B BROOBOOIEAE

Inflationary Fossils beyond
perturbation theory

R. Impavido in collaboration with N. Bartolo (UniPD)
ArXiv 2507.17593

s, Universita VNIVERSITAT
i Ferrara INFN IFIC D VALENCIA

CCCCCCCCCCC

Paris 5 November 2025 Inflation 2025



The inflationary scenario

- The early universe is approximately a de Sitter space,
expanding at an accelerated rate

- The accelerated expansion washes away inhomogeneities,
explaining the great homogeneity of, e.g. the CMB

- Massless fields in de Sitter are frozen, at late times, by the
cosmological expansion, at a value ~ H

- The accelerated expansion is sustained by the v.e.v. of the
inflaton

- Quantum fluctuations of the inflaton are responsible for the
iInhomogeneities of the CMB
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Inflationary fossils

How is it possible to characterize long modes of a field that interacted
with the inflaton?
APOX

&3 =k ™

X (Px; Pk Xq)
_ lim
<¢k1 ¢k2> |XL <¢k1 ¢k2> T 1—>O <Xqu>
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Inflationary fossils

How is it possible to characterize long modes of a field that interacted
with the inflaton?

.
[Dai et al 2013]
Etensor

X (Px, Py Xq)
_ lim
<¢k1 ¢k2> |XL <¢k1 Cbk2> T 1—>O <Xqu>
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Beyond perturbation theory

Is it possible to solve nonperturbatively, in some approximation, a
theory of two interacting fields in (quasi) de Sitter space?

S = /dnd3x : (¢ = (3i9)* + X% — (3ix)?) — 4

H 2
212 H? 2nt H4 X9

X : free part +Agp? = 0
@ : free part + A\x¢ =0
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Beyond perturbation theory

Is it possible to solve nonperturbatively, in some approximation, a
theory of two interacting fields in (quasi) de Sitter space?

1 , m
Seff — /dnd3X2n2H2 <¢ ? — (az¢)2 o 7721__[2 ¢2> m? = HxA\
approximation(s)
A1 weak coupling
: f t DQ? =
X - Tree par M 0 ky < kg long mode of

gb : free part + >\X¢ =0 X > H large mode of X
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Beyond perturbation theory

Is it possible to solve nonperturbatively, in some approximation, a
theory of two interacting fields in (quasi) de Sitter space?

/ mf\
Seff — /dnd3X2n2H2 <¢ ? — (az¢)2 o 7721__[2 ¢2> m? = HxA\

(D1, 0102 Dot = (D 1) (—hom)P 2V imation(s)

[Cel;);a-et {:rzzzel]partw _ 0 A < 1 weak coupling
@ : free part + Ax¢p =0 kX < kqﬁ long mode of y
| ’ : X > H large mode of 'y
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Results: all matchings

Checked the matching between Fossils and BPT to first order

Coupling Type Effect BPT

)\X(;Q scalar-scalar, linear effective mass

)\XU’U’ scalar-scalar, derivative change of kin. term
Ax0;o O'c scalar-scalar, derivative

change of kin. term

€Yij 0iC aj G scalar-tensor, derivative

change of kin. term

€ (%ﬂéjgoo — ak%;jah%;jghk) scalar-tensor, der.

change of kin. term

CCs-violating scalar-scalar, derivative
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Large (& long mode) scalar fossils modfy GW’s speed of

sound
free part for ¢ free part for ~
s . 1 _
S = / d3xdnn4 =7 (€9 + 0i¢0;¢g7] ~ S Vi719% + Ok Onvij "]
—€ 00 hk 1 hk ]
R4 H [C’ng%{jg — COkYiiOnvis9 ] - 4774H49 [77€j8k%jahx_
Interaction ~~( auxiliary field
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Large (& long mode) scalar fossils modfy GW’s speed of
sound
free part for ¢ free part for ~

_ 3 —¢ 00 i !
S = /d X i ¢'C'g™ + 0i€0;¢g" | — S

[%?j%jgoo T ak%jah%'jghk:

iy 1 _
R4 H [C%j%{jgog — Cak%j@h%jghk} - 4t H ghk [77€j8k7ij8hx_
Interaction v ( auxiliary field
—1 _ _
Seff = /dnd3X8n4H4 [7£j72j900(1 + €C) + ah%’jak%jghk(l — GC)}

,  4H? \/1+e¢  4H? _
(Viewij Voa,i) = 3 12~ i (1 + 2€()

BPT BPT@1st order = Fossils
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Results: all matchings

Checked the matching between Fossils and BPT to first order

Coupling Type Effect BPT

)\Xg2 scalar-scalar, linear effective mass

)\XU’U’ scalar-scalar, derivative change of kin. term

Ax0;o O'c scalar-scalar, derivative change of kin. term

€Yij 0; ¢ ajC scalar-tensor, derivative change of kin. term
eC (7i;75;9"° — OkvijOnyi59™") scalar-tensor, der. change of kin. term
CCs-violating scalar-scalar, derivative change of kin. term
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Sum up + Conclusions

- In 2507.17593 we formalized the missing link between the Inflationary Fossils and a
technique beyond perturbation theory, checking the result at first order in many different
cases. Resumming diagrams = skipping nested in-in integrals

- To go beyond pertubation theory we integrated out a light field at late time

- To modify the power spectrum we resummed (co)many tree level contributions
Cfr. [Bordin et al 2018], [Pinol et al 2023, Werth et al 2024]

- It is now possible to extend the Fossils approach to large primordial fluctuations. Interesting
phenomenology lies ahead: it could be possible to characterize large primordial GW or large
curvature modes beyond perturbation theory
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“Large” fluctuation?

- BPT approach is semiclassical: no problem in considering a large field

- Fossils approach is quantum field theoretic (IN IN formalism), in which we
are used to have fluctuations of order H if we wish to match with Bunch-
Davies in the UV.

We can however apply the field operator to states that are coherent states
with a very large number of particles: we are therefore considering not a high
energy limit, but a high occupation nhumber limit.
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Separate Universe?

equivalent
to (quantized) cosmological P.T. if
expanded [Lyth et al 2005]

The “separate Universe”. >
gradient expansion

Y,
Equivakent to BPT if expanded .
in the coupling, at the same e_qu_lvalent .
order < to the in-in formalism
[Seery et al 2008]
However...

The § N expansion is not an expansion in the coupling, so the
resummed results (in the coupling) has no reason to agree with § N
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Single field violating the consistency conditions

1 Chen et al 2013
S = /dnd3x [\/ 97( ( ) ¢+ €0;Cn0iCn EPL 102 59001

1 3
_ <i> (1 = )0 0iCn0iCn + (é(—S + 30§)> (G — (2 (1 — C—) + 2>‘)Iil

S

€ 12 I 13 Ui . 2 i . v (9 2
+5 (B H<<n<n<n+<n )+ e (B606 + 2760606+ 06 ) )]

S

/ Cubic Lagrangian for general
C —I_ L] L] L] - - - -
single field inflation
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Single field violating the consistency conditions

1 Chen et al 2013
S = /dnd3x [\/ 97( ( ) ¢+ €0;Cn0iCn EPL 102 59001

1 3
_ <i> (1 = )0 0iCn0iCn + (é(—S + 30§)> (G — (2 (1 — C—) + 2>‘)Iil

S

€ 12 I 13 Ui . 2 i . v (9 2
+5 (B H<<n<n<n+<n )+ e (B606 + 2760606+ 06 ) )]

Cg S
C — C C, o Cubic Lagrangian for general
n T single field inflation
3 1
ll\?f ~ — Violating the CCs 1\?1? ~1—ngn~ O(E)

2
4cs
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Single field violating the consistency conditions

—1 € —3—|_3(3§
Seff:/dndgxl\/_g 9 (CQC’;LC;L (1+CL< c2 +(7372>)

S

+€0;(0iCr (1 +0r (Cgc; : i CEQ)) )]
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Single field violating the consistency conditions

—1 € —3—|_3(:§
Seff:/dndgxl\/_g 9 (C2C’;L<?/’L (1+CL< c2 —|_(7372>>

S S

+€0;(0iCr (1 +0r (Cgc; : i CEQ)) >]

CL{GuGnGn) )

<CnCn>eff — <Cn<n>(1 - UCL/Cg + ) — <Cn<n> (1 +

(CaGn)®
(Gies s = (Gt Grdes k) + 75 (ks Gotea) (Gt Grka) + perm]
S loc O
NL 4¢?
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auxiliary field?
See e.q. Maldacena 2003. GR+scalar field using the ADM formalism.

S = % / VIR — (V)2 — 2V ()] ds* = —N?dt* + hyj(dz’ + N'dt)(dz? + N7 dt)

1 . . : .
S= /x/E (NR®) — 2NV + N7X (BB — B2) + N7 (6 — N'0,¢)* — Nh"9,00;0)|

Solve for the constraints in the ¢ =0 gauge V:ilN ™ (Ej-&E)]=0
| , . R® — 2V — N*(E;j;E”7 — E*) = N2> =0
N = 9t + N} where O;Nj =0 and N = 1+ Ny.

T SO o

p p 2p

Expanding the action at cubic order and selecting v~ ( terms leaves some
auxialiary y dependence. However there is no influence for the BPT
procedure
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