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Current clues from nature
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(Baumann, 2021) 

Temperature anisotropies of the CMB

Primordial power spectrum of 
curvature fluctuations

Transfer function

(WMAP 2003, Planck 2018) 

Oldest direct observable of the Universe
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QFTQG

Window for QG phenomenology?
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Qualitative features of the Power Spectrum
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(Planck Collaboration, 2018)
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I. A general framework for the power spectrum at next-to-next-to-next-to leading order (N3LO)

II. Study purely gravitational models of inflation (e.g., Starobinsky, and any other effective theory)

III. Pre-inflationary epoch: Extension to a non-Bunch-Davies vacuum (e.g., squeezed vacua) 
 

What did we work on?
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(Bianchi & Gamonal, 2024a)
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Main ingredients
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2. Small perturbations (on a flat FLRW background):

1. A gravitational action (matter optional, not required):

with

Any dynamical SVT mode (                        )

Kinetic amplitude Speed of soundScale factor

c.f. single scalar field:

(optional)

Part I: The framework

Assumptions:
<latexit sha1_base64="wiBqWq40uU15NVsNDj4jqRfCLjA="></latexit>

Z = Z (k, t), c = c (k, t)
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3. Hubble-flow expansion: Deviations from exact de Sitter parametrized by dimensionless ’s: ϵ

Main ingredients
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During inflationary epoch:
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✏n⇢⇤ ⌧ 1 Hubble-flow expansion at N3LO:

Accelerated expansion:

Hubble rate:

The framework: N3LO for effective theories of inflation
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A large class of effective theories of inflation
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 Framework works only if 
parity is preserved

† :

Assumptions:
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Z = Z (k, t), c = c (k, t)
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The Technique for the general case:  arbitraryZΨ, cΨ
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Recall: →
(Mukhanov-Sasaki+time reparametrization)

How to find analytical expressions for two-point correlation functions?
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Leading order:

NLO:

N2LO:
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[Gong & Stewart '01; Auclair & Ringeval '22]
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A systematic expansion computable order-by-order around Bunch-Davies

The Technique: Green’s function method
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The details of the physics is encoded in

Quasi-Bunch-Davies vacuum state

Mode eq:

Wronskian:
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The results: Primordial Power Spectrum at N3LO

Amplitude:

Tilt:

Running of the tilt:

Running of the running of the tilt:

starts at: <latexit sha1_base64="S85dTRWbIbUcYYmD8pksOskdboE="></latexit>
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[Bianchi & MG 2024a]
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Part II: Starobinsky inflation

Can we describe the inflationary epoch as a purely gravitational phenomenon?

What is the simplest model exhibiting this characteristic 
that remains consistent with observational constraints?
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Starobinsky inflation in the geometric frame
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Modified Friedmann equation (background):
Not a fundamental theory 

but a sector of semi-classical gravity/EFT

1.Purely geometrical (dependance on , 
and time derivatives). No scalar field.

2. Physical scale: 

3. Approximate behavior nearby : 
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Starobinsky inflation in the geometric frame

From quadratic action of cosmological 
perturbations ( ):cs = ct = 1
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Simple to compute at leading order (LO), even at NLO.  
Highly non-trivial at N2LO and beyond.

3 d.o.f.s: 2 tensor polarizations + 1 scalar→

[Starobinsky '79-'80; Vilenkin '85; De Felice & Tsujikawa ’10]

No conformal transformation, physical metric.
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Results for Starobinsky inflation in the geometric frame
7% decrease in tensor-to-scalar ratio:Amplitudes of the primordial power spectrum:
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Robust prediction: Small deviation from exact consistency condition

[Bianchi & MG, 2024a]

Results for Starobinsky inflation in the geometric frame

<latexit sha1_base64="wk2jvOH8YbUDPtXn7X4Rt7eF+UQ="></latexit>

r + 8nt = 6(ns � 1)3 +O
�
(ns � 1)4

�



18

Robust prediction: Scalar running small and negative

[Bianchi & MG, 2024a]
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Results for Starobinsky inflation in the geometric frame
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Part III: Pre-inflationary epoch and Squeezed vacua

What if the initial conditions were not exactly quasi-Bunch-Davies?

A scenario that has been explored in detail in the LQC community

Past and future efforts to identify features in the power spectrum

(Ballardini et al. “Euclid: The search for primordial features”, 2024 )(Planck 2018 results. X. Constraints on inflation)
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If  is a basis of solutions, after a Bogoliubov transformation in the Fock representation, 
the mode function

w(y)
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Part III: Pre-inflationary epoch and Squeezed vacua

also represents a vacuum state, a “squeezed state”, if it preserves the Wronskian condition:

The standard expression in the literature for the power spectrum at leading order is

Is it still true at NLO? N2LO?
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Pre-inflationary epoch and Squeezed vacua

Note that:

[Bianchi & MG, 2024b]

with

The induced phase  only contains information from the Hubble-flow parameters           ,          ,         , … δk
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An illustrative example
Suppose that initial conditions are set at a finite time , defining a cutoff scale , such thaty = yc kc

Then, the associated Bogoliubov coefficients are:

[Danielsson ’02, Martin & Brandenberger ’03, Broy ’16]
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Large running,  
for illustrative purposes



23
<latexit sha1_base64="am2L8disXhJb8hCJeXJB6Gt/cg4="></latexit>

G(y, s) = i
2

�
w0(y)w

⇤
0(s)� w0(s)w

⇤
0(y)

�
⇥(s� y)

Slightly more realistic values: Starobinsky [Bianchi & MG, 2024b]

Framework valuable for parameter estimation in 
future cosmological observations
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Conclusions and Future work
•We computed the primordial power spectrum up to N3LO for a wide family of effective 
theories of inflation. We found non-trivial corrections to Starobinsky inflation.

•Suggestions received at Loops’ 24:

•Long term goal (from QG side): Explore the 
emergence of squeezed states from LQG/Spinfoams in 
Quantum Cosmology and build a bridge towards the 
QFT regime and phenomenology. Prepare for the 
precision cosmology era.

Check results in both frames for Starobinsky 
 (Einstein and Jordan): Results are robust.

Extend results for a non-Bunch-Davies vacuum at N2LO.


