below.

We will begin with the one-loop power spectrum of the growing mode, illustrated in the

left side of Fig. 4.2. In the UV theory, a standard in-in calculations gives us

<¢(%)¢(Z/)>;l) :4%%2 (%+log%+yg—2) [[aH]_g/(;liI;d#}. (4.80)

Regulating the IR by substituting p> — p? + K? in the denominator, we get

RN A H?/[1 2k 1 K 1
<¢(k)¢(k’)> :W?(Eﬂogmﬂ@—z){E—longrE(logm—yE)}

(4.81)

3Tn a forthcoming paper [106], it will be shown that when these integrals are transformed to Mellin space, then it
is indeed possible to implement dynamical dim reg in the full theory.
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Figure 4.2. Diagrams for the one-loop matching, as computed in the UV theory. The horizontal
line indicates a surface on constant conformal time 7y on which our in-in correlators are evaluated.
Left: One-loop power spectrum. Right: One-loop trispectrum.
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This is the complete one-loop power spectrum of the UV theory.

In SASET, the one-loop power spectrum is given by several terms

/ /

0 + H2aH) 2 (g1 () 91 (V1))

(p®)o()) = Hlat] {9, (K)o, (i"))

C40 1 —40 7 7 ! 7 7 !
F25 Rl (02 ()92 (1)) + (0@ o)) ) @8

where ¢4 ~ A, and @ is given in Eq. (4.70). The subscript (n) labels the order in A in which
correlator is calculated and S ™ is the contribution to the correlator from a shift in the value of

o at order A™. The first term is the one-loop power spectrum in the EFT,

o] 2 (o1 ()0 (7)) | = ~la) o < ) i) e | (311;3 =

Lot A e RN e K
6243\ 200 ClaH] 20 ClaH] )

(4.83)

We must also allow for the possibility that, due to matching, we will need to correct the value of

o from its free-field value. Substituting oc — o + SaV in Eq. (4.41a) and expanding to linear
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order, we have

H2aH |2, (K)o (?’)>;a(1) = <9(%)9(?’)>(0) (1 +258a!log [a—’;l]) . (484

where have absorbed the [aH ]*250‘ into the definition of this term to derive the dimensionless
argument of the log. From the EFT point of view, Sa'V is an unknown constant of order A to
be fixed by matching. Finally, we have the contribution to the ¢ power spectrum from the field
redefinition:

cap 1l 5 _4q 2y 3 28\ cap 1 1 1 K
250 H aH] (g +(k)(p+(k)>(0)—> S 33w |~ aa O tlee2) - 489

We emphasize that since the coefficient of (p?r in the definition of ¢ is fixed by matching the
superhorizon six-point function, there is no additional freedom within this term that can be used
to match the 1-loop power spectrum.

The final term 6 < [ (%) [ (;’ ) >;C is time independent and is determined by matching the
time-independent part of the UV calculation. Combining these results and using c49 — A, we

find

2 e\ HE A ] [aH] 2\ ([ 1 |aH]
H <9<k)9<k'>>(1)_6n24k3(—2a+1°g c T3\ Taa Tty
H? k A1

+8aM = 1o L 2+< () (%/)>/ (4.86)
PRI TEE TR AV ALY TR

Comparing this result to Eq. (4.81), we see that the time-dependence of the UV and EFT agree

after matching the single log coefficient with

Al 7 1
1
Sall) = =273 <yE — ~ +log2 — E(log47r yE)) (4.87)

This is a non-trivial result as we only have a single free parameter to match the full time-
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dependence on the UV result. All the time-independent contributions can be matched by
adjusting the initial conditions, IC(!), which in this case is just a renormalization of the amplitude

of the two point function, namely a shift in Cy,.
One-loop Trispectrum

Now we move on to the one-loop trispectrum, as illustrated in the right side of Fig. 4.2.
For our purposes here, it suffices to simply match the UV divergent terms which result in time
dependent log[aH] factors.® This will result in a correction to the c3,1 Wilson coefficient in the
EFT. While the initial conditions also receive corrections from matching the trispectrum, these
would contribute to Stochastic Inflation beyond NNLO, and so we will not compute them here.

For convenience, we break the UV calculation into two terms

71= (9 (1) 61V (k2) 9 ?) (3) 9 (ks) ) + permutations (4.882)
A= (9 ()01 (K:)91) (k) 0V (ks) ) + permutations, (4.88b)
where
0D 1) =i / a, [Him(zl),¢(%,t)] (4.892)
0O (E,1) = — [ ! dtaHin(12), [ / ’ dtlﬂim(tl),¢(7é,t)H , (4.890)

where Hjy is given in Eq. (4.28). In what follows, we will show that .%4 is UV finite, while ./}
is UV divergent. Then we will match this divergent contribution between the UV theory and the

EFT to derive the one-loop correction to c3 1.

%We remind the reader that the “UV divergences” that we are isolating here take their origins from the IR
divergences of the full theory that are resummed by Stochastic Inflation. The expansions being done to simplify the
integrals that appear on the UV theory side of this matching calculation amount to decomposing the correlator via
the method of regions [107, 108].
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We begin by evaluating .#;. Expanding in the limit p > k;, we have

1 T 3 . 1—i 2
j“_ / (dTl /(d p G(k],f,f])ﬂelzpﬁ

"Bk (—u)t) 2n)? P
tdn, [ &Ep (1+ipn)*
Gk ert
X/ (—72)4/(27r)3 (7, m) — 5=
+ permutations . (4.90)

The integrals over 71 and 7, are independent and we can evaluate them as usual. Expanding in

k;T; < 1, we have

T d - ; 1 /v d ;
/ (LG(kl,f, ) (1 —ipt ) 2™ — —5/ il (77 = 17) (1 —ip7y )P

—11)* (—71)*

(—i) 11
=2 7] —— 491
3 (logrt—15 4.91)

Putting this together yields

1 ep 1 112
I / P " (logpr—— | . 492
‘TR oy s (Ogm 12) 452

This integral will not lead to any UV divergences. Furthermore, this result is exact in p7 since
we have only expanded in k/p. Therefore all the subleading terms will be more UV convergent,
and correspond to higher power corrections in the EFT. This shows that all we need to include
when matching c3  is the correction due to J#;.

The second term, .7, gives rise to more interesting UV behavior. Again expanding for
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large loop momentum p > k;, we have

H* ddp T dt; -
Hy / / Gt
= Rlakska)? ] Cryd ) (o) (k1,7,71)

hodn 1 . 2 . 2 _idp(t—
21 —01 t)%(1 —ipT i2p(t11—1)
X m/ (—r2)4p6( +ipt) (1 —ipm)e

+ permutations . (4.93)

We have expressed the commutator acting on the loop momenta in ¢3) in terms of the imaginary

part to simplify the calculation. In this form, the time integrals can be evaluated exactly, giving

Hy

H*A? /ddp 110 1 5,
(

~ L 3 -
T60kakaka)? | myp |81~ 27 2 3%) — 557

1 2p \* 20 4k
+ = <log _p) + (14 39)log P log —} -+ permutations

9 [aH | [aH] 9 * |aH]
H*2? 1 (2 k K?
= = +log—— +log— — 4.94
8(kakaks)3 470 (a* °8 ] T8 4z YE) (494)
10 1 5 , 2log2+3log?2
— — — (2 log2) — —
X {81 27}/E( + 37 +6log2) T 7

+0 ((log[aH ] )2> + permutations.

In the last line, we are only writing the terms that are linear in loglaH] since this is what
determines the contribution to the RG.

We can see the appearance of higher powers of log from the perturbative EFT contribution
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to the one-loop trispectrum

. -\ oYk 1
(0: (1) 01 () ) > S(krkokske) 290

t t 3 2
x/ dtl/ dtz([a(tl)H][a(tz)H])20‘/87’;3%

Yk 11 <_ 1

2
L vogfaH
Serkakaks) 7292 \ 2 T 108l ])

—

1 1 K
— | —=— —log —= +1log2 4.95
o ( 20 ® [aH] +los ) ’ (493)

where the compensating dimensionful factors that appear inside the log[aH] term come from
expanding the prefactor in the small o limit. One can check that this term matches the coefficient
of the log? divergence of the UV calculation.

In order to match the linear log term, we need to keep track of the EFT field redefinition
to order A2. Specifically, we need

_ _ Al A1
(p:H([aH] %@, +[aH] ﬁ(p,+§§[aﬂ] 3“<pi+ﬁ§[aﬂ] 5“<p?;) : (4.96)

to remove the (pﬁ operator from the EFT potential. This O (12) term contributes to the trispectrum
at one loop:

TR R R SN Yk AT5 o dp 1

)9 () e (k) (k) ) o _Lih S 2 [ SP 497

(o(k1) 9 (k)0 (Ks) @ (ks) G sian aap @9

which matches the leading UV term in Eq. (4.94), namely the log term proportional to a factor of
10/81. After matching this term, we see a fairly complicated expression remains for the linear
log. This can be absorbed into the c3 1 Wilson coefficient in the potential using Eq. (4.46), such

A2 (1 5 2log2 + 3log?2
C371—>l—W(—}/E(2+3YE+6log2)+—n2— g £ ) (4.98)

that

9 12 9
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This is the one-loop matching correction to an EFT Wilson coefficient, in analogy with Eq. (4.87)
above. A priori, one might think that we have to consider the divergence from the mixing of the
operators ¢, and (pf_ In later sections, we will see that such a mixing is equivalent to a shift in
the potential of the form in Eq. (4.98), and therefore these two interpretations of the logarithmic

growth are related to each other by a field redefinition.

4.4.3 Initial Conditions for Composite Operators

The above matching procedure is sufficient to regulate the correlation function of ¢ and
match ¢ correlators at separated points. Composite operators are defined when some of these
operators are at coincident points. In Fourier space, this involves a convolution integral which
can produce divergences that require renormalizing the composite operator itself.

Composite operators can be defined in this way purely within the EFT. Since we are
regulating loops in the EFT with dynamical dim reg, this implies that we will need to know
initial conditions for general ¢. Fortunately, we will be interested in limits where the momenta
are hierarchical (UV divergences of the momentum integrals), which simplifies the matching
considerably.

We will start by taking the tree-level initial conditions for the trispectrum, and tying two

of the legs together to form a (pi [X = 0] composite operator:

!

/ 3 R - o
(92000 (B) g (B)), = [ (0 () (— =T ~Ro) o () (B) ) . 499)

where we are interested in determining the integrand of the right hand side in the limit p >> k;.
For ov = 0, we determined the initial conditions exactly in Eq. (4.76). In order to regulate the UV
divergence that comes from tying the two legs together, we want to evaluate this for general «,
while isolating the term of interest, which is proportional to Py (ki )Py (k2), where Py is defined
by

(04 (F) 91 () ) = Pr ()27 3 (k+7") (4.100)
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so that (Py(k)), = (2k*)~!. Since k < p, the initial conditions will arise at the horizon

tree
crossing of the modes carrying momentum p when the k;-modes are superhorizon. As discussed
in Sec. 4.4.2, we therefore match using massive mode functions for only the k; fields, where we

can also Taylor expand in k7 < 1. As a result, the initial conditions are given by

<¢+(ﬁ)¢+(—ﬁ—%l —ka) o (k1) o4 (752)>;C<1) ~ APy (k1 )Py (ko)

- oo dr _2q | N2 . \2 i2p(T—
x lim 2Im m[aH] “@(1—1191) (14ipT)2e?P*=™) | (4.101)

where [aH| 2% = (—7)?*. The RHS of this expression is the calculation in the UV theory
with the appropriate choice of masses for the mode functions. We are implicitly evaluating the
correlation function at a time 7y and extracting the 7p-independent piece in the 7y — 0 limit.

Evaluating the integral, we find

!

<(P+ (ﬁ)(p+ (1_7)_751 _752) O+ (?1)(p+ (752> >IC(1) =

(1+20)I[—1+2a]sin (5(1—20))

AP, (k1)P+ (k2) 22ap3+2a

. (4.102)

Corrections to this result are suppressed by powers of k;/p which will not contribute to the
one-loop divergences that we will use to determine the RG for composite operator mixing below
in Sec. 4.5.1.

For two-loop divergences, one must determine the initial conditions (see Sec. 4.5.2

below):

!

(pi0lg (k) =

1c(h)
d? d3 . . - L SN
/(25;3/(275)23 <‘P+a1 (Pl)(P+az(P2)<P+a3(—k—P1—Pz)(p+(k)>

c’

(4.103)
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where we will take the limit p; > k, such that —k— P1 — P2 =~ —p1 — Pa. We calculate this

contribution for general ; by matching to the full theory:

/

<¢a1 (P1)9a, (P2) 90y (P3) 9 (%)>(1)

= 2tm |, (71, (7, (7.2 o .9

T d B ) . )
X/ ﬁuv‘(pl’rl)”VZ(pz’Tl)”Vs(Psafl)%/z(k,ﬂ) ,

(4.104)

where

uy (k,7) = —ie"<”5)Q?H(—TP/ZH(J)(—M), (4.105)

is the positive frequency mode for a field with o = % — V. Again, since the mode functions at
horizon crossing behave as if they are effectively massless, this contribution can be determine
using massless mode function of p7;, but we must use the massive mode functions for p7. The

result of integrating over 7; is

o o o >v\/ H?—1Ca~}7ai 3 2
(o0 )0 (101 (7)1 () ), =2 DL (8 it pipapa + i ).

c 12(p1p2p3> - by
(4.106)
where the correlators were matched at time 7,
1 1 Dt
A — 24 ]oct 4.107
Ki 3( 2a+'}’E +ngi)’ ( )

and p; = p1+ p2+ p3.
Finally, we must also determined the tree-level six-point initial conditions, illustrated in

Fig. 4.3. We are specifically interested in the correlator

(00 (F) s (—F—F) o (1) . 0: (Ka) ) (4.108)
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time P

Figure 4.3. Tree level pentaspectrum

in the limit p > k;, where k= Z?Zl k;. As in the case of the trispectrum, we will isolate the term

<(P+ (B)o(—P—k) s (k1) .. 05 (Ra) >1c<2> D A T24(p)Py (ki) ... Py (ks), (4.109)

such that

o) = [ i | e (0 )00

—ZRe/T(_;llfiza /Tl( o <¢2(ny)¢2(p7fl)¢2(l?,T2)>- (4.110)

_ TQ )472(1

By direct calculation we find that

I24(p) [16—}—4’)/5(—11 +378) + 31> +4(—11 + 6y +3log2) log2

+O<logﬁ>} @.111)

= 2i6piaa

4.5 Composite Operator Mixing

From our above discussion, we argued that corrections to Stochastic Inflation are uniquely
determined by the correlation functions of composite operators; computing those that are relevant
to correcting Stochastic Inflation up to NNLO is the topic of this section. We will start by setting

up the problem of calculating composite operator renormalization. We are interested in operators
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of the form ¢’ (X). These are well-defined purely within the EFT, so we must be able to discuss
their correlation functions and renormalizations given only the EFT data. Of course, the crucial
information is the initial conditions, which therefore depend on first matching to the UV.

In general, given the EFT field operator ¢, (¥,t), we can always define a composite

operator

):H/(27L’)3e o (). 4.112)
i=1
In a free theory, we find the structure:

d3 pl

“Pi¥(2m)3 8 (ki + Pi) Py (ki)

(01 @01 () 1 () =nTT [ 57

— nle’ TP (k) .. Py (k) | (4.113)
where P, is defined in Eq. (4.100). Taking the Fourier transform,
— [ @xetier(3). (4.114)

we have

<<pj_ ®) o, (K1) ...0: (ién)> — ! Py (k1) ...P+(kn)6<7é+ ZE) . 4.115)

For simplicity, it will often be easiest to use ¢/ (X = 0) = ¢’} [0] to avoid the extra §-function.
Given this definition, we see that we should be able to define all such correlators of

composite operators as simply integrals over the correlators of ¢ . For example,

(0 8= 0101 (o) 01 ) =TT [ (3 (04(51) - (50 () 02 o))

(4.116)
A very important feature of this formula is that the integrand on the RHS is free of divergences,
in the sense that we should have already regulated and renormalized the expression. As a result,

all of the renormalization of the composite operator itself (and hence the matrix of anomalous
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P -7 Kk %
©,
{ —  @2[0]
time

Figure 4.4. One loop correction to (p<2F that looks like an anomalous dimension ((pi — q)i). We
start from the tree level trispectrum and integrate over two of the fields to form the composite
operator (szr. Left: The Witten diagram with a boundary at future infinity. Right: The Feynman
diagram with the same momentum flow.

P+ @2 )

dimensions) has to be associated with integrals over p; as opposed to the loop integrals that

appear in the calculation of <q)+ (ﬁl) e Q4 (ﬁn) 04 (751) e Qg (%m) > itself.

4.5.1 One-loop Corrections

Trispectrum
We will start by computing b1, which is determined from the four-point function via

— — d3p 5 5 — — — — !

<¢J2r[0]‘P+ (k1) oy (k2)> . /W<(P+ (P)or (—P—ki —ka) or (ki) oy (k2)> . (4.117)
The relationship between this loop contribution and the tree-level trispectrum is illustrated in
Fig. 4.4. The contribution to the four-point function from the time evolution already yields a
log[aH|. Therefore, any anomalous scaling (which should also only be a single log) must arise

from the initial conditions. The relevant contribution was calculated in Eq. (4.102).

Performing the integration over p using dynamical dim reg, we find

(9210]9: (K1) 91 (K2) ) = Px (k1) Py (ko)

(14+2a)I[—1+20a]sin (Z(1-2a)) K~ 2%73/21[q]
X
22 I'[3+a

(4.118)
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Expanding for ¢ — 0 we have

Voo ( 1 43y —3logK _
<<Pi[01¢+(k1)¢+(kz)>=AP+<k1>P+<kz>< r + M ok )—i—ﬁmte)
A 1 H
— 36n2P+(k1)P+(k2)(4—3'}’E)(ﬁ—log[aTi]) ... (4.119)

We can repeat this calculation with ¢! [0] to determine the one-loop anomalous dimension for all

n. Keeping track of combinatorics, one finds

<¢i[0]¢+ (k1) ... @+ (%n)> o) # (Z)n!P+(k1) Py (k)

aH|

<Y (4- 3y>(i_1 g[k +ﬁ( : )—l—ﬁmte) (4.120)

i

This NLO log[aH] dependence can be resummed by including the following correction in the
dynamical RG:

A
bi= 3o (4=3%). (4.121)

Six-point

Our next task is to compute b, which we determine by evaluating the six point function,

<¢i[0]¢+(%1)...¢+(%4)>z/(gjg <<p+ ( i ><p+ ki) . .<p+(%4)>/, (4.122)

with p > k;. The relationship between this one-loop contribution and the tree-level six-point

function is illustrated in Fig. 4.5. As before, only the initial conditions arising from

<(P+(I3)(P+( — k) oy (k1) ... os (%4)>/ D A*T24(p)Py (k1) ... Py (ks) (4.123)
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will contribute to the operator mixing, where I'; 4(p) was calculated in Eq. (4.111). Performing

the momentum integration using dynamical dim reg, we find

12/ ¢p (») ! L ) et o (1) | +finit (4.124)
— = | —— — —5 — nite .
(2m)3 24P 8n2a  2m? 24 o ’
where
)LZ
byy = m[16+4yE(3yE —11) + 372 + 4log 2(6YE + 3log2 — 11)} . (4.125)

Now we restore the factor (kjkyksks)*[aH]~** associated with P(k;) for general o and take the

limit o¢ — 0O to get

1 n 1
8wl 2w

1

<(0J2r[0](P+ (k1) ... o+ (%4)> D byaPy(ky)... Py (kyg) [ [aH]

4

1 k;

—log ] . (4.126)
:14

Repeating this calculation for ¢’/ we have

n

<‘Pi[0]¢+(%1) ---¢+(%n+2)> Dby (2) (n+2)1Py (k1) ... Py (knt2)

ol L 1 ill ki (4.127)
——+-—) —lo . .
8nlo  2m2 &4 & [aH |

This NLO log[aH] dependence can be resummed by including the following correction in the

dynamical RG:

2

1A B , i
_2n2216[16+47’E(37E 11) 4372 +4log2 (6¥ +3log2 — 11)| . (4.128)

by

4.5.2 Two-loop Corrections

Next, we move to the calculation of the two-loop anomalous dimension that generates

the NNLO non-Gaussian noise term for Stochastic Inflation. This represents a novel contribution
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<P+(%1)
ki ko P P k3 k4 .
' ' ¢+ (k2)
| M/_’ .
time ¢+ (k3)
(P+(%4)

Figure 4.5. Diagram of contribution one loop contribution to I 4 (‘Per — (pi). We start from
the tree level pentaspectrum (6 points function) and integrate over two of the fields to form the
composite operator (szr. Left: The Witten diagram with a boundary at future infinity. Right: The
Feynman diagram with the same momentum flow.

which is calculated here for the first time. In particular, our goal is to calculate:

3 3 3
(ol01p:(6)) = [ %@4&)%(ﬁz)¢+(ﬁ3)¢+(%)>, (4.129)

where pj 53 > k. The relationship between this two-loop contribution and the tree-level trispec-
trum is illustrated in Fig. 4.6. The correlation function on the RHS was calculated in Eq. (4.106)
for general ¢; (for each p;) such that we can regulate the integral with dynamical dim reg. Making

the above substitution

B Epid3py, T Cop™
3[0]e (k) ) D P k/ PLEP2) i1 KY.pi — + L Pipi |
<<p+[ Jos ( )> (k) 2n)5 " 12(pipaps)? ;P pP1p2p3 ;jp Dj

(4.130)

where K is fixed by the full calculation for the reasons described above, see Eq. (4.107). We note,

that this result will require us to calculate several integrals of the form

d*prdips 1
L= ) 4.131
= [ oy DR+ o) 13D
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W E— ‘P+ 0] - ‘P+(%)
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tlme

—p1— D2

Figure 4.6. Diagram of contribution two loop contribution to the mixing (p}r — @. We start
from the tree level trispectrum and integrate over three of the fields to form the composite
operator (pi. We first drew this as a Witten diagram with a boundary at future infinity. At the
bottom we have shown the Feynman diagram with the same momentum flow.

where a, b and ¢ are half integers when a = 0. We can evaluate this integral as follows:

F[b+c d3p; dBpy 1 —x)!
e b ) | e o

_Tb+c—3] 1 / &p 1 /dx (1 —x)e!
(

Cb|Tc]  (4m)3/2 ) (2m)3 p2at2btae=3 x(1—x))bte=3/2

 Tb+c-3]TE-bI3—c 1 Tat+b+c—3] K6-2a-2b-2c

Cp|Tle]  TB—-b—c (4n)°Tla+b+c—3] (4.132)

where we introduced an IR regulator K as we did for our 1-loop divergence. This IR regulator is
only needed when a + b+ ¢ ~ 3 (the integral vanishes by dynamical dim reg otherwise). One
should also notice that enforcing a 4+ b + ¢ — 3 restores the invariance under permutations of a,
b and c.

We always have at least one log from I'[a + b + ¢ — 3]. Therefore, the only contributions
that are not log? (or higher) are those where all the other I" functions are finite. Up to permutations,
there are three relevant cases (i)a =3/2,b=3/2,¢=0, (ii)a=3/2,b=1,c=1/2, and (iii)
a=b=c=1. Only (iii) is a single log as expected from above. Isolating just the single log

term, for example usinga =1 —a /2 with b =c = 1, we get

\ o Al 1 laH] k 1
<(p+[0](p+(k)>(l)——P+(k)—26—(—a+10g7+logf+...)+O(p). (4.133)
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Repeating this calculation for ¢’/ we have

(9210104 () -0 (), >~ 155 (3) (= 2)1P, (k1) . Py (ky2)

1 k;
xZ(—a—Zlogm>. (4.134)

This NNLO log[aH| dependence can be resummed by including the following correction in the

dynamical RG:
A

—_— 4.135
19272 ( )

do =

4.5.3 Stochastic Inflation at NNLO

Now we have computed all the necessary pieces. To summarize our results, we have

found that at NNLO, the Fokker-Planck equation for Stochastic Inflation becomes

0 1 0
SeP0- )= 3 90 Vipeo )| Plon0)
1 02 1 93
+§W[(b0+b1¢i+b2¢i)l’(¢+,t)} 31907 (do(P+P((P+, )>, (4.136)
where
A 3 A s AP g
V(9r,9-) = 310 (03 + @1+ {505+ - (4.137a)
1
b= (4.137b)
A
b1 =~ (4= 3%) (4.137¢)
2
2= 55 16 +4y:(37e — 11) + 372 +4log2 (67 +3log2 — 11)|  (4.137d)
A
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The rest of this section is devoted to expressing this result in a particularly simple basis.
As we have emphasized above, the coefficient b; and b, are basis dependent, in the sense that
they can be changed by taking a field redefinition. For the purposes of solving for the NNLO
equilibrium distribution, we will find it useful to first perform a field redefinition that moves their
effects into the potential. For contrast, we note that the coefficient dj is basis independent, and
furthermore field redefinitions of this (d/d @ )? term will only induce higher order (NNNLO)
terms that we will neglect.

Concretely, we want to redefine the field ¢, = f(¢, ) such that b; = b, = 0. Using
P = (d@. /d¢, )P under such a field redefinition, we see that

1 92
EW[(bﬁbl"’i%z‘l’i)l’(%,t)} —
+

1 92 [ dé.\ 2 )
20¢2 (dii) (b°+b1‘Pi+bz<Pi)P(<p+,t)]
+_
1 9 [d¢,d@ )
206 dq()p;dzi(b0+b1(pi+b2‘Pi)P((P+7t)]- (4.138)
L +

Next, in order to set b; = by, = 0, we define (@ so that

da 2
(&) (bo+b197 +b297) = by, (4.139)
do,

We can integrate this equation to determine

i bi 3 3b7—4boby s

b
- T 6hn ~ ¢ — Q. 4.140
Pr=0+—¢ b o1+ 42 oy — Q>0+ 6ho (0 ( )

126



The remaining term is then determined to be

d*¢, dpy 1 bo 3
bo+b b — 2b 4b
9> do, —= (bo+ 1<P++ 2(P+) 2b0+b1<p3r+b2<pi( 1904 +4b297)
. 507
~ b1 Py — (sz — Eb_(l)) o3 (4.141)

This basis change also impacts the effective potential that appears in the Fokker-Planck equation:

3 bo

I (= 0\ - 3
Verr(@4) = a(P—V((pra(p*)l(p_:()_'_ Lby+ 5197 + brg? (26194 +4b2007)
3. 567 .5
%§b1¢++(?+3b2—zb—>(p+—l—.... (4.142)

The first term, %bl @, simply provides an O(A) correction to @, i.e., the quadratic term in the
potential ¢y ; can always be removed by redefining o, just as we did above when matching
the 1-loop matching power spectrum, see Eq. (4.87). The new contribution to the second term,

= O(A?), is simply a correction to the definition c3 1, again just as was computed above when
matching to the 1-loop trispectrum, see Eq. (4.98). The same is true for higher powers of ¢, that
we have dropped. In short, we see that b; and b, simply shift the definition of the couplings

within SASET at higher order in A but do not introduce any new terms. As a result, we may

simply define
Acft = A 4183 +3!8¢3 (4.143a)
2 2
1 5 2log2 +3log=2
= 2 log2) + —m? — 4.14
dc3.1 Mz( ¥e(2+3YE +6log2) + = 5 ) (4.143b)

where 8c¢3  is the correction from one-loop matching in Eq. (4.98). For the other contributions
to Stochastic Inflation, A.r = A is sufficient to achieve NNLO accuracy. In this sense, the
coefficients of the NLO and NNLO corrections to the potential are independent of redefinitions

of A. This same argument explains the scheme-independence of -functions up to two loops.
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Putting this all together and relabeling ¢ — @, we arrive at a canonical form for the

NNLO equation:
d 1 o 1 92
ﬁp((pJ”t) - gm [Ve/ff<(p+)P<(p+at)} + @MP(¢+7t)
)ueff 83
115272 a(pi ((P+P(‘P+7t)) (4.144a)
dett (3, et 5 | A
— s eff 7

Presumably this freedom to put these equations into such a canonical form can be recast in terms

of a covariant description in field space [109, 110], and multi-field generalizations thereof.

4.6 Implications

Having derived novel corrections to the equations that govern the Markovian evolution
of the probability distribution for ¢, we now turn to solving them. In particular, this section
will explore the physical implications of these new terms by calculating the NNLO equilibrium
distribution for ¢, assuming a static dS background. Then we will extend this to account for
the dynamics of the system as it relaxes to the equilibrium state. To this end, we will set up
the formalism to calculate the “relaxation eigenvalues,” and will numerically solve for these

quantities to O(43/?).
4.6.1 Equilibrium Probability Distribution

Starting with the canonical form of the NNLO equation governing Stochastic Inflation,
we can understand the impact on the equilibrium probability distribution Peg(¢. ), which by

definition satisfies %Peq( ¢ ) = 0. We can solve the problem non-perturbatively in the absence
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of the higher derivative term proportional to dy. Therefore, our strategy will be to find the
solution in terms of general Vg, and then include the correction from dy as a perturbation.
The equilibrium contribution from Ve can be determined non-perturbatively following
Sec. 4.2.1. The equilibrium solution satisfies
Iz 872 9 _,

- [ V
a(szrPeq((p-i-) 3 a(P+ Veff((p-F)Peq(q)-i-) : (4.145)

where V(@) = dp_Verr (@4, 9—)|p_—o and ngl is defined as being a solution to this equation.’

Integrating twice gives the solution
P (py) = Ce S Venl0)/3 (4.146)

where we defined

(NS
Ver(@:)= [ dp:Vin(-) (4.147)

Note that V¢ is only a function of ¢, and should not be confused with V (¢4, ¢_) in Eq. (4.74).
Since this solution holds for any V., it gives the answer at both LO and NLO provided we
include the NLO contributions to V.
At NNLO, in addition to the correction to Vg, we must include do = Acfr/(1927%) which
alters the equation for the equilibrium solution
dy 9° 9? 8n> 9

am(m&q(m)) + @Peq(w) =3 g, Ver(@r)Pa(94). (4.148)

We can integrate this equation once to get

1 d() 82 0 B 877:2 /
Peg(9+) (§M¢+Peq(¢+)+mPeq((P+)) =T ai(9) - (4.149)

"Note that PV, includes any higher order correction in V.. but not does not including higher derivative terms
eq P+ y g eff g mg

that arise at NNLO and beyond. In this sense Pe‘a is not to be confused with the LO solution, as it contains some (but
not all) contributions at every order.
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This can be solved using separation of variables, so we will make the ansatz

Peg(94) = Ply(91)0(94) (4.150)

where Pe‘fl is given in Eq. (4.146), including the NNLO corrections to Veg. Plugging this ansatz

into Eq. (4.149) gives

do 1 92 y X
3! P
3 (o P (py) g2 \PHFal(9:)Q(00)

d
0(p) 99, 219 =0 b

We can solve this equation perturbatively in Q. The zeroth order term is Q = constant. At the

next order, clearly Q' is order dj so we can neglect derivatives of Q in the first terms such that

I
0(+)do " 3P (¢p+) 092

d 1672 872 > gn? "
=—3—? <—Tﬂ cir(9) + 04 <% e,ff((p)) _%(p-i-veff((z))) :

(4.152)

(@4 Pl (01))

such that the solution becomes
do | 1672 872 2 gx?
logQ = 3 [TVeff(¢) —/d<P+ (‘P+ (Tvelff<¢)) - T§D+Ve/§f(¢) . (4.153)

Finally, we use dy = Acfr/(1927%) and Vg5 ~ leff(pi /4!, which consistently captures effects up

to NNLO accuracy. We then evaluate the integrals and simplify the expression to find

A0t (5 212

Using the fact that et = O(1) for the LO equilibrium solution, we see that both terms in Q

are O(Aefr), as expected for NNLO accuracy. Recall the NLO and one additional contribution at
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NNLO are encoded in V(¢ ) and are included in ng](q)). Combining these terms and writing

Peq = CPLO(¢4 ) PnLo( @+ ) PaNLO (@4 ), We have

2
Po =exp <—5 efffpi) (4.155a)
LTI
PnLo = exp —%leff(m_ (4.155b)
5 1772
PNNLO = exp (mlesz‘Pi - mlgff‘l’—%) : (4.155¢)

In the regime where log PLo = O(1), we have log Py o = 0(/16142) and log PN\NLO = O(Aefr).

4.6.2 Relaxation Eigenvalues

In this section, we will explore the implications for the time dependence of P(¢,,t).
This can be characterized by computing the so-called “relaxation eigenvalues” as we explain
below. In the previous section, we could calculate the analytic NNLO equilibrium probability
distribution where we only had to treat the (9 /9@, ) term perturbatively. Here, we must resort
to a numerical evaluation of the perturbative expansion, which requires that we treat all higher
order corrections as perturbations.

To begin, we return to the full NNLO equation that governs Stochastic Inflation given in

Eq. (4.144a), and rewrite it as a Euclidean Schrodinger equation [80, 32]:

2

W@HQ&J% (4.156)

0 1 0
XP((PJH'C) = §M[Ve/ff<q)+)P((P+7t)} +

where Vi (¢1) = dp_Veir(@+, 9—)|p_—o. This equation can be solved using separation of vari-

ables

472 >
P(¢1.t) = exp [—% eff<<p+>] Y @u(gs)e M, (4.157)
n=0

where Ve (@4 ) is defined in Eq. (4.147), we have assumed #p = 0, and ®,, are the eigenfunctions
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of [80, 32]
82
907 D, (91) —U (@4 )Pu(@s) = —8T° A @u(94), (4.158)
+

where A, are the non-negative “relaxation eigenvalues,” and the Schrodinger potential is

472 2 4m? 9
U(py) = <Tve/ff((P+)) — vaelff((l’#- (4.159)

The lowest eigenvalue is zero with the eigenfunction @y (@) < exp [—%Veff((P_._)] . Since all

other A, are positive, at late times the distribution P(¢;,t) relaxes to the fixed point

82
P(¢y,t) =Nexp {_T eff((P+)]~ (4.160)

This reproduces the static result above in Eq. (4.146). However, for the numerical evaluations we
take V(@) = %(p}r, and treat the additional correction to the potential as perturbations. In
addition, for the remainder of this section, we will drop subscript ‘eff” on the coupling, Aegr — A,
for brevity.

To explore the effect of the NNLO correction we need to determine the eigenvalues A,
of Eq. (4.144a) for n > 1. We can find the eigenvalues and eigenfunctions of Eq. (4.144a) as

perturbative expansions in powers of VA,

A, = 22N LA A 123272 (4.161a)
o, = o + 1120 y 20?4 (4.161b)
U=21"7200 4+ 2uM +232u@ 4 .| (4.161¢c)

where AS,O) and @510) are the solutions of Eq. (4.158) with Schrodinger potential U = U ),

This potential is obtained from Eq. (4.159) by setting V(¢ ) = %(pi, the leading term in
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Eq. (4.144b). Explicitly,

2?2 4t 212 1
@ (p1) — [ o228 — S92 [ @) (0) = —8mPAA 0 (p)  (4162)
2¢2 81 3
Since ¢ ~ A~1/* we see that the Schrddinger potential, the term in square brackets, indeed

scales as O (7L 1/ 2) . This equation can be solved numerically by the shooting method[111]. Higher
order terms in Eq. (4.144b) as well as the NNLO term 8(,3,+ (¢4 P) can be treated as perturbative
corrections to Eq. (4.162). That is, if we substitute Eq. (4.157) into Eq. (4.144a) and keep terms

up to O(A3/2), the eigenfunctions &, must solve

2
aa?cpn _ [AI/ZU(O) AU 4 /13/2U<2>] @, = —871° [/11/2/\,(}’) ANV 123200 @,
+
(4.163)
where
2
A2 A 200 285 0 (4.164a)
81 3
AU<1>—4—”4 38 — /12 (4.164b)
=729 P+ ‘

23/22) 797 PEPIL 53777Lq)6 O 22 4 (37 — 2203 ) a
104976 "t 58327 Tt 17287 T 7776 too17287 TH) O

1 A 5 A ;
* ( 1728/I q)+ + 3847r2> 0, + m%a% : (4.164¢)

Finally, the perturbative corrections to the eigenvalues are computed numerically using

AL = (@ U)ol (4.165a)

Al

871'22|

|U o)
N

872AY) = (o) |U@ o) (4.165b)

133



The first few relaxation eigenvalues are (recall that A = A here)

n A,
1 0.0363011/2 4-0.00076 A +0.00049 2.3/2
2 0.118144'/24+0.00338 A 4+0.00138 3/2
3 0.21910A'/2 40.00795 A +0.00316 A.3/2

The contribution to the eigenvalues at 0(&3/ 2) includes both corrections to the equations
of Stochastic Inflation at NNLO as well as perturbative corrections to the eigenvalues from the
LO and NLO equations. Working with the full NNLO equations was crucial to obtaining the
detailed numeric values. We note that the NNLO contribution to V¢ in Eq. (4.144b) dominates;
the small numerical coefficient of dy ~ 9 x 107> A4 suppresses its impact on these eigenvalues. As
the form of V. is determined by SASET field redefinitions to all orders, it may prove useful in
future studies to simply include higher order corrections to the potential as an approximation. We
expect this minor impact of dy is due to the fact that we are assuming the UV theory is A¢* such
that the non-Gaussian noise and corrections to the potential are determined by the same parameter.
In contrast, if one were to consider inflationary models with primordial non-Gaussianity, these
two effects are controlled by independent parameters, such that the non-Gaussian contribution to
the noise could become important [58]. In either case, this investigation is only possible because
we have framework in which all corrections to Stochastic Inflation, including contributions from

non-Gaussian noise, can be systematically computed.
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4.7 Conclusions

Understanding the nature of quantum dS space is one of the most basic conceptual
problems in cosmology [5]. Stochastic Inflation [11, 79, 80] informs much of the physical
intuition for how we think about accelerating cosmologies, particularly as we approach the
eternally inflating regime that is dominated by quantum fluctuations [94, 95, 97, 96]. Yet,
Stochastic Inflation is itself an approximation whose regime of validity, and corrections thereof,
should follow from a more basic starting point. Ultimately, a complete description should include
dynamical gravity, although the simpler case of quantum field theory in a fixed dS background
studied here already provides a non-trivial challenge.

In this paper, we demonstrated precisely how corrections to Stochastic Inflation arise
from quantum field theory in dS, namely as a natural consequence of dynamical renormalization
group flow within the EFT that emerges in the superhorizon limit. By working with SASET, the
origin of the stochastic description is a direct consequence of EFT power counting, which also
explains why this effect is only relevant for light (massless) scalars. (This same power counting
scheme also explains the all orders conservation of the adiabatic mode [65].) By matching
A¢* theory onto SASET up to one loop, we could then calculate the log enhanced corrections
to the mixing of EFT operators up to two loops. This allowed us to derive the corrections to
the equations of Stochastic Inflation at NNLO accuracy. These results include the first higher
derivative correction to the framework, which is the leading signature of the non-Gaussian
contribution to the noise as modes cross the horizon.

This work extends derivations of Stochastic Inflation from quantum field theory in dS
at LO [30, 32, 65, 93] and NLO [31, 81, 92] to NNLO. Yet, even at NLO, we showed that
the “universal” correction to the effective potential follows from a field redefinition and can
be extended to all orders. This result agrees with Refs. [31, 81, 92], which arrive at this NLO
correction by (effectively) integrating-out the decaying mode at tree-level. Furthermore, the

first appearance of non-Gaussianity in the stochastic noise appears at NNLO and requires a
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genuine two-loop calculation. Higher-loop calculations of inflationary correlators are notoriously
difficult, but they are made manageable by working with SASET, which facilitates the use of the
symmetry preserving dynamical dimensional regularization. Most importantly, SASET reduces
the problem of calculating any corrections to Stochastic Inflation to the determination of the
matrix of anomalous dimensions. Rather than being a mysterious feature of dS space, we now see
that the derivation of Stochastic Inflation and corrections thereof is conceptually and technically
similar to calculating the scaling dimensions of operators at the Wilson-Fisher fixed point in
d = 4 — ¢ dimensions. Finally, there is an intriguing connection that could be made with a
thermodynamic interpretation of the equilibrium probability distributions, P o ~ exp(—BE),
where the inverse temperature is B = 27 /H. It would be interesting to understand the meaning
of the NNLO corrections derived here from this point of view.

Phenomenologically, Stochastic Inflation is an important tool for understanding the pre-
dicted non-Gaussianity in multi-field inflation [23, 112, 113, 114, 115, 116], where superhorizon
evolution can give rise to non-trivial correlations. Previous work has included the non-Gaussian
contributions for the non-linear superhorizon evolution, but thus far the effects of non-Gaussian
noise has been missing. It will be interesting to explore models where both effects are simultane-
ously important. For example, one might hope this techniques would elucidate the physics of the
small mass regime of quasi-single field inflation [117], which is known to produce large logs.

Conceptually, Stochastic Inflation serves as the basis for much of our understanding
of slow-roll eternal inflation. This description requires coupling a light scalar field to gravity,
yet much of the structure is determined by the quantum noise in the Fokker-Planck equation.
Specifically, the regime of slow roll eternal inflation is the limit where the potential becomes flat
and the quantum noise dominates the time evolution until inflation ends. While understanding
this regime is often considered a conceptual problem, it may have important consequences for
cosmological solutions to hierarchy problems, such as [118, 119, 120, 121].

Finally, underlying our results on Stochastic Inflation is a demonstration that SASET is a

consistent description of dS quantum field theory at loop level. Calculations in a wide variety of
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cosmological settings are beset with challenges stemming from the underlying time evolution
and lack of consistent regulator. The successful implementation of SASET as an organizing
principle for calculating quantum correlators in dS offers hope that more of these cosmological
problems may be organized and simplified when described with the right degrees of freedom.
The emergence of Stochastic Inflation as a simple consequence of EFT power counting is a

non-trivial example of these principles in action.
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4.A Matching the Six-point Function

In this appendix, we provide some details for matching the tree-level six-point function,
as illustrated in Fig. 4.7. This serves as an input to the one-loop corrections, see Fig. 4.5, and
also provides a non-trivial check on the matching the EFT operator ¢ to the UV field ¢.

Assuming the UV interaction is 1§, the six-point function first arises at second order in
perturbation theory. Using the commutator form of the in-in correlator, see Eq. (4.27), we can
write the full six-point function as

(9(k)0 (K2)9 (k3)9 (ka) 6 (ks) 9 (k) ) = Ao+ B, (4.166)

tree
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time tr

Figure 4.7. The tree level in-in six-point function.

where

Ag = < <i/dl1 [Hint(fl)aq)(iél)]) (i/dlz [Hint(fz)a@)@z)]) ¢(7é3)¢(7é4)¢(7é5)¢(7é6)>

+ permutations, (4.167)

and

Bg = <<P(751)(1’(752)(15(%4)¢(%4)¢(%5)i2/dt1 /[1 dr, [Hint(l2>7 [Hint(f1)7¢@6)”>

+ permutations . (4.168)

Our goal is to match this expression onto the EFT, so we need to take the limit where all of
the fields are superhorizon. The additional contributions that arise from the subhorizon region,
kit = O(1), will be absorbed into the initial conditions, which we do not need to calculate
explicitly for our purposes in this work.

To match the superhorizon behavior, we can again expand the operator using Eq. (4.66)

to find

(9] = i/tdtl [Hint(tl)aq)(iél)] = 55(— (— —+10g[aH]) +%) 03 (%). (4.169)
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It is easy to see that the superhorizon contribution to Ag is determined by [¢];,

Ag = < (9] (751) [0]2 (7&2) (0 (753) ) (754) 0] (755) () (756) > + permutations .

This shows that by matching the trispectrum with Eq. (4.71), we can also match Ag.
Clearly we cannot determine Bg using [¢]; . The most straightforward way to determine

the superhorizon contribution is to write

2
Bg = ;2<¢(k1)¢(k2)¢(k4)¢(k4 ks/ dty @ (11)G (ke, 11,1 /dqu 1,11)

1

X dtza (tz)G<k123,t2,l1 /d xz(P XQ,I3>>. (4.170)

where

G(k.t',) =i( |9 (k)0 (1) >' ~ g([a(t’)H]_3 ~la()H] ). 4.171)

Integrating this expression using dynamical dim reg, we find the superhorizon contribution is

H6 Zz 3 t1 [a(t1)H]3
_ 192 _ Al
Bo =175 (k1k2k3k4k5k6 / e LU — ( b [a(t)H]3)

b a(t )H]’Z“ la(t2)H]
x dt2—23 (—1+ (t?)H])

APHS Y K 10 /1 1 1 1 10
- A —loglaH] + = | [ — —loglaH]+ = ) +=-|. (172
25(k1k2k3k4k5k6)3{9 (2a ogla ]+3> (4a ogla ]+3>+811 (4172)

Next, we would like to see how this formula arises in SASET. First, we calculate the
contribution to the six-point function at second order in c¢3 ;. We take the same commutator

structure as Bg, where one [, @_] acts on the external line and the other on an internal
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commutator. The result is

5!
Bi1= c3 k32°‘/dt tHzO‘/ dto[a(t2)H]*
31 (37)225 ky. k6 )3= 2aZ 13 1)H] 2 la(t2)H]
CIO [aH]4O‘
_ 2 3-2a
= c31 5 Zk (ke 2% 82 (4.173)
where the additional factors of 1/3 are from the commutator i[@;,¢_] = §(¥+X') /3 when

o = 0. In addition, we have the contribution from the time evolution of ¢ at order c3 ; from

Eq. (4.70) and Eq. (4.71), which yields

ca0 H 30,3 €40 1 3.2
@2 53 laH] e = == laH] 9l ]a
H cqpc31 (1 5.
7329 (Za log[aH]><P+(x). (4.174)

This contribution is in addition, to the qofL term in @ in Eq. (4.96), that we determined from our

field redefinition,
2

1
9D 8—15[&1] X3 (4.175)

Combining these two terms in ¢, we get the contribution to the six-point function:

AZHO Y, K 10/ 1 20
By = S 22 ogaH] ) + 2| 4.176
® 7 25 (kykokskaksks )3 {27 <2oc ogla ])+81] (4.176)

Finally, from the field redefinition we found in Eq. (4.74), we also have a correction to the

effective potential via ¢5; = %% This contributions to the six-point function at linear order in
05711
[aH] H6 3-2a
Bs| = — _ Z Jk
2v 4o 25/{? 2a._kg 20 - i
10 HOY, k2% 1
2 i
A 27 25k.;)—2a.l.kg—2a m - log[aH] . 4.177)
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Combining these terms and using ¢3 1 = ¢4 0 = A, we match the UV six-point function

Bs =Bj3 +B£+B5’1 . 4.178)

Note that there is some ambiguity in the constant term due to scheme dependence associated
with regulating our (divergent) time integrals. Although our expression matches the constant as
well, in some other schemes, the initial conditions may play a role in matching. On the other

hand, all powers of logaH must match in any scheme, as we find here.

4.B Hard Cutoff Calculations

In the main text, we used dynamical dim reg for the EFT loop calculations. Loops in
the UV calculations were, in some cases, regulated with dim reg rather than dynamical dim reg.
These regulators offer some technical advantages but one might worry about using different
regulators in the matching calculation. We can therefore gain further conceptual insight by
redoing these calculations with a hard cutoff. This regulator can be easily implemented in both
the UV and EFT and also makes the origin of divergences more transparent. Furthermore, we can
work directly with the massless mode functions, thereby avoiding the complications of working
with massive modes. In this appendix we will repeat the calculations from the main text using a

hard cutoff, reproducing all the above results up to differences in scheme dependent coefficients.

4.B.1 Matching

In this section, we compute the matching for A ¢* onto the SASET up to one-loop order.
We will use a hard cutoff for both momentum and time integrals. Specifically, we regulate the
momentum integral with a UV cutoff A = [aH| and an IR cutoff K. For time integrals, noting that
the UV region of integration does not contribute due to our i€ prescription, we simply regulate

the IR with a cutoff t,, which corresponds to the time of horizon crossing for a mode k.
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Power Spectrum

The one-loop power spectrum in the UV theory is given by a standard in-in calculation,

! A H? 2k dp 1
<¢(k)¢)(k’)>(l) - e (logm—H’E—Z)/#;, (4.179)

where the primed correlator is defined in Eq. (4.30) above. The resulting power spectrum is

RN A H? 2k 1 H
<¢(k)¢(k/)>(1) = (logm—H/E—Z) 71ogM. (4.180)

We can calculate the one-loop power spectrum in the EFT using

(o(F)o (i)

1 - o
P20 L2 (o, (B0l (7))

5 3 o®e@)) . @18

where we have set & = 0 for the UV mode functions. The second term allows for the possibility
that @ = d« is generated by matching and the third term is generated by performing the EFT
field redefinition given in Eq. (4.70). Using the leading order matching relation for the Wilson

coefficient c4 9 = c31 = A + O(A?), we find

- — o\ H?> [aH] A dp 1
H2<(P+<k)¢+(k/)>(1):_?log k @/(2%)3;?
H?> [aH] 2 1 [aH]

— 2 log (4.182)

3 8T adon BTk

where we evaluated the time integral with a hard cutoff at the time of horizon crossing, [aH |, = k,

. H
dt’ = log[aH] — logaH], = log % . (4.183)
ty
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As with the main text, the contribution from a shift in & is given by

w0 ®o- () = (eBe@), (1 1 25alog ﬁ) , (4.184)

and from the field redefinition is

A H? N3 B Al [ dp 1
2x 5 (e Ol ), = 535 | Gy

AH? 1 [aH]
- A P Ll 4.185
923 am® 5 K (4.185)

Combing these results we have

oo\ H? k 1\ A loglaH]/K S\
H2<g(k)9(k )>(1) =3 (logm +§) pTE R — +H2<<p(k)g(k )>1c<l>' (4.186)

Comparing the UV expression given in Eq. (4.180) with the combined EFT results, Eq. (4.186),

we see that we need

A 7
= —— 4
oa oY) (VE 3+10g2) . (4.187)

This expression differs from our result with dynamical dim reg, Eq. (4.87). This is not entirely
surprising as the precise definitions of the parameters in the UV are scheme dependent and thus

this scheme dependence is also inherited through matching.
Trispectrum

Next, we will perform the calculation to match the trispectrum taking &« = 0 on all legs

and regulating all integrals with a hard cutoff. As was argued above, .} is the only term that can
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generate log divergences from the loop momentum integrals. Taking p > k; we have

1 dcp 7 odn -
Ky ™ / / Glki;t,T
= ook ] Gy ) mopdtenn)

nodr T, T ;
X ZIm/ 2 G(P. 31’ 2)(1—|—ip‘L'1)(1 — ipmy)e”P(M~%) 4 permutations

H*A? /dSp 1710 1 5 ,
(

~ —=|= 243v) — ==
T6(kka)? ) @myd o |81 27 2 H3%) — 567

+1 log 22 2+(1+3 Jiog 22 4+ H1og X | | permutai
(0] 0g ——— — 108 ——— crmutations
H*A? 1 [aH][10 1 5 2 2log2 +3log?2
= — — — (24 3y +6log2
8(kaksks)? 22 2 K [81 712431 +6log2) = e+ 27
+ 0((log[aH])2> + permutations. (4.188)

As we did in the main text, we are focused on the single log[aH]/K term because it cannot be
absorbed into the initial conditions and the RG implies that higher powers of log should be
products of logs already present in lower order diagrams.

In order to compare this to the EFT, we need to keep track of our field redefinition to

order A2. Specifically, we need

2

Al A
QEH([aH] %o, +[aH] Po_+ +57371 H]—3“<pi+81(3!)[aH]3—5°‘<pi> . (4.189)

to remove the (p_(; operator in the EFT Lagrangian. This additional term contributes to the

trispectrum at one loop:

. R, Yk A% S! d3p1
<9(’<1)--~2(’<4)> (k1k2k3k4)3813‘2 (27)3 p

Yk A5 [aH|
_mili A0 D, 19 4.190
= Tkakska)? 8132272 %8 & (4150)

which matches the leading term in the UV expression, namely the factor of 10/81. After
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matching this term, we see a fairly complicated expression remains for the linear log. This can

be absorbed into the c3 1 using Eq. (4.46), such that

€31 — A —

A2 /1 21og2 + 3log?2
( > 2 2log2+3log ) (4.191)

2 Zye (243 +6log2) + —
52 9YE( + 3y + 6log )+12ﬂ 5

This agrees with Eq. (4.98), which was computing using dynamical dim reg.

4.B.2 Composite Operator Mixing

We continue to demonstrate how the calculations proceed using a hard cutoff regulator.
In this section, we will compute the correlators that yield composite operator mixing, thereby

determining the dynamical RG equations.
One Loop

The first (and simplest) non-trivial calculation to do is the anomalous dimension of ‘Per’

which we derive from

3 3
(01100 ()1 () = [ <G5 s o) () s )
’ /
:/(gn§3<¢+(ﬁ)¢+(—ﬁ—%1—%2)<p+(%1)<p+(%2)> L (4.192)

Since our goal is to reproduce the O(A) log divergence we found above in the main text, we
can compute the correlator in terms of (pfL as opposed to using ¢. Using @, there is already
of a term proportional to logk/[aH| from the tree-level time evolution that would only give a

log? term after integrating over p. Instead, we are interested in the contribution from the initial
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conditions:

- S\ A (ve—2) v 3 kikoksky
<(P+ (kl)...q)+ (k4)>IC(1) - 8(k1k2k3k4)3 [ 3 Zki - k;

i

1 1
—oki+2 X khkikj+§k,<2kl-2—2kikj>]. (4.193)

h<i<j i<j

Taking k| ~ k» = p and expanding in k3,ks < p, we find

. o 3
(21000 ()01 (B = P k)P o) [ 5055206 —2)

2 1 H
- 5(75 - 2)2_71,21055 %P-F(kl)P-f—(kZ) : (4.194)

We can then apply the same steps to evaluate a correlator with an arbitrary composite operator to

find

o - n! dp nn—1
(000 5) 05 > 5" 550 [ ("

d .
« 2Im / ﬁu —ipt)2(1 +ip7) 2T
—

! n\ 1 2k dp 1
— A = | log— -2 / —.
2 21(ky o k)? (z) 3 ( Ot T ) (2n)3 2p°
! n\ 1 2k laH]
— A — | log— —2 |log——. 4.195
2 21(ky o k)? (2) 612 (OgaH+yE ) g - 4D

The term of interest in this expression is the log divergence, which is multiplied (g) We see this
coefficient is scheme dependent as this result differs slightly from the result using dynamical
dim reg in Eq. (4.120).

We can extend this to order A2 using

(021000 (1) 0 ()) = [ 5250 (P)o (- D)) 0o (). @190
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We will evaluate this expression for k; < p, which is a different limit of the 6-point function
as compared to the previous calculation. We also want to isolate the piece proportional to

Py (ky) ... P+ (ka), so we can simply isolate a subgraph that looks just like two mass insertions:

<(P+(I3)(P+( —p)os (k) ...ox (7<)4)> D ou(p)Py (k1) ... Py(ka), (4.197)

with

F2,4(P) - /T ( dT1)4 /T (_de 4<¢2(p,’51)¢2(p,f)¢2(p,T2)>

—1T )

T d nod
_ZRe/ (_2)4/ (_2)4<¢2(P7T)¢2(P,T1)¢2(p,”L’z)>. (4.198)

By direct calculation we find that

Ta4(p) = {16+4yE(—11 +3%) + 312 +4(—11+ 67 + 3log2) log2

216p3

4

+0(logm)] , (4.199)

which agrees with Eq. (4.128) above. This calculation is illustrated in terms of Witten and

Feynman diagrams as shown in Fig. 4.5. Performing the momentum integral, we find

d’p 1 aH aH
—TI =—log— log — finit 4.2
/(27r)3 24(p) 2 08 [b2,4+0(og K)]-i- nite, (4.200)
where
/12
by = ﬁ[16+4yE(SyE 1)+ 372 + 4log2(6YE +3log2 — 11)} . (4.201)
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Two Loops

The two-loop mixing of (pr and ¢ is calculated using

3 3 3
(o100 () = [ LEEEL g (3o () os ()0 (). @200

see Eq. (4.129). When we use a hard cutoff as the regulator, we may use the tree-level four-point

function with all massless fields:

/

(000 (30 ()00 = g5 s [(sz) (et e+ 5-2)

1
—§p,+2 Y pzp]szr—pz(Zpl me)]-

i<j<t i<j

where p; = p1 + p2 + p3. Here we have assumed k/p; < 1 and kept only the leading terms in
this expansion since higher orders will not contribute to the mixing. Expanding this out and

(implicitly) imposing the momentum conserving §-function so that p3 = —p| — p we get

- d’pyd?
3 p1d°p2 5
<‘P+[0]‘P+(k)> 2”’+(k)/ 5 (ZKzPZ P1P2P3+Zpipj) ,
2m)®  12(p1p2p3)® \ 5 oy
(4.203)
where k; = logp,/pi + Ye +1/3 — 2. The first term (proportional to k) factorizes into two

logarithmically divergent integrals. The only single log comes from the second term, which can

be evaluated using a change of variables

&’ p1d®ps &py 5 31 1 2
= dx: dx 4.204
/ (275)6 /(271_)3[)1 (271_)2 /1/2 2 l_xZ 3x2x37 ( 0 )
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where x, = py/p; and x3 = p3/p;. We then get

- A dp 1 31 1 X2 1
3 _ — _
<¢+[0](P+ (k)> D 12P+(k)/ (1) 7 (2n)? /1/2dx2/1—x2 dx3xpc3

A 3w (k)/d3p1 3

e ) anh
A H

We see this result matches the result using dynamical dim reg from the main text given in
Eq. (4.133). This is a further confirmation that the dy coefficient in Eq. (4.135) is scheme
independent.

Finally, we will argue that the third term in Eq. (4.203) will produce a log? in this

description, and therefore does not contribute to the RG. If we define

d&’*pid’p; 1
pla,b,c) = / . : (4.206)
(27)°  pi“pypy°

then the final term corresponds to taking a = 3/2, b = 1 and ¢ = 1/2, plus permutations thereof.

We can use the methods discussed in the main text to calculate p(a,b,c) as

& p1d®pa /d3p1 ;3 3! /18 & 1
= dx dx3xpx3—=——, 4207
/ (27)° Cap e i T, T g (@200

where we have included an additional regulator € to address additional divergences that do not

appear in the p; integral.
1
p(3/2,1,1/2) + permutations = P log ([aH]/K) x loge = (logaH)*. (4.208)

The sum over permutations is essential in this calculation as the split into p, xo and x3 breaks
the manifest permutation invariance of the measure of integration, which is only valid if the

integrand itself is permutation invariant. This calculation reproduces the result from the main
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text where this contribution is log?, although the need for two separate regulators makes this less

transparent.
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Chapter 5

A Tail of Eternal Inflation

5.1 Introduction

Developing a complete picture of physics in de Sitter space remains one of the great
unsolved problems in theoretical physics [5, 122, 123]. The issues appear in many guises.
On the practical side, we do not have a rigorous (non-perturbative) definition of cosmological
observables [5, 124]. More conceptually, confusions abound when attempting to characterize
the eternal inflating phase [94, 95, 96]. Meanwhile, these significant challenges do not seem to
impede our ability to make quantitative predictions for the universe we inhabit. Weak coupling
allows us to calculate and understand the structure of observable correlation functions as a
controlled approximation. Yet, our goal in this paper is to demonstrate, for the first time, that
there are fundamental questions about our own patch of the universe whose answers are not
calculable in perturbation theory, e.g. the possibility that our universe is eternally inflating.

Cosmological observations suggest that the large scale structures in our universe were
seeded during inflation, a period of quasi-de Sitter expansion [125, 126, 127]. The observable
implications of inflation can be captured by an Effective Field Theory (EFT) framework [128,
129]. Much progress has been made in understanding how to calculate the statistical predictions
of inflation perturbatively [130, 102]. A notable recent advance is the cosmological bootstrap,
which aims to reconstruct inflationary observables directly from locality and causality [48, 68,

131, 132, 133, 134, 135]. Much of the interest in the structure of cosmological correlators centers
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on the possible signatures of primordial non-Gaussianity, since this provides an observational
window into the particle content and interactions that played a role during inflation [58].

The fact that the observational and conceptual aspects of cosmology are decoupled is a
simple consequence of dimensional analysis, which additionally underlies the validity of the EFT
of Inflation approach. There is a significant separation between the two energy scales H and f
that characterize inflation [136] (see also [137, 129, 138, 139, 140, 44, 141, 142, 143, 144, 145,
146, 1]), as illustrated in Fig. 5.1. The EFT of Inflation can be framed in terms of the spontaneous
breaking of time translation symmetry, where the associated Goldstone boson 7 describes the
scalar density fluctuations. The universal scale describing the dynamics of the fluctuations is
f2 ~|@|, where ¢ # 0 is the order parameter for the breaking of time translation invariance, and
¢ is a fundamental scalar in most concrete UV models. Typical de Sitter fluctuations are produced
with a characteristic energy set by the Hubble parameter during inflation H, which results in there
being a de Sitter temperature 27735 = H. In more detail, an emergent scalar degree of freedom §
experiences adiabatic fluctuations, whose amplitude is 27%A; = Ar=H 4/(2fH). In our patch of
the universe, measurements of the cosmic microwave background imply A, = 2.1 ~ 1077 [147],
and so we can infer f; >~ 59H. This tells us that f; > H is a good approximation in our universe.
As we explore the physics of de Sitter space and the relation to eternal inflation in this work,
we will also consider fr and H to be free parameters, for example the parameter space where
fr~H.

Primordial non-Gaussianity in single-field inflation arises through derivative interactions
that are suppressed by some dimensionful UV scale A.! While the precise relationship to the
amplitude of equilateral non-Gaussianity fﬁfi varies among different possible models, the scaling
relation fj ~ f2/A? is universal. Given the current constraints from Planck, fy; = —26 447

(68% confidence interval) [2], the region of parameter space where A« f,% remains a viable

'Here we are assuming scale invariant non-Gaussianity. Scale dependent signals [148], such as models of
resonant non-Gaussianity [149], are also possible. As these model also leave signatures in the power spectrum [150,
54, 151], we will not consider them further to ensure a clean separation between the Gaussian and non-Gaussian
effects.
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Figure 5.1. The relevant energy scales for single field inflation and the regimes of validity of the
EFT of Inflation [orange] and Soft de Sitter Effective Theory (SASET) [blue]. The background
time evolution leads to a scale f7, below which the time translation symmetry is spontaneously
broken (SSB). Primordial non-Gaussianity arises from interactions that are suppressed by the
EFT cutoff scale A, which is related to the amplitude for equilateral non-Gaussianity fIfIqL by
A~ f2) f;‘l{. Requiring the EFT of Inflation is weakly coupled at horizon crossing allows both
A > fr [left] and A < f [right]. Deviations from a de Sitter background arise at |H | < H 2,

possibility. On the other hand, canonical models of slow roll inflation require that fffi <1so
that the background evolution ¢ is calculable in the weakly coupled regime [152, 143, 144].
Nevertheless, a number of compelling models such as DBI inflation [8], models that utilize
non-trivial field space curvature [153, 154], and those involving interactions with massive
fields [155, 117] can easily produce f;% > 1 self-consistently. It is only essential that A > H in
order to reliably calculate the observational predictions using perturbation theory [136]. In this
work, we revisit whether A > H is sufficient to ensure perturbative control over all quantities of
interest.

For cosmological correlators, all of the thorny issues of observables in de Sitter are under
control as long as one is in the perturbative regime where H>/My, H?/ f7, and H* /A* are all
small. To an excellent approximation, inflation is described by a fixed background geometry
in which the scalar fluctuations evolve. In the absence of non-Gaussianity, even the onset

of slow-roll eternal inflation is calculable and arises when AC > 12 /3 [97]. Building on this,
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one might expect then that the phase transition to eternal inflation in models with primordial
non-Gaussianity can also be calculated as a perturbative expansion in H?/A2. Remarkably, this
intuition is wrong. We will show that there are corrections to the expansion that scale as f2 /A2,
even when f2 > H? (Ag < 1) where we might expect eternal inflation does not occur. This
implies that when A < f7, there are important observables associated with the inflationary epoch
that are incalculable in the EFT of Inflation [128, 129]. Furthermore, this incalculability is not
simply due to the breakdown of the EFT itself, since all the N-point correlators are calculable in
perturbation theory. Our goal is to demonstrate this result and explain why it occurs.

At a qualitative level, the onset of slow-roll eternal inflation occurs when the amplitude
of quantum fluctuations exceeds that of classical motion of the field [94, 95]. In canonical
slow-roll inflation f,% = ¢, so that the classical distance moved in a Hubble time (At = H -
is (AQ)classical = f2/H. Meanwhile, the Gaussian quantum fluctuation introduce an effective
noise in the motion of the field with an amplitude set by the expansion rate, (A@)poise = H.
Slow-roll eternal inflation occurs when these two types of field excursions are of the same order,
(AQ) classical = (A )noise» Which happens when H? ~ f2 or equivalently when A¢ >~ 1. However,
implicit to this argument is that the rate for generating fluctuations that are larger than H is
negligible. If instead there was a non-negligible rate for quantum fluctuations from the tail
of the distribution such that (A¢)wi ~ f2/H with f; > H, these larger quantum fluctuations
could be the dominant effect that would determine the onset of eternal inflation. The probability
of such a large fluctuation is exponentially small for Gaussian theories. However, primordial
non-Gaussianity could, in principle, increase the rate of these large fluctuations such that they
dominate the onset of eternal inflation. Noting that the energy scale associated with such non-
Gaussian quantum fluctuations is ()i =~ H (A )i =~ f2, these fluctuations would correspond
to physics above the UV cutoff for models with A < f.

In this paper, we use Soft de Sitter Effective Theory? (SASET) [65, 66] to calculate

2While the EFT of Inflation and SASET have overlapping regions of validity, SASET makes manifest the long
wavelength behavior of the fluctuations in the universe, particularly with regards to IR divergences and their
resummation via the dynamical renormalization group (RG). This property of SASET is essential for deriving the

154



1000

500 f

QA

Figure 5.2. The solid blue region shows where primordial non-Gaussianity naively implies
eternal inflation, suggesting a breakdown of Stochastic Inflation and/or the EFT of Inflation. The
region allowed by perturbative unitarity at horizon crossing, derived in [1], corresponds to the
region enclosed by the dashed purple line. The current 1-,2- and 3-0 limits from Planck [2]
are shown as solid red lines. We see there is a significant region where the calculation of the
transition to external inflation is breaking down, that is nonetheless consistent with the theory
being weakly coupled at horizon crossing (as determined by unitarity) and current observations.
The parameters & and c, are related to the two allowed cubic couplings in the EFT of Inflation,
as defined in Sec. 5.3. Perturbative unitarity as defined in [1] is particularly conservative and
may explain why regions of parameter space allowed by Planck are excluded. We simply wish to
emphasize that there are regions of parameter space in blue that are perturbative even by that
definition.

corrections to Stochastic Inflation [11] (see also [79, 156, 23, 80, 112, 33, 113, 114, 157, 115,
116, 111, 110]), which allows us to demonstrate that the onset of eternal inflation is incalculable
when A < fr. This occurs because large field variations (corresponding to the tail of the
probability distribution) are probes of high energy physics during inflation. When A < f7, the
onset of eternal inflation is sensitive to the regime where the EFT does not apply. Concretely, the
blue shaded region in Fig. 5.2 naively corresponds to eternal inflation in our universe and signals

this breakdown. Interestingly, this parameter space overlaps the regions allowed by current

results in this paper.
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observations and weak coupling at horizon crossing. The source of the issue is that correctly
modeling the tails of the probability distributions requires a non-perturbative calculation of the
transition probabilities that go beyond the perturbative contributions that are included in the
Stochastic Inflation framework. We interpret the blue region as providing a sharp bound, akin
to a perturbative unitarity bound at the energy scale f;. Otherwise, as we show below, the EFT
predictions would be inconsistent with interpreting the de Sitter entropy [158] as resulting from
a finite number of degrees of freedom (see e.g. [122, 99, 100, 159, 123, 160, 161]).

This work is adds a novel direction to the vast literature on the perturbative regime
inflationary fluctuations [137, 138, 139, 140, 44, 136, 141, 142, 143, 144, 145, 146, 1] and
the implications for eternal inflation [162, 98, 35, 163, 164, 165]. Prior discussions of eternal
inflation are relevant for the parameter space with fz ~H (A = 0 (1)), as this is the only regime
of canonical slow-roll inflation where eternal inflation can occur. In any parameter regime, it is a
necessary condition that the theory is weakly coupled at horizon crossing, A > H, for calculations
to be under control. In the context of previous discussions of eternal inflation where fr ~ H, the
breakdown of weak coupling at horizon crossing is indistinguishable from the breakdown of
the Stochastic framework. In contrast, most of the discussion in our paper applies to our own
observable universe where fr ~ S9H (AC ~ 4.1 x 10~%), and where the theories of inflation of
interest are weakly coupled at horizon crossing. One would not expect eternal inflation in this
regime. However, although much is known about the structure of Stochastic Inflation in canonical
slow roll models [11, 79, 156, 23, 80, 112, 33, 113, 114, 157, 115, 116, 111, 110], before this
work it was not known how to include the non-Gaussian corrections into the Stochastic Inflation
framework. These are exactly the new ingredients that are required to ask questions about the
phase transition to eternal inflation.

Our concrete results will show that there is a breakdown in the calculation that is signaled
by the apparent onset of eternal inflation in the regime fr > H. This failure of Stochastic Inflation
is only relevant when attempting to predict the tail of the distribution of scalar fluctuations and

is distinct from having control over perturbative calculations at horizon crossing. While it is
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known that the tails of the distribution can break down using typical perturbative methods (see
e.g. [166]), Stochastic Inflation is a resummation of the perturbative results [65, 66] that has been
used to calculate the tail of the probability distribution in a variety of models (see e.g. [167] for
review). For example, the tail of the distribution of a particular class of two-field models was
calculated using stochastic inflation in [168, 169]; yet, it is also known that this class of two field
models reduces to the single field models we will discuss below when the second field is massive.
In this precise sense, the unusual behavior of the tail of the distribution we will demonstrate in
this paper is not a generic issue of perturbative calculations, but is instead a failure of a Stochastic
Inflation in a regime where it had previously been successfully employed [136].

The paper is organized as follows. In Sec. 5.2, we calculate the first higher derivative
correction to Stochastic Inflation from primordial non-Gaussianity in Single-Field Inflation. In
Sec. 5.3, we solve these corrected equations and use the results to compute the onset of eternal
inflation. We apply these results to interpretation of the de Sitter entropy in Sec. 5.4. In Sec. 5.5,
we interpret the surprising dependence on non-Gaussian fluctuation as a breakdown of Stochastic
Inflation requiring a UV calculation of the underlying transition amplitudes. We conclude in
Sec. 5.6. Two appendices give background for these results. In Sec. 5.A, we review aspects of
single field inflation that are essential for understanding the key results in this paper. In Sec. 5.B,
we provide an alternate derivation of our solution to the corrected Fokker-Planck equation using

the Fourier transform and the method of steepest descents.

5.2 Non-Gaussian Corrections to Stochastic Inflation

Light scalar fields in quasi de Sitter space, such as the inflaton, undergo random quantum
fluctuations. In perturbation theory, these fluctuations give rise to large infrared (IR) effects,
which can be resummed using the framework known as Stochastic Inflation [11, 79, 80]. This
gives rise to a Fokker-Planck equation that determines the evolution of the probability distribution

for the local value of the field.
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The canonical formation of Stochastic Inflation provides a leading order prediction for
the field’s evolution. Interactions correct the Fokker-Planck equation at higher orders, which can

be represented on general grounds as [66] (see also [31, 92])

1o
+3_H%[V (¢)P(¢,1)] - (5.1)

P) =10 [& 1 o
5 P00 =Y [2 " o"P(9.1)

n=2 n! 8(])" m=0

The term proportional to V/(¢) is just the classical evolution of the field, and the rest of the terms
account for the quantum fluctuations. The original formulation due to Starobinski applies to
leading order in the coupling,? in which case the quantum noise is given by ng:o) = H3/(87?%)
with all other Q,(lm) =0.

Given the intuitive description of Stochastic Inflation, it might seem surprising that
calculating these higher order corrections remained elusive until recently [31, 92, 66]. It had
often been suggested that the Stochastic framework is related to IR divergences in dS [88, 89,
43, 90, 91, 30, 31, 32, 81, 65, 92, 93]. Leveraging this insight to systematically improve the
framework naturally results in the SASET approach [65]. The SASET converts the full theory
IR divergences into EFT UV divergences in the usual sense (see e.g. [170]). This allows one
to resum full theory IR divergences using the usual RG playbook within the EFT. Specifically,
Stochastic Inflation is equivalent to the (dynamical) RG for SASET composite operators. The
contributions from the quantum noise can be extracted from operator mixing under time evolution,

which takes the generic form

J N > N+m~(m) n N N—n+m
Soler) =) Y @M (=1 <n><"’+ ) (5.2)
m=0 n=1

where for a massless scalar field ¢, we identify ¢, as the growing mode mode such that
¢ — H@,. We also defined t = Ht and Q,(qm) =H m_”_lQ;m) to simplify the expression in terms

of @, Finally, V'(¢) is replaced by ng), which also receives corrections at higher orders.

3See e.g. [66] for a derivation of the power counting for Stochastic Inflation.
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5.2.1 Stochastic Inflation for Single Field Inflation

The first higher-derivative correction to this framework was calculated in [66] assuming
the UV model was A¢* in fixed dS. We will now extend these results to single-field inflation.
This is a non-trivial generalization both because the metric fluctuates (the background is no longer
fixed dS), and these fluctuations are subject to additional constraints from the diffeomorphism
invariance. The corrections to Stochastic Inflation are most transparent when expressed in
terms of the scalar metric fluctuation §. This choice is particularly useful because { transforms

non-linearly under large diffeomorphisms [7, 24, 171, 22]

Dni: 8 =—1-%9: (5.3a)
Kl 160 =—2x¢ —2¢ (x’ 5;6) +229C . (5.3b)
The Ward identities associated with these symmetries [172, 173] impose constraints on correla-
tion functions that are also known as the single field consistency conditions [7, 24]. The above
transformation uniquely fixes the definition of £, and it ensures our results will be free from
field redefinition ambiguities and scheme dependence [174]. The important implication for our
purposes here is that these non-linearly realized symmetries fix the form of possible corrections to
the Stochastic Inflation framework. This is already known for the properties of {(X) at separated
points, where it leads to the all-orders conservation of ¢ (k), namely (k) — 0 as an operator
statement in the limit k/(aH) — 0 [23, 20, 19, 65]. From Eq. (5.2), we see that applying these
symmetries to Stochastic Inflation is the same as extending the operator statements to products
of {’s at coincident points, i.e., composite operators built from (.
By power counting in the SASET, the dynamical RG of any light field is necessarily

ultra-local in space, in that it contains no derivatives. This implies that the most general possible
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result must take the form

2 () = LI M E) 5.4)

M

Applying Dy, from Eq. (5.3a) to the both sides of the equation implies
atNCN ' ZMFN )M (% 8) . (5.5)
Substituting Eq. (5.4) on the left-hand side yields
NY Ty ()M (%, ZMFN (t) M7 1) . (5.6)
M
Matching the powers of {, we find
(N+1)Iy = (M+ 1)y, (5.7)

We demand F% =0if N <0 or M < 0, since operators with fields in the denominator are
unphysical. If we assume N > 0 and the existence of a first non-zero anomalous dimension

I’y = v» # 0 for some n, the solution to Eq. (5.7) becomes

14

l_‘M YnaMN n H /_ ’Yn(sM,N—n . (58)
{=n+1 l’l n
Summing over all possible 7,, we have
d N =
S.8NEE) =Y m FYE ) (5.9)
t n

Finally, we apply the relation between the operator mixing language and Stochastic Inflation (see
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e.g. [66]), which leads to the following general form for the time evolution of the probability

distribution of {:

9 p(e.1) = Z(—1)”%aa£np(§,t) . (5.10)

n>2
This result makes intuitive sense: in order to preserve the nonlinear symmetry, the generalization
of the Fokker-Planck equation can only depend on derivatives of { (no explicit factors of {
appear).
We see from the above result, that we can calculate all corrections to Stochastic Inflation
from the mixing coefficients " — 1, where 1 is the identity operator. For n = 2, this is the usual

Gaussian (quantum) noise contribution to Stochastic Inflation such that

[ Sk (c@e@) =2mlogati/i =L G.11)
= oga =— .
(27’:)3 Y2108 )2 ar2’
where K is an IR regulator and A is the amplitude of the power spectrum,?
(CHR)CWE)) = Ak 3D (23§ (k+#7) . (5.12)

Previous studies of stochastic effects in single-field inflation were limited to this contribution
and the classical drift from the potential.

We are interested in computing the leading non-Gaussian contribution, which starts at
n = 3. As we are simply calculating the mixing of operators under dynamical RG, the coefficient
of the n = 3 term is determined by the logarithmic divergence in the two point function of {3
and 1, i.e., the one-point function of {3. This can be calculated, as illustrated in Fig. 5.3, from
the bispectrum (three-point function) via

(=

3 3 3
0) = [ A LR L R ) 5.13)

4Here we are defining AC so that AC =272A, [175].
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Figure 5.3. Illustration of the correlation function <C (X = 0)> represented as an integral over
the bispectrum B(ky,k,k3) computed at tree-level. The momentum integration is analogous to a
two-loop integral.

In single-field inflation, there are two contributions to this three-point function arising from the

£ 9;£9'¢ and {3 interactions, which are given by [176]

1 1Y\
Beagp bk ks) = =3 (1 - c_2> s

N

(24K3° — 8K>? K3 Ky — 8Ky K12 4+ 22K3°K:? — 6K»° Ko * + 2K, ©)
X

5.14
and
_ 2 €312
BC'3(k1,k2;k3> = [6 (Cs - 1)+8C—%] ACW’ (5.15)
where we have defined
(k1) E (k2)E (k3)) = B(ki, ko, k3) (27)* 8 (ki + Ko+ K3) (5.16a)
B=By B (5.16b)
Ki=ki+k +k3, K> = (kiky + koks +k3k1)l/2 , K3 = (k1k2k3)1/3 . (5.16¢)
Defining x; = k;/k; and changing variables, we find
(BE=0)) /d3k1 L3 /1 durxs [ dvsxs B(1,x,x3)
= = —=== X X
e K e hp M2y, BB
2
logaH/K At 1 o C3
= 1——= | (943 — 5.17
22 len? 2) O35 ), C-17
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where we have simply introduced a hard UV cutoff k; = aH and an IR cutoff as k; = K to
regulate the log-divergence. This simple regulator breaks the symmetries of dS, and so we
provide Sec. 5.A.2, which shows how to derive the same result using the symmetry preserving
dynamical dimensional regularization approach.

The coefficient 3 is determined from the factor multiplying the log:

A% 1 c3
2
"3 32774 ((l 62) (9 3CS) C2> ’ (5.18)

N N

so that

P (A2 A 1 o3\ O3
%PNG(C,t)—(8n28€2—192n4((1—c—2) (9+3c;) + )8_53 Pag(C,t) . (5.19)

2
N CS

This result is consistent with the interpretation that it is a small non-Gaussian correction: a
typical fluctuation in the Gaussian limit is § ~ AY 2. 50 if we assume o /A ~ Agl/ 2 the first
term is &'(1) and the second term is & (AIC/ 2 / c%) We can rewrite this estimate in terms of the

cutoff scale, using the relation A = frc;:

1/2
15 ? A 1 H?

This tells us that for typical fluctuations, the higher order corrections are suppressed by H?/A?

as one would expect.

5.3 Eternal Inflation and Non-Gaussian Tails

Now that we have the leading corrections to the Fokker-Planck equation in the presence
of a non-trivial bispectrum, we want to apply this formalism to see how it impacts the onset
of eternal inflation and the implications for the de Sitter entropy. Even without appealing to a

microscopic description, we can define an order parameter for the end of inflation ¢. Within the
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EFT of Inflation, there is a natural choice [141]

Sy

0=frlt+m) ~Z(t-{), (5.21)

where 7 is the Goldstone boson of the EFT of Inflation (see Appendix 5.A.1 for review) defined
such that { = —Hr + O(en?), where ¢ is the slow roll parameter, and f2 is the decay constant
for 7. By construction (¢) = f2. Since we will be working in the limit € — 0, we can treat

Eq. (5.21) as an exact relation to define { in terms of ¢:

(=t—"50. (5.22)

Here ¢ will be the field that defines the end of inflation so that ¢ € (—e0,0) corresponds to the
inflationary regime with inflation ending when ¢ = 0. (Ending inflation at ¢ = 0 simplifies
expressions, but of course nothing can depend on this arbitrary choice).

To set the stage, we will review how one determines the onset of eternal inflation in the
Gaussian case, 73 = 0. The evolution equation for { is

0 IEAYS 92
%PG(CJ:) - ma_CzPG(C7t) ) (523)

whose solutions are given by a Gaussian:

1
Ps(8.t,8) = \/ﬁe@@w(zo%) , (5.24)

for any choice of the constant {y, and with 6% = A¢/ (27?). We impose the initial condition
Ps(£,t=0,8)=038(C—¢)sothat { =& >0 (¢ <0)att =0 in order to be consistent with
Eq. (5.22). Since inflation ends when ¢ > 0, we set P(¢[{] > 0;t) = 0 by hand. However, we
must also impose the boundary condition that P5({,t, ;) is continuous at ¢[{] = 0. Note that

every choice of {j in the solution Eq. (5.24) gives a d-function 8({ — {y) at t = 0. In order
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to impose our boundary condition at ¢ = 0, we must add additional solutions in the region
0[] < 0 with different values of §y < 0 so that they naively produce a d-function for ¢ > 0 at
t = 0. However, since we are imposing Pg(¢ > 0,t) = 0 by hand, adding these additional terms

remains consistent with our initial conditions. A natural guess is that the solution takes the form

1
Ps(9[€] <0,t,8) = \/ﬁ o~ (£-0)?/(207t) _e—4Ci/(202)e—(C+Ci)2/(20'2t)] 7 (5.25)

where ¢ = 0 corresponds to { = t. This way of imposing the boundary conditions is typically
called the method of images.
Now that we have the probability distribution, we can apply it to compute the onset of

eternal inflation. Following [97], the probability that reheating occurs at time t is determined by

d 0
pra(t) =~ [ doRa(git) e, (5.26)

where we used the Fokker-Planck equation Eq. (5.23) and integrated by parts. From here we can

calculate the average volume of the reheating surface,
V)g =L /O dte’® prg(r) ~ L3 /O dtet(3-1/(20%) (5.27)

where L3 is the size of the initial patch at t = 0. The onset of eternal inflation occurs when this
quantity diverges:
A

—5 >

1
2 —
T 76"

(5.28)

In canonical slow-roll inflation, the perturbative description remains weakly coupled up to the
phase transition and therefore this determination of the critical value of A, is meaningful [97].

Now let us repeat this analysis for theories with primordial non-Gaussianity, 73 # 0. The
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evolution is described by (see Eq. (5.10))

0 o’ 9?2 7 9>

— t)=—=—% t) - =% t). 5.29

atPNG(C, ) D) aCZPNG(C, ) 3'8C3PNG(C7 ) ( )
Building off the solution in Eq. (5.24), we can make the ansatz for the solution to this modified

Fokker-Planck equation:

3

Pt lo)=eww (5 5 ) Poldo o). 530

Substituting this ansatz into Eq. (5.29) gives

aK(t) =1 = k(t)=-—pt+K. (5.31)

We again impose the initial condition at t =0, { = {; < 0, and P(¢ > 0) = 0, so the solution

takes the form

03
Png(6,t,8) =exp ( };t 863) Ps(&,t, &) +images , (5.32)

where the images are solutions with {y > 0. While this can be solved in principle, a closed form
solution to these equations is both unnecessary and beyond our scope. Specifically, the phase
transition is determined by the behavior at ¢ =0 or { — t in the limit t — . In this limit, we

have

"

aCnPG(Cat»CO)‘ t:(< 2k

621’1

+ﬁ< )>PG<CataC0) (533)

so that the Gaussian behaves as an eigenfunction of the derivative operator in the t — oo limit. In

this regime, the probability distribution for { becomes

3 o 2
exp (—1;3—;688—4,3) Ps(&;t,80) — exp [3' <(C CO)) (&%) ] ' (5.34)

o2t 202t
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This solution is also derived in Sec. 5.B using the method of steepest descents.
This probability distribution for { tells us that the large t behavior for the probability of

reheating is

PRNG(t) o< exp {—t( L n 1)} . (5.35)

2062 3lo6
Repeating the same argument from above to derive the onset of eternal inflation, we see that

(VNG diverges when

1 Y 1
——=—<3. 5.36
262 3166 ° (5.36)
Note that this result depends on the sign of 93, which is not fixed. Using the explicit form of 3

given in Eq. (5.18) and 6% = A¢/ (27?), eternal inflation occurs when

11 1 3\ | 3A¢
———((1-5 N+ ) <—=. :
SR (( c2> (9+3cs)—|—02) <5 (5.37)

N N

At this point, we notice something surprising. One might have expected that the Gaussian
term would dominate when H? / A% < 1. However, if we recall that A = frcCs, We can rewrite
this expression as

11 f2 3A

S s (@) (0+3ed) +e) < 55 (5.38)

When computing the onset of eternal inflation, we see the corrections scale as f2/A% > H? /A2
Taken at face value, this implies that for c¢; = 1 (c¢; < 1), eternal inflation occurred in our universe
for c3 < 24 (c3 < —9). In Fig. 5.2, we compare this region to current observational constraints
from Planck denoted by the red contours in Fig. 5.2 on the parameter space (taking Ay ~ 0), in
terms of ¢y and

4ez 1 (1 — c?)2

N
The figure also shows conservative bounds on these parameters from perturbative unitarity

at horizon crossing, derived in [1] (see Appendix 5.A.3 for a review of perturbative unitarity

constraints on the EFT of Inflation).
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Since the correction we calculated scales as f2/A? it is natural to guess we have become
sensitive to the cutoff scale for the EFT of Inflation. This suggests that we would become sensitive
to even higher derivative corrections. We can estimate the size of these terms by dimensional
analysis, using their relation to the connected correlators of {. Using our normalization of higher

dimension operators in terms of A, we have

H 2n—4
=o' | — . 4
a0 (A) (5.40)

Extending the ansatz in Eq. (5.30) to include higher derivatives, we find

P({;t,80) =exp (Z (_1)n%aagn> Ps({;t,8) +images , (5.41)

n>2

so that

1 Y. 1
pR(t) o< exXp [—t <r‘2 —{-é;m)] . (5.42)
Again, we see that in the t — oo limit, all the 7, corrections contribute to coefficient of the
exponential decay but do not change powers of t in the exponent. As a result, the reheating

volume diverges when

T 1
+ 22(—1)"; 53 <307 (5.43)
n> ’

| =

Now we notice that the n'" term is the sum is

% 1 N 1 1 H 2n—4 1 N fn’ 2n—4 “
o2 plon2\ A A2 T A ' (5.44)

¢

Therefore, the series is under control for typical couplings when A > f;.
On the other hand, when A < fz, it is possible, in principle, to tune the coefficients of
the higher order terms so that 93 is the dominant contribution. Yet, the fact that our results

naturally organize into an expansion in f /A suggests that something more drastic is occurring
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in the parameter space where A < f; that cannot be resolved by fine tuning. We will revisit this

interpretation in Sec. 5.5.

5.4 The de Sitter Entropy and Microstate Counting

The interpretation of these corrections in the context of eternal inflation becomes even
more more drastic when we apply them [122, 99, 100] to our interpretation of the de Sitter

entropy [158],

=G = (5.45)

Sds

where Gy is Newton’s constant. During inflation, the de Sitter entropy is slowly changing as
H (t) decreases, such that

dSss _ dSas _ 16m*MiH 472

=—. 5.46
dt ~ Hdr HA csAg (40

In analogy with the entropy of a black hole, it is natural to interpret this entropy as reflecting a
finite number of degrees of freedom describing the microphysics of (quasi) de Sitter space. One
crude test of this hypothesis is to compare the de Sitter entropy to the entropy of the fluctuations
that are observable after inflation ends, following [122]. The number of Fourier modes that are

being “created” (i.e., crossing the horizon) per e-fold is simply the expansion rate

d 10g N, modes

=3. 5.47
It (5.47)

If the de Sitter entropy is to be interpreted as resulting from the size of the Hilbert space
describing the modes that live in de Sitter, Sgs o< 10g Ngates, then we should be prevented from

observing more than a de Sitter entropy’s worth of Fourier modes, so that Ny odes < Nstates, Which
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implies

legNmodes deS
dp SO Mmodes /dt— . 5.48
J = s 548)
Our general expectation is that Nyodes << Nsates Since the semi-classical fluctuations should
capture only a small fraction of the gravitational microstates.

In the models of interest here, the integrands are nearly constant so that Eq. (5.48) holds

at the level of the integrand:

dlogNmodes dSas 4752
dt dt c SAC ( )
Naively, one can imagine violating this interpretation by taking
? 472
Ar > . 5.50
(> 3 (5.50)

However, to derive a contradiction, it should be unambiguous that all Ny,oqes are independent
and observable. This would be verifiable if inflation ended everywhere in the universe, allowing
us a vantage point from which to reconstruct all of inflation. However, if inflation never ends,
i.e., we are eternally inflating, then these modes are not accessible to an observer. In canonical
slow-roll inflation (c¢; = 1 and c3 = 0), the onset of eternal inflation was determined in Eq. (5.28).
Therefore, a finite period of inflation always satisfies the inequality

77:2

Ay <5< (5.51)

472
3
As a result, we never encounter a regime where more than ¢5 modes are produced while

maintaining control of the background in canonical slow-roll inflation.
In the presence of non-Gaussianity, the onset of eternal inflation is modified, potentially

allowing a contradiction with this interpretation of the de Sitter entropy. In particular, demanding
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a finite inflationary volume while violating our de Sitter entropy bound is possible when

n*  r? 1 o C3 47?
—_—— I1——=])(9+3 —= A . 5.52
) (( C%)( - Cs>+c§) > Ay > 2 (5.52)

When ¢, < 1, the left hand side of this equality scales as 1/c2, which easily allows a window
where Ay > 412 /(3c,) without transitioning to eternal inflation. If we set c3 = 0, this equality
can be satisfied for any

cs <0.095. (5.53)

When ¢3 # 0 and ¢; < 1, we can satisfy the inequality for c¢3 < 9.

Rather than seeing this as a breakdown of the relation between the de Sitter entropy and
the microstate counting, it is natural to interpret this as a breakdown of the EFT of Inflation. The
likely possibility is that ¢; < 0.095 is in the strongly coupled regime of the EFT of Inflation,
telling us that we cannot trust the calculation of the onset of eternal inflation. Concretely, we can

again rewrite this equality in terms of A = ¢ fr as

472
3¢

2 2 £2
%+%%((1—c§) (9+3¢5) —e3) > Ag >

(5.54)

We can again only satisfy this inequality when A? < f2, and in the case ¢; < 1 we require
A? < f2. However, eternal inflation occurs when A > 412/ (3cs):

H* 8n?

F > v (5.55)
T s

This is only satisfied for f; < H and therefore the regime of interest is where A> < H?. This
strongly suggests that we cannot see more than a de Sitter entropy’s worth of modes in the regime
that is under control within the EFT of Inflation. We might even interpret ¢y > 0.095 (when
Ar > %) as a bound on the regime of validity of the EFT defined by the de Sitter entropy. We

compare this to the bound from naively applying perturbative unitarity in Appendix 5.A.3 and
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find good agreement. One may hope that a further exploration of the de Sitter entropy will bound
the range of parameters in the EFT of Inflation directly from the cosmological background,

complementing other approaches more similar to QFT in flat space [144, 177, 178].

5.5 On the Breakdown of Stochastic Inflation

By direct calculation, we have shown that the presence of primordial non-Gaussianity
leads to a series of large corrections that can dramatically modify the onset of eternal inflation
when A < f. Our goal here is to make the case that this should be interpreted as a breakdown of
Stochastic Inflation akin to the breakdown of the EFT of Inflation in the strong coupling regime.
This should not prevent us from calculating the phase transition in a UV complete model. We
can understand both issues by returning to the origins of Stochastic Inflation.

The Stochastic framework follows as a consequence of general Markovian evolution. For

a scalar field ¢, this evolution is described by

d
SP(9.0) = [ a6 [P0~ 20.0W (016~ 80) ~ P(4.)W(9 +A0[89)] . (556)

where W (¢|¢’) is the transition amplitude for the field to jump from ¢’ to ¢ during the time dz.

If these transition amplitudes are sufficiently “local,” we can Taylor expand Eq. (5.56) to get

J = 10"

2700 = Lo W91 (5.57)
where

Q,(9) = [ 469 (~20)"W(40.0), (5.58)

and W (y,x) = W (x+ y|x). For approximately Gaussian transition amplitudes, the moments of
the distribution should be well defined, leading to a reasonable derivative expansion. Indeed, for
the case of 1 ¢* theory [66] and inflation (Sec. 5.2 above), we have verified that these coefficients

are calculable by explicitly evaluating them.
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Scalar metric fluctuations § are constrained by an additional non-linearly realized sym-

metry (Eq. (5.3)), which enforces that W({|{") = W (& — ') or W(y,x) = W(y). Using the

expected scaling behavior for ¥, given in Eq. (5.40), we write

2n—4
W H
Yn = &n0 (X) ) (5.59)

so that g, = €(1) and

d 62 9> At o1 H? 9 \"

This is the scaling behavior we would get from a transition amplitude of the form

2 2 n—2
W(Ac):ﬁexp [—(32 <1+Z(—1)ngn (%EAC)) )] , (5.61)

n>2

where A{ = { — {’. This series expansion will break down when

A2

A — 5.62

6> 2nfz (02
or, using Al = HA¢ / f2, )
A

HA — . 5.63

¢ > o (5.63)

Notice that the expression on the left is HA¢ ~ ¢. It is natural to interpret the large changes
in the field over a Hubble time as a probe of the high energy limit of the theory £ > H, which
explains why we encounter the EFT cutoff scale A.

If the breakdown is indeed due to strong coupling within the EFT, we would expect that
a large correction to the onset of eternal inflation would coincide with violations of perturbative
unitarity at energies E = fr. Since fr > H, we can approximate the subhorizon region as

flat space and can calculate the partial wave amplitudes for two-to-two scattering of {. These
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amplitudes are provided in Sec. 5.A.3 along with their associated perturbative unitarity bounds.
If we take ¢y = 1, then s-wave scattering in the center of mass frame with incoming energies of

E = f7 is consistent with perturbativity when
—1.85<¢3<0.85. (5.64)

For comparison, we saw that the non-Gaussian corrections naively imply an infinite reheating
volume when c3 < 24 (again for c¢g = 1). In this sense, the breakdown of our intuition regarding
eternal inflation is indeed tied to the breakdown of perturbative unitarity at E = fz.

Ultimately, the question of whether or not a given model of inflation is eternally inflating
should be calculable. However, clearly the method of calculating the correlation functions
to determine equations of Stochastic Inflation is insufficient. Furthermore, nothing about the
calculation of the individual correlation functions will change if we work in the UV completion
(rather than the EFT). This is particularly clear when Stochastic Inflation is expressed in terms of
£, so that all the coefficients are constants and can be calculated from the perturbative correlation

functions.

5.5.1 Breakdown in DBI

For concreteness, DBI inflation [179] provides a useful analogy from which we can try

to understand the breakdown of our calculation [136]. In DBI, the action is given by

$:A4\/1+8‘1?\$—V(¢). (5.65)

The potential V (¢) generates a rolling field, ¢ = ¢ (¢ + 7). Expanding the square root, we find

S
A4\/1—¢ (1+2”A4a“”8 L2 Z%Mi(Zﬂ—&um}?“ﬂ)”, (5.66)

n

174



where

4 4 n d)Z " J"
Mn:A(—l)( ) VI—X (5.67)

and
2 p2
Cs ¢
——=1-— 5.68
so that ¢y < 1 requires ¢> ~ A*. Clearly in that limit, any process that involves a transition

¢ ~ HA¢ > A? will require the full DBI action. In fact, we see the Taylor expansion of Eq. (5.66)

will break down when sooner, when

LA - - s
x5 7 = S <, (5.69)

¢2 (2 e a“ 7'[08”7'&-> 1— ¢_2 — CZ <1 E c
= 7

where 7, = f27 is the canonically normalized field in the EFT of Inflation (see Appendix 5.A
for review). Since 7, scales like the energy of the mode E, 77, ~ E 2 and, therefore, Eq. (5.69)
tells us that our Taylor expansion is only valid for energies E? < c¢2f2/2 = A?/2. The cutoff
scale we identified in the EFT is the scale where we can no long Taylor expand the DBI action.

The DBI example naturally suggests the how to resolve this breakdown: we need to
calculate the full transition amplitudes using the UV completion.> In the case of DBI, we expect
that modeling large field transitions requires knowing the complete non-perturbative form of
the DBI action. In contrast, for smaller transitions, we can Taylor expand the DBI action to
reproduce the same results as we would find using the EFT of Inflation. In practice, DBI may not
be the simplest model in which to directly calculate the full transition amplitude, as more weakly
coupled UV completions of small ¢y may offer some advantages; it is possible UV complete
this regime of EFT of Inflation parameter space by integrating out a weakly coupled massive
field [155, 153, 154, 136]. In that case, we would expect that calculating the transition amplitude

requires “integrating in” the high energy field. We leave the exploration of this interesting

5The contributions to Stochastic Inflation in DBI were previous discussed in [180, 181]. The contributions
for higher derivatives did not appear in those works and thus they did not find the need for a non-perturbative
calculation.
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direction to future work.

5.6 Conclusions

In this paper, we extended the framework of Stochastic Inflation in single field inflation
to include the impact of (equilateral) primordial non-Gaussianity. We showed that the single
field consistency conditions demand that these corrections can only include higher derivative
terms with constant coefficients. We then calculated a two-loop anomalous dimension in SASET
and used it to determine the cubic derivative correction to Stochastic Inflation.

Using these evolution equations, we set out to calculate the onset of eternal inflation in
the presence of non-Gaussian fluctuations. We found that this transition cannot be calculated
within the framework of Stochastic Inflation when the EFT of Inflation is not weakly coupled
at the scale of the time evolution of the background, f = 59H, which is well above the scale
of horizon crossing H. For a wide variety of models producing observable non-Gaussianity,
the onset of eternal inflation is incalculable and requires appealing to a UV completion of the
Stochastic framework and the EFT of Inflation.

We interpret the breakdown of Stochastic Inflation as a sign that the tail of the probability
distribution for the scalar fluctuations is a probe of sub-horizon physics during inflation. This
conclusion is relevant to other probes of non-Gaussianity from rare fluctuations [182, 183, 184,
185, 186], most notably as applied to the formation of primordial black holes (PBHs) [187, 188,
189, 190]. Like the onset of eternal inflation, the rate of PBH formation in canonical slow-roll
inflation is calculable using Stochastic Inflation, both in the single and multi-field regime (see
e.g. [168, 167, 169] for discussions of the connection between PBHs and Stochastic Inflation).
Nevertheless, generic non-Gaussianity was known to impact these rates of rare fluctuations in
ways that might not be calculable in perturbation theory [166]. Our results suggest it is the EFT
of Inflation that is breaking down, which implies that one cannot resolve this effect within the

EFT itself, e.g. by resumming EFT Feynman diagrams.
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This work makes a sharp connection between a number of important topics in theoretical
and observational cosmology: the regime of validity of cosmological EFTs, primordial non-
Gaussianity, probes of the tail of the distribution of scalar fluctuations, eternal inflation, and
the de Sitter entropy. A natural next step is to explore the connection between these results in
models that are UV completed beyond the cutoff of the EFT of Inflation. Given a concrete model,
e.g. DBl inflation [179], one could compute the tail of the distribution or the onset of eternal
inflation. More generally, de Sitter holography (quantum gravity) also connects many of these
topics and offers a parallel and unique perspective on the de Sitter entropy [159, 123, 160, 161],
non-Gaussianity [7, 191] and (potentially) eternal inflation [192, 193]. Naturally, one would like
to understand the breakdown of Stochastic Inflation from a holographic perspective. Our results
imply the need for a deeper non-perturbative definition of eternal inflation, which may provide a

concrete opportunity to link these (often) distinct approaches to cosmology.
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Appendices
5.A Calculations for Single Field Inflation

In this appendix, we review the basics of the EFT of Inflation, and review results for

the power spectrum and bispectrum that are used for the calculations in the main text. Then in

177



Sec. 5.A.2, we provide some technical details for how to regulate the key integral that appears in
the calculation above using a dimensional regularization like approach that explicitly preserves
the symmetries of the problem. We then review the perturbative unitarity constraint derived

using flat space amplitudes in Sec. 5.A.3.

5.A.1 EFT of Inflation: Power Spectrum and Bispectrum

The EFT of inflation, in the decoupling limit, is described in terms of a Goldstone boson
7 that non-linearly realizes time translations that are broken by the evolving background. Since
7 shifts by a constant under time translations, the variable U =t + 7(¢,X) transforms linearly

under time translations. We can then express the action in terms of U
— 1
S = /dtdg’x\/—g Y M, (U) (3uUo*U +1)", (5.70)
= n!

such that the n'™ term is &' (M} ") (note we are using the (— -+ +) signature for the metric).
The coefficients Mg and M’ f are fixed by Einstein’s equations (or equivalently by eliminating the

tadpole). The resulting quadratic and cubic contributions to the Lagrangian are given by

_ . M>|H .
% = M3 (7‘:2 . (Vﬂ)z) MR = P1|2 | (7':2 —cf(Vn)z) , (5.71)
CS
and
4 -
L= (zMg‘ — gM§‘> i —2M37 (V) (5.72)

where M3 = M§1]H| (1—c2)/(2c2).

Using { = —Hn+ O(en?), where € = —H /H? is the slow roll parameter, and defining

the pion decay constant as f,‘r‘ = 2M§1|H |cs, one finds the power spectrum at zeroth order in
slow-roll is

3

(L)) = Tﬁﬁ@m%@m = k_<2n>35(z+;f), (5.73)
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and the bispectra are [176]

1 1 )
B oy (kikaks) = =5 (1 - _2> A

c
' (5.74)
(24K3° — 8K>?K3 Ky — 8K K% 4+ 22K3° K, P — 6K>2 Ky * + 2K 9)
X
K3°K;3 ’
and
By (ki ko, k3) =4 1 Naie) a2 (5.75)
; = ——= |G+ =zc | A ——= . .
CB 1,R2,K3 C% 3 2 Ky C K33K]3
The coefficient ¢3 is defined in [194] such that it is related to our c3 by
. fa ~ 2c3
M5 =M;=c3% - C3=—F——, (5.76)
PTG (1=cf)es
so that
C3 2 1
By (ki ko k3) = |6(c2—1) +8= | A2 ———— . 5.77
CS( 1,/2, 3) |: (Cs )+ C%:| 4 K33K13 ( )

We have also defined K; the set of symmetry functions of the magnitudes of the momenta k;_3,
Ki=ski+hk+ks, K =(k+hkk+kk)? .  K=(kkk)'? . (578

Since the bispectra are necessarily symmetric under permutations of k;, it is natural to write the
correlators in terms of these symmetric functions. The appearance of poles in K3 is particularly
noteworthy, as these are the cosmological avatars of energy conservation (also known as the total

energy pole).

5.A.2 Dynamical Dimensional Regularization

When working with scalar fields in fixed dS, we were able to regulate divergent integrals
in a symmetry preserving way by introducing a mass for the scalars, a procedure we called
dynamical dimensional regularization (dyn dim reg) [65]. Our interest here is in regulating

divergent integrals involving the adiabatic mode {. However, { transforms non-trivially under

179



the non-linearly realized symmetries defined in Eq. (5.3) above. (This explains why correlation
functions of the adiabatic mode { are time-independent outside the horizon.) As a result, we
cannot regulate divergences by introducing a mass for {, without breaking these symmetries.
Fortunately, by definition, the background itself breaks time-translations, which will provide
us with a way to regulate divergent integrals while respecting the symmetries. Having such a
symmetry preserving regulator is important for justifying the consistency of the EFT approach.
To see how dyn dim reg works in this setting, we will recompute the leading quantum-
noise term in Stochastic Inflation from correlators of { when ¢; = 1. For comparison, we
performed this calculation using a hard cutoff above, see Eq. (5.11). We start with the quadratic
action L
S— / drdxd® (t)z‘ilmz—ilf;)augauc . (5.79)
Here we are making the time dependence of H (#) manifest, since we will use this property to

regulate divergences. For a general inflation model, H(t) is some arbitrary function of z. If we

define some reference time 7., we can therefore expand H (¢) as a power series near t = f,,

M2 H(t*) 7\ 22 _
_ 3.7l i 12 A #ni
S_/dtd x 1) (T) (¢"*—0i¢d'¢) , (5.80)
where
H I3
E= —m , and n= H_S s (5.81)

T~ —1/(aH) is the conformal time, and we used

d H*(1) d H?(1)
T—log| ————|=17—log| ——~ | =—-2e—1. (5.82)
dr (MSI\H(t) \ ) dr (Mgle(z)
The resulting power spectrum is

A - a((®) 1(k*>28+”
k

COLE) = i (589
p *
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where k, T, = —1. We can use this to repeat the one-loop calculation we performed in Eq. (5.11)

using a hard cutoff:

gy g2 =) /(d3k 1;{4(&) 1 (k)zfn

2 21)° M2 (1) & \ k.
pan(n—=1) H(t)* 1
— . - +logKz, ) 5.84
" MEAE) \ 2e 1y RN (554

where K is an IR regulator®. To regulate the divergence, we introduce the normalized operator

and the counterterm Z — 1 in the minimal subtraction scheme:

1 n(n—1) H(t)*

n—2 n—2 .
=7 with Z=1+ - .
R 6 2e+n  4n? MglyH(t*)|

(5.85)

From here we can determine the dynamical RG by enforcing that our predictions are independent

of aH (t,), which yields

dlogZ —1) H(t,)*
¢z _ _nln ; ) g () (5.86)
dlogaH (1) 4ns MG |H ()|
For comparison, we can repeat the calculation using a hard UV cutoff aH with €, — 0:
gn oy en2 5 M= 1) H H/K (5.87)
. a . .
an? MRH|
This yields a counterterm
7o =) H H(t,)/K (5.88)
=1- -loga :
An*  4M2|H SAIIR

OThis result is similar to a 1/(ny — 1) pole found in the one-loop power spectrum in [195]. The appearance of
these inverse powers of slow-roll parameters in loop calculations is, a priori, not necessarily problematic as they
signal the need for dynamical RG in the sense we describe here.
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from which we can recover

dlogZ -1) H*
gz _ nmn—1) A (5.89)
dlogaH (1) 4ns My H]|

In this sense, using the hard cutoff at one-loop will reproduce the results of a more careful
treatment with dynamical dim reg and minimal subtraction. Precisely the same approach can be

applied to regulate the two loop integral in the main text as well.

5.A.3 Perturbative Unitarity from Scattering

To understand the results of this paper, it is helpful to understand the energy scales where
various processes become important. With the introduction of a non-trivial speed of sound,
understanding the physical scales in the problem becomes more challenging, as the distinction
between a momentum and energy scale is important. To simplify the problem, we can rescale
the spatial coordinates to put time and space on the same footing
_ 3 2 a_ Ja
X =x/cs, L=c, 7, T =fim., M, =cn— A= fres (5.90)

Cs
so that ¢ = JT (1 — c%) After rescaling, it is convenient to organize the action in terms of the
artificially Lorentz invariant derivatives éu and time derivatives, so that the action takes the form
A I B BT B B AR N BN
P =5 (0m) + 15 |l — ot (9m.) | + 15 | Bisd = Bori? (9m.) +Ps (Im.) | |

(5.91)

where

o= —2c¢ (l —c?) — %03 , O =2c,
(5.92)

B = %cz (l—cf)2+203 (l—cbz.) —I—%C4, Br=—c (l—c?) —2c3, PB3= %cz.
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Crucially, we notice that the quadratic action is Lorentz invariant in terms of the X variables. The

scattering amplitude for 2 — 2 scattering in the center of mass frame is [144]

9 3 2
M(s,0) = (-Zaf — 405 — 6001 + SBi+2B+(3 + cos? e)ﬁg) % : (5.93)
Now if we define the partial wave expansion of the amplitude as
M(s,0) =16y (20 + 1)ag(s)Py(cos 0) (5.94)
‘

then |ay| < 1/2 in order for the partial waves to be consistent with the optical theorem in
perturbation theory, i.e., the theory satisfies the constraint of perturbative unitarity. Integrating

the amplitude over cos 6 we find

2
2 S
aop (s) = 027 (—3 (3o +4ap)” + 183 +24B; +4OI33> A (5.95a)
Bs s*

For ag, perturbative unitarity places a bound on a complicated linear combination of c;, ¢3 and
c4. This degeneracy can be broken by considering scattering in boosted frame. In contrast, if
we demand |ay| < 1/2 when the external energies are both f;; so that s = 4f2, then we find that
cs > 0.31 if perturbative unitarity holds [144].
These bounds can be strengthen by considering scattering beyond the center of mass
frame. This is analysis was performed in [1], leading to the exclusion in terms of ¢; and 0 :
4C3_1(1—c§)2 o

o) = —_—— = (5.96)

3¢2 2 (2 c?

This is the bound shown in Fig. 5.2.
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Consistency with the de Sitter Entropy

With some extrapolation, we can also apply these results to the consistency of the de
Sitter entropy discussed in Sec. 5.4. Concretely, we could observe more than a de Sitter entropy’s

worth of modes if we could satisfy the inequalities

%2—’;—;«1—%) (9+3c§)+z—§)>A§>‘;’z. (5.97)
This appears to be possible when ¢y < 0.095, but we interpreted as a breakdown of EFT of
inflation as the cutoff dropped below the Hubble scale, A < H. We check this interpretation by
comparing it to the perturbative unitarity on ¢, of the d-wave amplitude, |a»(E)| < 1/2, which
implies [144]

4 4

E c
f_,‘,} < 3071'1 _‘c% . (5.98)

Although taking E = H is not well-defined, since we are far from flat space (where the unitarity
calculations are performed) in that limit, we can still use this bound as a check on our interpre-
tation of the apparent violation of de Sitter entropy bound. Throwing caution to the wind, we

combine this inequalities using £ = H to find

8n? HY A
ST B aop S 5.99
3o, ~ A SN2 (5.99)

The only viable solutions to these inequalities occurs when
cs > 0.68 . (5.100)

We see that ¢y < 0.095 clearly falls outside this region, so that it lies in the strongly coupled
regime derived using this naive interpretation of the partial wave unitarity bound. The bound on
¢ from the de Sitter entropy is a clearly a weaker constraint, but has the advantage that it applies

in the de Sitter background directly.
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For c¢3 # 0, the flat space perturbative unitarity bounds become more complicated, as the
s-wave amplitude depends on ¢y, ¢3 and ¢4 (see Eq. (5.95a)). A proper comparison of the de
Sitter entropy and scattering based bounds would require the next (4‘1’) order in the derivative

expansion in the Fokker-Planck equation which is beyond the scope of this work.

5.B Solving the Fokker-Planck with Steepest Descents

In this appendix, we will present an alternate solution to the Fokker-Planck equation

9 o? 92

03
8tP(C’t) = ja—CzP(C;t) —ga—pP(C;t) : (5.101)

The basic idea is to use the Fourier transform to simplify the derivatives with respect to .
Specifically, if we define
P(Cit) = / dke kP (k; ) (5.102)

then the Fokker-Planck equation becomes

0 o’ &
—P(k;t) = | kK> — —ik>Z | P(k;t) . 5.103
Pl = (-85 - D) Py (5.103
This can be integrated to obtain
kot
P(k;t):CeXp(— ; t—ik3§t). (5.104)

To determine the probability distribution of {, we take the inverse Fourier transform

> . A 3
P(C;t):C/_wdkexp (—té’k—kzﬁt—llé?)—it) . (5.105)

For large t, we might suspect we can calculate this integral using the method of steepest descents.

Specifically, we can deform the k contour in the complex plane so that is goes through a point k,
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such that

2
o Y3
—(—iCk— K —t— ik’ Lt =0 5.106
dk( ZC 2 31 > k. ’ ( )
which occurs when
2
.0 2p¢
k,=i— | 1+4/14+—=1] . 5.107
* l’)/3 ( + G4t> ( )

Noting 13 < Ag, we should take the — solution, since it lies closer to the real axis. We will

assume 87%13{ /t < 1 so that

4 g

k, ~ —i +1i .
* o2t | Bog6e2

(5.108)

The resulting probability distribution can be determined approximately by using k = k, + k

2 3 oo -
P(C;t):Cexp(— 6 +ﬁ 6 )/ dice— ALK/ (2n%)

202t 3! o06t2

2 3
~_C exp(—C L BS ) (5.109)

~ At 202t ' 3! 06t2

where C and C are constants. Here we used the fact the integrand is analytic in the region
enclosed by contours k € (—oo,%0) and k € (—oo, ) to obtain our final result.

This reproduces Eq. (5.34), which we derived from our exact solution. However, we also
see that the method of steepest descents will become problematic when we take 293¢ /(o%t) > 1.
This corresponds to the same condition as above for the failure of the Stochastic framework to

reliably calculate the tail of the distribution.
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