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How primordial is early cosmology to fundamental physics?

PRIMORDIAL 
COSMOLOGY
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Disclaimer: this is nothing bug a very biased list of interesting topics related to inflation



Primordial fluctuations undergo gravitational 
collapse into structures

Gravity

PRIMORDIAL 
COSMOLOGY

Cosmic Microwave Background

Large-scale distribution of galaxies

How primordial is early cosmology to fundamental physics?
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Gravity

Particle physics

PRIMORDIAL 
COSMOLOGY

3

𝒎/𝑯

Cosmic spectroscopy

3
+ 𝜁3

cosmological observations initial conditions particle content in the early universe

𝕡(m/H)
𝜁 is the primordial 

curvature perturbation

How primordial is early cosmology to fundamental physics?
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String theory

Gravity

Particle physics

PRIMORDIAL 
COSMOLOGY

General Non-Linear Sigma Model: curved field space and potential

𝓛 = −
1

2
෍

𝐴,𝐵

𝑔𝜇𝜈𝑮𝑨𝑩 𝝓 𝜕𝜇𝜙
𝐴𝜕𝜈𝜙

𝐵 − 𝑽 𝝓

Axions, dilatons, moduli, …  

How primordial is early cosmology to fundamental physics?



Statistical physics

Gravity

Particle physics

PRIMORDIAL 
COSMOLOGY

𝑽 𝝓𝑰𝑹

Convection: →
Diffusion:     ↔

String theory

Stochastic inflation (coarse-graining):
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𝜶 represents the discretization scheme (Itô/Stratonovich)

How primordial is early cosmology to fundamental physics?



Quantum physics

Statistical physics String theory

Gravity

Particle physics

PRIMORDIAL 
COSMOLOGY

[Martin, Micheli, Vennin 2022]

Inflationary two-mode squeezed states:

How primordial is early cosmology to fundamental physics?
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Inflation
Reheating

Radiation era
CMB

𝑡 = 10−37 → 10−32s 𝑡 = 380.000 yr

𝜁, 𝛾 𝛿𝑇 𝛿𝜌

Early universe: the cosmological context

Matter era

Scalar fluctuations ∼ density fluctuations → 𝜁 𝑡, Ԧ𝑥

Tensor fluctuations ∼ gravitational waves → 𝛾 𝑡, Ԧ𝑥

𝒕

motivates

Cosmic Microwave Background (CMB)

Inflation
predicts

Penzias-Wilson 
(1964)

Planck (2013)
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log(𝐸/GeV)

19

16

14

3 Standard Model, LHC

Accessible experiments on Earth

H        Inflation

𝑀GUT Grand Unified Theories

𝑀Pl Planck mass
𝑀s String scale

Scale of inflation is unknown
Particle content  is unknown

Natural units: ℏ = 𝑐 = 1 and the only dimension is energy

? ? ?

Unique framework: general relativity + quantum field theory + precision data

Inflation sensitive to high energies

+
Precision data (current and 

future)

=
Formidable opportunity to test 
high-energy physics beyond the
reach of terrestrial experiments

CMB → 𝜁2 = 4.57 ± 𝟎. 𝟎𝟐 × 10−5

Early universe: the high-energy viewpoint
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Current = + (scalars)

Future       = (tensors)  ?

Cosmic Microwave Background Large-Scale Structures

Primordial Gravitational Waves 

Objects of study = primordial correlations functions

e.g. 𝜁2 →
2

; 𝛾2 →
2

; 𝜁3 →
3

; etc.

Early universe: the observational probes
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I. FROM TEST FIELDS TO 𝜻
Secular divergences
Stochastic inflation
Robustness of inflation
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𝝌
𝟐

𝑵

𝝀 𝑵

𝑽 𝝌 = 𝝀𝝌𝟒/𝟒



• In-in formalism at any order in the interactions:

• Given the mode functions of the linear perturbation theory, and their commutators, he proves:

YET ANOTHER WEINBERG THEOREM
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[Weinberg 2005]

[Weinberg 2006]

Weinberg theorem

The late-time, 𝒕 → +∞, behavior of any correlation function, at any order in the 
interaction Hamiltonian, is proportional to the scale factor 𝒂(𝒕) at a power of at most 0.

13



SECULAR DIVERGENCES
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What is left?  → Logarithmic time divergences

Are secular divergences common?

lim
𝑡→+∞

𝑄 𝑡 ∋ log 𝑎 𝑡 , log 𝑎 𝑡 2 , …
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SECULAR DIVERGENCES
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What is left?  → Logarithmic time divergences

Are secular divergences common?

Are they physical?

lim
𝑡→+∞

𝑄 𝑡 ∋ log 𝑎 𝑡 , log 𝑎 𝑡 2 , …

• Massive mode functions decay strictly faster than 𝑎 𝑡 0 → no secular divergence

• Derivative interactions introduce additional negative factors of 𝑎(𝑡) → no secular divergence

→ Mostly relevant to massless fields with non-derivative (e.g. test field) or mixed interactions (e.g. gravity) 
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What is left?  → Logarithmic time divergences

Are secular divergences common?

Are they physical?

lim
𝑡→+∞

𝑄 𝑡 ∋ log 𝑎 𝑡 , log 𝑎 𝑡 2 , …

• Massive mode functions decay strictly faster than 𝑎 𝑡 0 → no secular divergence

• Derivative interactions introduce additional negative factors of 𝑎(𝑡) → no secular divergence

→ Mostly relevant to massless fields with non-derivative (e.g. test field) or mixed interactions (e.g. gravity) 
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It will be interesting to see if the power series in 𝐥𝐨𝐠 𝒂(𝒕) encountered in calculating
cosmological correlation functions at time 𝒕 […], can be summed […]. [Weinberg 2006]



• Consider a test massless interacting scalar field minimally coupled to gravity:

• Suppose background spacetime is de Sitter: 

STOCHASTIC INFLATION FOR TEST FIELDS
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𝓛 =
𝑴𝐏𝐥

𝟐

𝟐
𝑹 −

𝟏

𝟐
𝝏𝝌 𝟐 −

𝝀

𝟒
𝝌𝟒

𝐝𝒔𝟐 = −𝐝𝒕𝟐 + 𝒆𝟐𝑯𝒕𝐝𝒙𝟐

An example where the secular growth is physical and indeed can be summed
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• Consider a test massless interacting scalar field minimally coupled to gravity:

• Suppose background spacetime is de Sitter: 

• Two-point function at one loop reads:

• Stochastic inflation is an open EFT for the super-horizon modes, predicting:

STOCHASTIC INFLATION FOR TEST FIELDS
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An example where the secular growth is physical and indeed can be summed

𝓛 =
𝑴𝐏𝐥

𝟐

𝟐
𝑹 −

𝟏

𝟐
𝝏𝝌 𝟐 −

𝝀

𝟒
𝝌𝟒

𝐝𝒔𝟐 = −𝐝𝒕𝟐 + 𝒆𝟐𝑯𝒕𝐝𝒙𝟐

𝝌𝟐 (𝒕) =
𝑯

𝟐𝝅

𝟐

𝐥𝐨𝐠𝒂 𝒕 𝟏 −
𝝀

𝟔𝝅𝟐
𝐥𝐨𝐠𝒂 𝒕 𝟐 +⋯

[Tsamis, Woodard 2005]

𝝌𝟐 𝒕 =
𝑯

𝟐𝝅

𝟐

𝐥𝐨𝐠𝒂 𝒕 𝟏 −
𝝀

𝟔𝝅𝟐
𝐥𝐨𝐠𝒂 𝒕 𝟐
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[Starobinsky, Yokohama 1994]



You can get any order, first closed formula in

• Consider a test massless interacting scalar field minimally coupled to gravity:

• Suppose background spacetime is de Sitter: 

• Two-point function at one loop reads:

• Stochastic inflation is an open EFT for the super-horizon modes, predicting:

STOCHASTIC INFLATION FOR TEST FIELDS
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An example where the secular growth is physical and indeed can be summed

𝓛 =
𝑴𝐏𝐥

𝟐

𝟐
𝑹 −

𝟏

𝟐
𝝏𝝌 𝟐 −

𝝀

𝟒
𝝌𝟒

𝐝𝒔𝟐 = −𝐝𝒕𝟐 + 𝒆𝟐𝑯𝒕𝐝𝒙𝟐

𝝌𝟐 (𝒕) =
𝑯

𝟐𝝅

𝟐

𝐥𝐨𝐠𝒂 𝒕 𝟏 −
𝝀

𝟔𝝅𝟐
𝐥𝐨𝐠𝒂 𝒕 𝟐 +⋯

[Tsamis, Woodard 2005]

[Honda, Jinno, LP, Tokeshi 2023]

𝝌𝟐 𝒕 =
𝑯

𝟐𝝅

𝟐

𝐥𝐨𝐠𝒂 𝒕 𝟏 −
𝝀

𝟔𝝅𝟐
𝐥𝐨𝐠𝒂 𝒕 𝟐 +

𝝀𝟐

𝟐𝟎𝝅𝟒
𝐥𝐨𝐠𝒂 𝒕 𝟒 +⋯
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[Starobinsky, Yokohama 1994]

But... The series is divergent! 𝒂𝒌 ∼ 𝒌!



• Consider a test massless interacting scalar field minimally coupled to gravity:

• Suppose background spacetime is de Sitter: 

• Two-point function at one loop reads:

• Stochastic inflation is an open EFT for the super-horizon modes, predicting:

The divergent series can be summed via - the equilibrium PDF 

STOCHASTIC INFLATION FOR TEST FIELDS
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[Starobinsky, Yokohama 1994]

𝓛 =
𝑴𝐏𝐥

𝟐

𝟐
𝑹 −

𝟏
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𝝏𝝌 𝟐 −

𝝀

𝟒
𝝌𝟒

𝐝𝒔𝟐 = −𝐝𝒕𝟐 + 𝒆𝟐𝑯𝒕𝐝𝒙𝟐

𝝌𝟐 (𝒕) =
𝑯

𝟐𝝅

𝟐

𝐥𝐨𝐠𝒂 𝒕 𝟏 −
𝝀

𝟔𝝅𝟐
𝐥𝐨𝐠𝒂 𝒕 𝟐 +⋯

𝝌𝟐 𝒕 =
𝑯

𝟐𝝅

𝟐

𝐥𝐨𝐠𝒂 𝒕 𝟏 −
𝝀

𝟔𝝅𝟐
𝐥𝐨𝐠𝒂 𝒕 𝟐 +

𝝀𝟐

𝟐𝟎𝝅𝟒
𝐥𝐨𝐠𝒂 𝒕 𝟒 +⋯ →

𝟑

𝟐𝝅𝟐
𝚪 𝟑/𝟒

𝚪 𝟏/𝟒

𝑯𝟐

𝝀𝒕 → ∞

[Tsamis, Woodard 2005]

An example where the secular growth is physical and indeed can be summed
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• Suppose background spacetime is de Sitter: 

• Two-point function at one loop reads:

• Stochastic inflation is an open EFT for the super-horizon modes, predicting:

The divergent series can be summed via - the equilibrium PDF 
- Borel summation
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[Starobinsky, Yokohama 1994]

𝝌𝟐 𝒕 =
𝑯

𝟐𝝅

𝟐

𝐥𝐨𝐠𝒂 𝒕 𝟏 −
𝝀

𝟔𝝅𝟐
𝐥𝐨𝐠𝒂 𝒕 𝟐 +

𝝀𝟐

𝟐𝟎𝝅𝟒
𝐥𝐨𝐠𝒂 𝒕 𝟒 +⋯ →

𝟑

𝟐𝝅𝟐
𝚪 𝟑/𝟒

𝚪 𝟏/𝟒

𝑯𝟐

𝝀

[Honda, Jinno, LP, Tokeshi 2023]

𝒕 → ∞

transition regime included!

𝟎. 𝟏𝟑𝟏𝟕𝟔…

𝝌
𝟐

𝑵

𝝀 𝑵

𝑽 𝝌 = 𝝀𝝌𝟒/𝟒

[Honda, Jinno, LP, Tokeshi 2023]
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ROBUSTNESS OF INFLATION
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Does the curvature perturbation develop secular divergences?

• Inflationary spacetime is classically and linearly stable

• First non-linear classical correction → primordial non-Gaussianities

𝜁𝑘1𝜁𝑘2𝜁𝑘3 (𝑡) = 2𝜋 3𝛿 3 𝑘1 + 𝑘2 + 𝑘3 𝐵𝜁 𝑘1, 𝑘2, 𝑘3; 𝑡

𝒕 → ∞

𝑩𝜻
𝟎 𝒌𝟏, 𝒌𝟐, 𝒌𝟑

[Maldacena 2003]

No secular divergences

22



? ? ?𝒕 → ∞

ROBUSTNESS OF INFLATION
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Does the curvature perturbation develop secular divergences?

• Inflationary spacetime is classically and linearly stable

• First non-linear classical correction → primordial non-Gaussianities

• First non-linear quantum correction:

𝜁𝑘1𝜁𝑘2𝜁𝑘3 (𝑡) = 2𝜋 3𝛿 3 𝑘1 + 𝑘2 + 𝑘3 𝐵𝜁 𝑘1, 𝑘2, 𝑘3; 𝑡

𝜁𝑘1𝜁𝑘2 (𝑡) = 2𝜋 3𝛿 3 𝑘1 + 𝑘2 𝑃𝜁
tree 𝑘1; 𝑡 + 𝑃𝜁

1−loop
𝑘1; 𝑡 + ⋯

𝑷𝜻
𝟎 𝒌𝟏𝒕 → ∞

No secular divergences

𝒕 → ∞

Are there secular divergences?
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ROBUSTNESS OF INFLATION
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Does the curvature perturbation develop secular divergences?

• Inflationary spacetime is classically and linearly stable

• First non-linear classical correction → primordial non-Gaussianities

• First non-linear quantum correction:

• Imagine 𝑃𝜁 𝑘1; 𝑡 ∋ log 𝑎 𝑡 𝑁 →

𝜁𝑘1𝜁𝑘2𝜁𝑘3 (𝑡) = 2𝜋 3𝛿 3 𝑘1 + 𝑘2 + 𝑘3 𝐵𝜁 𝑘1, 𝑘2, 𝑘3; 𝑡

𝜁𝑘1𝜁𝑘2 (𝑡) = 2𝜋 3𝛿 3 𝑘1 + 𝑘2 𝑃𝜁
tree 𝑘1; 𝑡 + 𝑃𝜁

1−loop
𝑘1; 𝑡 + ⋯

❖ Inflationary spacetime secularly unstable
could actually provide a natural end

❖ Breakdown of perturbation theory?
the framework to make calculations becomes wrong

❖ Loss of predictivity through reheating and Big Bang cosmology
absence of adiabatic limit implies model dependence

24



THE CURVATURE PERTURBATION 
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Conceptual and technical difficulties

• Gravity is (perturbatively) dynamical → ❖ Gauge ambiguity
gauge-invariant predictions must be obtained

❖ GR constraints must be solved
metric components are non-dynamical but non-zero

❖ Gravitational interactions are mixed
(anti-)derivative / non-derivative, e.g.  𝜁 ሶ𝜁2, 𝜁𝜕𝑖𝜁𝜕𝑖𝜕

−2𝜁, etc.
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THE CURVATURE PERTURBATION AT ONE LOOP

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025

Conceptual and technical difficulties

• Gravity is (perturbatively) dynamical →

• Backreaction on the background must be (perturbatively) accounted for

❖ Gauge ambiguity
gauge-invariant predictions must be obtained

❖ GR constraints must be solved
metric components are non-dynamical but non-zero

❖ Gravitational interactions are mixed
(anti-)derivative / non-derivative, e.g.  𝜁 ሶ𝜁2, 𝜁𝜕𝑖𝜁𝜕𝑖𝜕

−2𝜁, etc.
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THE CURVATURE PERTURBATION AT ONE LOOP
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Conceptual and technical difficulties

• Gravity is (perturbatively) dynamical →

• Backreaction on the background must be (perturbatively) accounted for

• Three kinds of divergences:

❖ Gauge ambiguity
gauge-invariant predictions must be obtained

❖ GR constraints must be solved
metric components are non-dynamical but non-zero

❖ Gravitational interactions are mixed
(anti-)derivative / non-derivative, e.g.  𝜁 ሶ𝜁2, 𝜁𝜕𝑖𝜁𝜕𝑖𝜕

−2𝜁, etc.

❖ Secular divergences: log 𝑎(𝑡)

❖ UV divergences: ΛUV
2 , ΛUV, log ΛUV

❖ IR divergences:  log ΛIR
න

d3𝑘

2𝜋 3
𝒇 𝒌

𝟏

𝒌
+

𝟏

𝒌𝟐
+

𝟏

𝒌𝟑
+⋯

𝟏

𝒌𝟑
+

𝟏

𝒌𝟐
+⋯

𝒌 → ∞

𝒌 → 𝟎

∫ d𝑡1∫ d𝑡2 [𝐻(𝑡2), [𝐻 𝑡1 , 𝑄(𝑡)]]
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THE CURVATURE PERTURBATION AT ONE LOOP
Conceptual and technical difficulties

How to address all that at once?

The effective field theory of inflationary 
fluctuations is an exceptional framework

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025 28
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II. THE EFT OF INFLATIONARY
FLUCTUATIONS
Model-(in)dependence
Free theory
Leading cubic and quartic gravitational interactions

Matter content + 
symmetries

Interactions 
(some fixed by 

non-linearly 
realized 

symmetries)
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EFT FOR THE ADIABATIC FLUCTUATION

• Inflation ↔ time-translation symmetry breaking: 𝐻0 → 𝐻 𝑡

We can expect a (pseudo) Nambu-Goldstone boson

We build an EFT from Lorentz-violating blocks: 𝑔𝜇𝜈, 𝑔0𝜇, 𝑔00, 𝑲𝒊𝒋, 𝑹𝒊𝒋
𝟑
, ∇𝜇, 𝑓(𝑡)

This is called the unitary gauge: the NG boson is hidden in the metric

The unitary gauge

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025

extrinsic spatial curvature 

intrinsic spatial curvature 
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EFT FOR THE ADIABATIC FLUCTUATION

• Inflation ↔ time-translation symmetry breaking: 𝐻0 → 𝐻 𝑡

We can expect a (pseudo) Nambu-Goldstone boson

We build an EFT from Lorentz-violating blocks: 𝑔𝜇𝜈, 𝑔0𝜇, 𝑔00, 𝐾𝑖𝑗 , 𝑅𝑖𝑗
3
, ∇𝜇, 𝑓(𝑡)

This is called the unitary gauge: the NG boson is hidden in the metric

• Most general unitary gauge Lagrangian compatible with an FLRW background:

The unitary gauge

[Creminelli et al. 2006] [Cheung et al. 2008]

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025
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EFT FOR THE ADIABATIC FLUCTUATION
The derivative expansion

𝐸

Λ

𝐻

• Higher number of derivatives brings higher powers of 𝐻/Λ in the observables

• Given a sought precision, one can truncate the EFT to some derivative order

• Non-derivative order:

• Higher orders: 

𝐹(2) ⊃ ෍

𝑛=2

∞

𝑀𝑛
4
𝛿𝑔00 𝑛

𝑛!
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𝐹(2) ⊃ − ഥ𝑀1
3𝛿𝑔00𝛿𝐾 − ഥ𝑀2

2𝛿𝐾𝑖𝑗𝛿𝐾
𝑖𝑗 − ഥ𝑀3

2𝛿𝐾2 + ഥ𝑚1
2 ∇0𝛿𝑔00 2 + ഥ𝑚1

2𝛿𝑔00𝛿𝑅 3 +⋯
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EFT FOR THE ADIABATIC FLUCTUATION
The derivative expansion

𝐸

Λ

𝐻

• Higher number of derivatives brings higher powers of 𝐻/Λ in the observables

• Given a sought precision, one can truncate the EFT to some derivative order

• Non-derivative order:

• Higher orders: 𝐹(2) ⊃ − ഥ𝑀1
3𝛿𝑔00𝛿𝐾 − ഥ𝑀2

2𝛿𝐾𝑖𝑗𝛿𝐾
𝑖𝑗 − ഥ𝑀3

2𝛿𝐾2 + ഥ𝑚1
2 ∇0𝛿𝑔00 2 + ഥ𝑚1

2𝛿𝑔00𝛿𝑅 3 +⋯

𝐹(2) ⊃ ෍

𝑛=2

∞

𝑀𝑛
4
𝛿𝑔00 𝑛

𝑛!

smaller
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Example: Suppose there is a unique scale Λ at which new physics enter (background excitation, new particle, etc.)

𝛿𝐾 ∼ 𝐻 × 𝛿𝑔, 𝛿𝑅 3 ∼ 𝐻2 × 𝛿𝑔 → 𝑀2
4 𝛿𝑔00 2 ∼ Λ4 × 𝛿𝑔2

ഥ𝑀1
3𝛿𝑔00 𝛿𝐾 ∼ Λ3𝐻 × 𝛿𝑔2

ഥ𝑀3
2𝛿𝐾2 ∼ Λ2𝐻2 × 𝛿𝑔2
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EFT FOR THE ADIABATIC FLUCTUATION
The derivative expansion

𝐸

Λ

𝐻

• Higher number of derivatives brings higher powers of 𝐻/Λ in the observables

• Given a sought precision, one can truncate the EFT to some derivative order

• Non-derivative order:

• Higher orders: 

Suppose there is a unique scale 𝚲

• truncate (theory assumption) at leading non-derivative order
• fine-tune (model dependence) 𝑀3 = 0 = 𝑀4

In these works, (for now) we

[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  

𝑭(𝟐) ⊃ ෍

𝒏=𝟐

∞→ 𝟐

𝑴𝒏
𝟒
𝜹𝒈𝟎𝟎

𝒏

𝒏!
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𝐹(2) ⊃ − ഥ𝑀1
3𝛿𝑔00𝛿𝐾 − ഥ𝑀2

2𝛿𝐾𝑖𝑗𝛿𝐾
𝑖𝑗 − ഥ𝑀3

2𝛿𝐾2 + ഥ𝑚1
2 ∇0𝛿𝑔00 2 + ഥ𝑚1

2𝛿𝑔00𝛿𝑅 3 +⋯
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EFT FOR THE ADIABATIC FLUCTUATION

Stückelberg trick = introduce explicitly the Goldstone boson 𝜋 to restore diffeomorphism invariance

• Define 𝜋 𝑡, Ԧ𝑥 such that 𝑡 + 𝜋(𝑡, Ԧ𝑥) is invariant under full diffeomorphisms

The Stückelberg trick 𝑀2 𝑡 4
𝛿𝑔00 2

2

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025
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EFT FOR THE ADIABATIC FLUCTUATION

Stückelberg trick = introduce explicitly the Goldstone boson 𝜋 to restore diffeomorphism invariance

• Define 𝜋 𝑡, Ԧ𝑥 such that 𝑡 + 𝜋(𝑡, Ԧ𝑥) is invariant under full diffeomorphisms

• Still a gauge freedom → flat gauge → 𝜁 = −𝐻𝜋 + ሶ𝐻𝜋2 /2 − ሷ(𝐻𝜋3)/6 + ⋯

The Stückelberg trick 𝑀2 𝑡 4
𝛿𝑔00 2

2

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025
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EFT FOR THE ADIABATIC FLUCTUATION

Stückelberg trick = introduce explicitly the Goldstone boson 𝜋 to restore diffeomorphism invariance

• Define 𝜋 𝑡, Ԧ𝑥 such that 𝑡 + 𝜋(𝑡, Ԧ𝑥) is invariant under full diffeomorphisms

• Still a gauge freedom → flat gauge → 𝜁 = −𝐻𝜋 + ሶ𝐻𝜋2 /2 − ሷ(𝐻𝜋3)/6 + ⋯

• 𝑡 → 𝑡 + 𝜋 𝑡, Ԧ𝑥 ֜ 𝛿𝑔00 → 𝛿𝑔flat
00 + 2𝛿𝑔flat

0𝑖 𝜕𝑖𝜋 − 2 ሶ𝜋 − ሶ𝜋2 + 𝜕𝜋 2 /𝑎2

• Example:  𝐻 → 𝐻 𝑡 + 𝜋 𝑡, Ԧ𝑥 = 𝐻 + ሶ𝐻 𝜋 𝑡, Ԧ𝑥 + ሷ𝐻 𝜋 𝑡, Ԧ𝑥 2/2 + ⋯

The Stückelberg trick 𝑀2 𝑡 4
𝛿𝑔00 2

2

lapse 𝛿𝑁 shift 𝛿𝑁𝑖

non-linearly realized symmetry (diffeo. inv.)

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025
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EFT FOR THE ADIABATIC FLUCTUATION

At high enough energies, the NG boson alone describes the whole dynamics

The decoupling limit

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025

• Lapse and shift are non-dynamical (no ሶ𝛿𝑔flat
00 , no ሶ𝛿𝑔flat

0𝑖 ) but non-zero

• In principle, constraints must be solved → 𝛿𝑔flat
00 = 2𝜖𝐻𝜋

• I want to neglect those, e.g. in  𝛿𝑔00 2 → −2 ሶ𝜋 + 𝛿𝑔flat
00 2

+ cubic

• ሶ𝜋 ∼ 𝜔 × 𝜋 → 𝝎𝟐 ≫ 𝝐𝑯𝟐

• Remarks: using the decoupling limit around horizon crossing  𝜔 ∼ 𝐻 → 𝜖 ≪ 1
no constraints on 𝜂 and its time derivatives

• On super-horizon scales 𝜔 ≪ 𝐻 and the decoupling ceases to be valid

Not a problem if an adiabatic limit is reached and 𝜻 has become constant

the decoupling limit 𝐸

Λ

𝐻

𝜖𝐻
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EFT FOR THE ADIABATIC FLUCTUATION
Summary
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• Starting point EFT: most general Lagrangian compatible with symmetries and no matter fields

• Assumption about the UV physics: a single high-energy scale Λ for new physics

• Fine-tuning (technical assumption, not required): 𝑀3 = 0 = 𝑀4

• Decoupling limit (technical assumption, not required): 𝛿𝑔flat
00 ≪ ሶ𝜋, …

Matches:

• 𝑃(𝑋, 𝜙) Lagrangians

[Burrage, Ribeiro, Seery, 
2011]

• Multi-field Lagrangians
after integrating out 
isocurvature fluctuations

[Garcia-Saenz, LP, Renaux-
Petel, 2019]

[LP 2020]

𝜖 = − ሶ𝐻/𝐻2

𝜂 = ሶ𝜖/(𝜖𝐻)

𝜂2 = ሶ𝜂/(𝜂𝐻)

[Braglia, LP 2504.07926]
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EFT FOR THE ADIABATIC FLUCTUATION
Summary

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025

• Decoupling limit (technical assumption, not required): 𝛿𝑔flat
00 ≪ ሶ𝜋, …

[Braglia, LP 2504.07926]

𝜖 = − ሶ𝐻/𝐻2

𝜂 = ሶ𝜖/(𝜖𝐻)

𝜂2 = ሶ𝜂/(𝜂𝐻)
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EFT FOR THE ADIABATIC FLUCTUATION
Free theory and interactions → “Feynman-like” rules

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025

Speed of sound 0 < 𝑐𝑠
2 ≤ 1

Mode functions / propagators

Leading cubic gravitational interactions
those surviving in the limit 𝑐𝑠

2 → 1, 𝜖 ≪ 𝜂

Leading quartic gravitational interactions
those surviving in the limit 𝑐𝑠

2 → 1, 𝜖 ≪ 𝜂, 𝜂2

[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  

! ≠ −𝓛(𝟒)

= −𝓛(𝟑)

𝜖 = − ሶ𝐻/𝐻2

𝜂 = ሶ𝜖/(𝜖𝐻)

𝜂2 = ሶ𝜂/(𝜂𝐻)

43



44

III. LOOP CALCULATION
Bare contributions
Renormalization: tadpoles and UV divergences
Discussion

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025



BARE CONTRIBUTIONS
UV divergences and dimensional regularization

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025

All these diagrams are IR-divergent + UV-divergent + secular-divergent

To manipulate finite quantities, we regulate them → • Comoving IR cutoff in Fourier space 𝑘 > ΛIR

• Dimensional regularization 𝑑 = 3 + 𝛿 spatial dimensions

• Finite external super-horizon time 𝑥 = −𝑝 𝜏
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BARE CONTRIBUTIONS
UV divergences and dimensional regularization

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025

• Dimensional regularization 𝑑 = 3 + 𝛿 spatial dimensions

Modifies both the mode functions and the Fourier integrals

46



BARE CONTRIBUTIONS
Strategy and results

• Use dimensionless variables, expand the mode function to linear order in 𝛿, perform time and angular integrals, 

introduce a fake UV cutoff to expand the integrand at infinity and extract the pole, introduce a comoving IR cutoff

𝒑 𝒑𝒌

𝒒 = 𝒑 − 𝒌

[Senatore, Zaldarriaga 2009]

[Ballesteros, Gambín Egea, Riccardi 2024]

[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025



BARE CONTRIBUTIONS
Strategy and results

• Use dimensionless variables, expand the mode function to linear order in 𝛿, perform time and angular integrals, 

introduce a fake UV cutoff to expand the integrand at infinity and extract the pole, introduce a comoving IR cutoff

• 𝓟𝝅,𝟏𝐋
𝐛𝐚𝐫𝐞 𝒙 =

[Senatore, Zaldarriaga 2009]

[Ballesteros, Gambín Egea, Riccardi 2024]
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𝒙 ≡ −𝒑𝝉
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BARE CONTRIBUTIONS
Strategy and results

• Use dimensionless variables, expand the mode function to linear order in 𝛿, perform time and angular integrals, 

introduce a fake UV cutoff to expand the integrand at infinity and extract the pole, introduce a comoving IR cutoff

• 𝓟𝝅,𝟏𝐋
𝐛𝐚𝐫𝐞 𝒙 =

[Senatore, Zaldarriaga 2009]

[Ballesteros, Gambín Egea, Riccardi 2024]
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𝒑 𝒑𝒌

𝒒 = 𝒑 − 𝒌

𝟏 + 𝒄𝒔
𝟐𝒙𝟐 /𝜹 → The UV divergence is time-dependent!

𝒙 ≡ −𝒑𝝉
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BARE CONTRIBUTIONS
Strategy and results

• Use dimensionless variables, expand the mode function to linear order in 𝛿, perform time and angular integrals, 

introduce a fake UV cutoff to expand the integrand at infinity and extract the pole, introduce a comoving IR cutoff

• 𝓟𝝅,𝟏𝐋
𝐛𝐚𝐫𝐞 𝒙 =

[Senatore, Zaldarriaga 2009]

[Ballesteros, Gambín Egea, Riccardi 2024]

[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025

𝒑 𝒑𝒌

𝒒 = 𝒑 − 𝒌

Sum of individual secular divergences not vanishing!, fin

UV divergence (𝟏 + 𝒄𝒔
𝟐𝒙𝟐)/𝜹

Running 𝐥𝐨𝐠 (𝑯/𝝁)

𝒙 ≡ −𝒑𝝉

=



RENORMALIZATION
Cancelling UV divergences

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025

• We need quadratic counterterms to absorb the time-dependent UV divergences

At lowest order in derivatives we can renormalize the speed of sound 
1

𝑐𝑠
2 − 1 ሶ𝜋2 =

1

𝑐𝑠,ren
2 − 1 ሶ𝜋2 + 𝛿𝑐𝑠2 ሶ𝜋2

The higher-order derivatives are degenerate, a minimal set is [Bordin, Cabass, Creminelli, Vernizzi 2017]

[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  



RENORMALIZATION
Cancelling UV divergences
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• We need quadratic counterterms to absorb the time-dependent UV divergences

At lowest order in derivatives we can renormalize the speed of sound 
1

𝑐𝑠
2 − 1 ሶ𝜋2 =

1

𝑐𝑠,ren
2 − 1 ሶ𝜋2 + 𝛿𝑐𝑠2 ሶ𝜋2

The higher-order derivatives are degenerate, a minimal set is

• Counterterms contribute as:

We can tune the 𝛿𝑖 so as to cancel UV divergences at all times:

[Bordin, Cabass, Creminelli, Vernizzi 2017]

[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  

=෍

𝑖

𝛿𝑖 𝑓𝑖(𝑥)



RENORMALIZATION
Cancelling UV divergences

Lucas Pinol - Strings & Cosmology Meeting - December 12th, 2025

• We need quadratic counterterms to absorb the time-dependent UV divergences

At lowest order in derivatives we can renormalize the speed of sound 
1

𝑐𝑠
2 − 1 ሶ𝜋2 =

1

𝑐𝑠,ren
2 − 1 ሶ𝜋2 + 𝛿𝑐𝑠2 ሶ𝜋2

The higher-order derivatives are degenerate, a minimal set is

• Counterterms contribute as:

We can tune the 𝛿𝑖 so as to cancel UV divergences at all times:

• No additional secular divergence…   

[Bordin, Cabass, Creminelli, Vernizzi 2017]

[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  

=෍

𝑖

𝛿𝑖 𝑓𝑖(𝑥)



RENORMALIZATION
Tadpole cancellation must be enforced
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• We forgot a set of diagrams!

• We introduce one-point counterterms to cancel them, in the unitary gauge so they respect the EFT symmetries 

[Pimentel, Senatore, Zaldarriaga 2012]

≠ 0

[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  
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Tadpole cancellation must be enforced
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• We forgot a set of diagrams!

• We introduce one-point counterterms to cancel them, in the unitary gauge so they respect the EFT symmetries 

[Pimentel, Senatore, Zaldarriaga 2012]

≠ 0

Non-linearly realized symmetries imply quadratic counterterms are necessarily induced !
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RENORMALIZATION
Tadpole cancellation must be enforced

• We forgot a set of diagrams!

• We introduce one-point counterterms to cancel them, in the unitary gauge so they respect the EFT symmetries

• New contributions to the power spectrum 

[Pimentel, Senatore, Zaldarriaga 2012]

≠ 0

Non-linearly realized symmetries imply quadratic counterterms are necessarily induced !

[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  57



[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  

REMEMBER

NOW

58

THEIR SUM IS LATE-TIME CONVERGENT!



RENORMALIZATION
Total result
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[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  

• Secular divergences cancel in the renormalized power spectrum

• The conservation of 𝜋 𝑡, Ԧ𝑥 at one loop is enforced by non-linearly realized symmetries 
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RENORMALIZATION
Total result
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[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  

• Secular divergences cancel in the renormalized power spectrum

• The conservation of 𝜋 𝑡, Ԧ𝑥 at one loop is enforced by non-linearly realized symmetries 

• The result on super-horizon scales is:

with the strong coupling scales

• We can safely match 𝜋 𝑡, Ԧ𝑥 to 𝜁 𝑡, Ԧ𝑥 on super-horizon scales

, also 𝑡𝐼𝑅 ≃ 𝑝/ΛIR

60

𝒙 = 𝟎



RENORMALIZATION
Total result
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[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  

with the strong coupling scales

Successful perturbative 
renormalization of the EFT 
of inflation at order 𝑯𝟐/𝚲𝟐

, also 𝑡𝐼𝑅 ≃ 𝑝/ΛIR
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DISCUSSION
What’s done, what’s not done
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[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  

• Scalar-induced tensor two-point function:

• Massive (conformal) scalar field correction to the one-loop curvature perturbation:

• All cases are scale-invariant scenarios: running log 𝐻/𝜇 is not observable

→ Strongly scale-dependent cases with striking small-scale phenomenology remain to be thoroughly studied

• Relax technical assumption of the decoupling limit → anti-derivative interactions 𝜁𝜕𝑖𝜁𝜕𝑖𝜕
−2𝜁

• Explore different scenarios: heavy fields with any mass, different dispersion relations, excited initial states, etc.
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DISCUSSION
What’s done, what’s not done
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[Braglia, LP 2504.07926]
[Braglia, LP 2504.13136]  

• All cases are scale-invariant scenarios: running 𝐥𝐨𝐠 𝑯/𝝁 is not observable

→ Strongly scale-dependent cases with striking small-scale phenomenology remain to be thoroughly studied

63

[Braglia, Cespedes, LP 26xx.xxx]



• The UV divergences are scale-dependent 
(𝑝) and time-dependent (𝑥)

• No secular divergences

• With only 4 counterterms we can cancel 
them for any pair (𝑝, 𝑥)

• The 𝜷-function is now scale-dependent

• Yet, is the loop effect “observable”?
64

BONUS
First scale-dependent renormalization of inflation
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[Braglia, Cespedes, LP 26xx.xxx]

Repeat the analysis with interactions that violate slow-roll 𝜖 𝜏 ~ sin(𝑤 log −𝜏/𝜏res → resonant features

𝓟𝝅,𝟏𝐋
𝐛𝐚𝐫𝐞,𝐔𝐕 𝒑, 𝒙 = 𝒇(𝒑, 𝒙)

𝟏

𝜹
+ 𝐥𝐨𝐠

𝑯

𝝁

𝒙 ≡ −𝒑𝝉

-𝒑𝝉𝐫𝐞𝐬

𝒙 = 𝟐
𝒙 = 𝟏
𝒙 = 𝟎. 𝟓
𝒙 = 𝟎



BACKUP SLIDES
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Euclid
DESI SPHEREx

LiteBIRDCMB-S4

2019 20252023 20292027 2032 2035

Simons 
Observatory

LISA

Exciting era for primordial cosmology

But discoveries = data + interpretation

Approximate budgets

Total ≃ 4 billions $

𝟒𝟎𝟎𝐌$
𝟔𝟎𝟎𝐌$ 𝟒𝟎𝟎𝐌$

𝟐𝟎𝟎𝐌$ 𝟐𝟓𝟎𝐌$ 𝟓𝟎𝟎𝐌$ 𝟏𝟕𝟎𝟎𝐌$

Towards a standard model of inflation

A BRIGHT FUTURE
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Cosmic Microwave Background

Penzias-
Wilson

1964

1992 2006 2018

CMB

LiteBIRD
(2032-?)

Simons Observatory
(2024-?)

CMB-S4
(2029-?)

The coming one
(Chile)

Multiple telescopes
Better foreground removal

Satellite
Much better for low-ℓ

[credits: NASA]
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Large-Scale Structures

DESI (2020-?)

e-BOSS
(2014-2020)

2-dFGRS
(~2000)

BOSS
(2009-2014)

PUMA, MegaMapper, …
Euclid (2023-?)

Schlegel, Ferraro et al. 2022
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Gravitational-Wave Backgrounds

Anisotropies in LISA (2034-?)

“No GW background” hypothesis is  excluded at 𝟑𝝈

IPTA (2012-?)

Schmitz 2020

DECIGO, BBOEinstein Telescope Cosmic Explorer
USA Japan        USA+Europe

Europe

Europe
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BARE CONTRIBUTIONS
Strategy
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• use dimensionless variables

• worst divergence is 1/𝛿 so we expand the mode function to linear order in 𝛿

• perform time (𝜏1, 𝜏2) and angular (𝑠) integrals 

• introduce a fake cutoff 𝑡UV → ∞ to expand 𝐹1 𝑡 in [𝑡UV, ∞[ and extract the pole

• introduce a comoving IR cutoff 𝑡IR

𝒑 𝒑𝒌

𝒒 = 𝒑 − 𝒌

𝑣 =
𝑘

𝑝
, 𝑢 =

𝑞

𝑝

𝑣 =
𝑡 − 𝑠 + 1

2
, 𝑢 =

𝑡 + 𝑠 + 1

2

[Senatore, Zaldarriaga 2012]

[Ballesteros, Gambín Egea, 
Riccardi 2024]
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