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Quantum Gravity and Precision Cosmology
From effective dynamics to primordial observables

What is my dissertation about?

…can guide the construction of …

How the things we know about…

…that provide specific predictions of…

… which can be tested  against…

DOFs

Geometry

effective  
dynamics

quantum 
fluctuations

primordial 
observables

correlation 
functions
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[Bronstein 1933]

The measured fundamental constants 
( ) organizes theoretical frameworks 
according to the Bronstein cube.
c, G, ℏ

The presence of ,  and  defines a scale 
where quantum gravity cannot be neglected. 
The relevant quantity is the Planck area:

c G ℏ

We know a few things…
Fundamental physical constants

10
→3

5 m

10→35m

ω2P

There is a characteristic scale



4

To put things into perspective:

an atom  
( )A ∼ 10−20 m2

this orange 
( )A ∼ 10−2 m2

the Planck area 
(A ∼ 10−70 m2)

10
→3

5 m
10→35m

ω2P
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Classical GR describes gravity extremely well: 
- general covariance 
- gravity as a manifestation of spacetime geometry

Effective Theory of 
Quantum Spacetime 

General Relativity

Quantum 
Geometry

(beyond spacetime)

We know a few things…

R ≪
10−60

ℓ2
P

R ∼
10−10

ℓ2
P

R ∼
1
ℓ2

P

(large curvature)

Spacetime must be abandoned by 
more fundamental structures

Intermediate regime: 
- very large curvature, but still not Planckian 
- different dynamics, new degrees of freedom?

(small curvature)
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Effective Theory of 
Quantum Spacetime 

Quantum Geometry

(beyond spacetime)

Precision predictions of 
Starobinsky inflation with self-
consistent Weyl-squared 
corrections

Squeezed vacua and primordial 
features in effective theories of 
inflation at N2LO

Primordial power spectrum at 
N3LO in effective theories of 
inflation

(Bianchi & MG, PRD ’24)

(Bianchi & MG, PRD ’25a)

(Bianchi & MG, PRD ’25b)

Focus of this presentation

Toller matrices and the 
Feynman  in spinfoamsiε

(Bianchi, Chen, MG, ’25b)

Causal spinfoam vertex for 4d 
Lorentzian quantum gravity (Bianchi, Chen, MG, ’25a)
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The effective approach
Let us consider an illustrative example. A classical physical system composed by two linearly coupled oscillators:

Action of the full theory: 

Suppose there is  
separation of scales:

Ω0 ≫ ω0

We can solve the coupled  
system numerically:

t [s]
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The effective approach

Suppose we only can want to focus 
on the dynamics of :x(t)

A useful effective description is 
typically encoded in a local derivative 
expansion:

This gives a top-down effective approach

with

t [s]
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The effective approach

In the absence of the full theory, we 
can use symmetries and an organizing 
principle to guide the construction of 
the effective action:

The coupling constants  must be 
measured experimentally.

(m, ω, β)

This is a bottom-up effective approach
Our first goal is to construct a self-consistent implementation for gravity 

Sometimes, the solutions are problematic:

(e.g., runaway solutions)
t [s]
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(∂g)2const. (∂g)4 (∂g)4

The Effective Theory 
of Quantum Spacetime

Symmetries (general covariance) + organizing principle (derivative expansion) + DOFs (2 tensors + 1 scalar): 

[Bianchi & MG, PRD’25b]

✴ Most generally covariant theory up to fourth order. 
Not arbitrary, follows from organizational principle.

✴ Robust: Independent of UV completion.

✴ What’s new? :  correction treated self-consistently 
via reduction of order for   Stable solutions! 

W2

β/α ≪ 1 →

Accurately describe gravity at 
large length scales/late times

General Relativity  
(dof: 2 tensor modes)

[Stelle ’78, Starobinsky ’79, Donoghue ’94, Burgess ’03, Weinberg ’08, Anselmi et al. ’20]

The Effective Theory of Quantum Spacetime

[Eddington 1919] [Hulse & Taylor ’75] [LIGO ’16] [EHT  ’19]

Needed for the description at 
short length scales/early times
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Something happened before the Hot Big Bang TT,TE,EE modes (Planck, ACT, SPT)  
BB modes (BICEP/Keck, SO, LiteBird)

[Planck Collaboration ’18]
Primordial perturbations are  
consistent with being: 
 
- small   
- single adiabatic mode 
- almost Gaussian  
- nearly scale-invariant

( ∼ 10−5)

Precise observations of the temperature anisotropies of the cosmic 
microwave background suggests the existence of a primordial era: 

Claim:  
The underlying physical 
mechanism is rooted in the 
quantum nature of gravity.
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The emergent picture of the primordial Universe
Mauricio Gamonal
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Higher curvature terms + homogeneity & isotropy (FLRW metric:                                                )

The background geometry

- Emergence of an accelerated expansion phase:
(  : quasi-de Sitter phase) 

- Natural transition to an oscillatory epoch 
(  : reheating phase)

·H ∼ −
1

36α

H ∼ cos( t

24α
)2

The effective geometry provide us with:

[Bianchi & MG, PRD ‘25b]

ϵ1H = −
·H

H2
H(t) =

·a
a

ϵ2H = −
·ϵ1H

Hϵ1H

[Starobinsky ’80, Vilenkin ’85]
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Reduction of order

°1

0

1
a) Ø!2

0 = 0.06C1 C2 C3

Exact physical solution : xphys(t) = cos(§° t)

EÆective solution : xeÆ(t) = cos
°
(1 + Ø!2

0/2) !0 t
¢

°1

0

1
b) Ø!2

0 = 0.20C1 C2 C3

Numerical solution : ẍ(0) = ẍeÆ(0) = °0.68,
...
x (0) =

...
x eÆ(0) = 0

EÆective solution : xeÆ(t) = cos
°
(1 + Ø!2

0/2) !0 t
¢

°1

0

1
c) Ø!2

0 = 0.06C1 C2 C3

Numerical solution : ẍ(0) = 1.5,
...
x (0) = 2.5

EÆective solution : xeÆ(t) = cos
°
(1 + Ø!2

0/2) !0 t
¢

0 º
2 º 3º

2
2º 5º

2
3º 7º

2
4º

!0 t

°1

0

1
d) Ø!2

0 = °0.06C1 C2 C3

Numerical solution : ẍ(0) = ẍeÆ(0) = °0.56,
...
x (0) =

...
x eÆ(0) = 0

EÆective solution : xeÆ(t) = cos
°
(1 + Ø!2

0/2) !0 t
¢

At the perturbative level, the  term induces higher time-
derivatives that need to be treated with care ( : scalar/tensor)

W2

Ψ

<latexit sha1_base64="IUz8PVn+ecTWtMVcFpPjmEtNPpQ="></latexit>!
We use reduction of order, which is based on three conditions: 
 

 Solutions of the effective theory must be stable (no runaways) 
 Initial conditions restricted to solutions analytic in  
 Asymptotic expansion and regime of validity 

C1 :
C2 : β
C3 : (β/α ≪ 1)

We derived a self-consistent quadratic action 
of scalar and tensor perturbations

[Bianchi & MG, PRD ‘25b]
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Perturbative Quantum geometry and Power Spectrum

[Bianchi & MG, PRD ’24; PRD ‘25b]

Mauricio Gamonal

perturbative quantum geometry CMB observations

An important remark: spacetime geometry is quantized

A systematic Hubble-flow expansion allows us to introduce a 
quasi-Bunch-Davies vacuum state, , such that |qBD⟩

(for exact de Sitter: )ns = 1, αs = 0, βs = 0

<latexit sha1_base64="ErbwB0BgfkDbTLf9CCwmPiFw9tU="></latexit>

PR(k) = As

✓
k

k⇤

◆ns�1

[Planck Collaboration ’18]

we developed a framework to compute corrections 
up to next-to-next-to-next-to leading order 



16

[Bianchi & MG, PRD ‘25b]

Precision Predictions from

[Bianchi & MG, PRD ‘24]

Primordial amplitude of scalar and tensors Tensor-to-scalar ratio (           ), tensor tilt ( ) and 
consistency relation:

nt

The effective theory is compatible with current 
observations and can be further tested in the future
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Perspectives: A primeval era

If there was a pre-inflationary phase:
Mauricio Gamonal

1. How to characterize the quantum state?
qBD can be a reference for a two-mode squeezed state:

3. How is the power spectrum modified?

2.What do  and  depend on?αk βk

transition of the background geometry (induced by QG)

,

[Bianchi & MG ’25a]

indications of a radiation  quasi-de Sitter transition:→



Perspectives: Full Lorentzian Quantum Gravity in 4d

Spinfoam path integral 

Gravitational path integral 

[Bianchi, Chen & MG ’26]

[Rovelli & Vidotto ’14] 
[Ashtekar & Bianchi ’21]

[Feynman ’49; Wheeler ’57, Misner ’57] 
[DeWitt ’67; Hawking ’80, Teitelboim ’83]



The Future

As some of you may know, I recently accepted an offer for a postdoctoral position to work with the group 
of Francesca Vidotto at the Instituto de Estructura de la Materia, in Madrid, Spain :)
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Thanks! ln
(
a(t)H(t)
a0H0

)

accessible CMB modes as of today

kmax → 0.2 Mpc
→1

kmin → 10
→4

Mpc
→1

N(t) = ln(a)-60 0 60

p
rim

ev
a
l
era

p
ri
m
o
rd
ia
l
er
a

(q
ua
si
-d
e
Si
tt
er
ph
as
e)

Hot Big Bang

(reheating phase)

ra
d
ia
tio
n
ep
o
ch

m
atter

!
ep
o
ch

(l
at
e
ti
m
e
ac
ce
le
ra
ti
on
)

Quantum gravity 
encoded in dynamics 
and/or primordial 
quantum states

Signatures of these 
quantum effects 

can be observed in 
the sky, today

DOFs
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effective  
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primordial 
observables

correlation 
functions
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Primordial curvature perturbations: 

 Metric perturbations

Primordial gravitational waves 

TT modes in CMB 
(Planck, ACT, SPT)

BB modes in CMB (BICEP/Keck, SO, Litebird)
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Assuming a quasi-de Sitter background, in 
general vacuum fluctuations will induce 
deviations from a power-law:

Hierarchy of quasi-de Sitter observables:

<latexit sha1_base64="5HYFsl0a0lbc4OM46yaBQqcLaO0="></latexit>$ “tilt”

<latexit sha1_base64="5HYFsl0a0lbc4OM46yaBQqcLaO0="></latexit>$ “running of the tilt”

<latexit sha1_base64="5HYFsl0a0lbc4OM46yaBQqcLaO0="></latexit>$ “running of the 
running of the tilt”

A consistent next-to-next-to-next-to leading 
order (N3LO) framework is required

[Bianchi & Gamonal, PRD ’24]

(for exact de Sitter: )ns = 1, αs = 0, βs = 0
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Backup: Main ingredients of the N3LO framework  

I. Quadratic action for generic SVT mode: 

II. Arbitrary FLRW metric (systematic deviations from exact de Sitter)
<latexit sha1_base64="tPFe6YTXUh2263x69WkCG10gQV0="></latexit>

✏1H(t) ⌘ � Ḣ(t)

H(t)2

III. Hubble-flow expansion (systematic deviations from vanilla inflation)

<latexit sha1_base64="P0KAJgT4+YvG7O3ML5vg2krxbZA="></latexit>

✏1Z(t) ⌘ � Ż (t)

H(t)Z (t)

<latexit sha1_base64="mF9ouqeth9uPRX2QkbOfqYuyAUw="></latexit>

✏1c(t) ⌘ � ċ (t)

H(t)c (t)

IV. Able to provide very precise predictions (next-to-next-to-next-to leading order)
<latexit sha1_base64="dEw17IaeDo/o+zb4yjfdlVe1lNc="></latexit>

✏(n+1)⇢(t) ⌘ � ✏̇n⇢(t)

H(t) ✏n⇢(t)
N3LO = 

[Bianchi & Gamonal. PRD ’24]

gμν = ḡμν + δgμν[Ψ]

not constant <latexit sha1_base64="5HYFsl0a0lbc4OM46yaBQqcLaO0="></latexit>$

<latexit sha1_base64="5HYFsl0a0lbc4OM46yaBQqcLaO0="></latexit>$

<latexit sha1_base64="5HYFsl0a0lbc4OM46yaBQqcLaO0="></latexit>$
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Backup: The Technique for the general case:  arbitraryZΨ, cΨ

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

G(y, s) = i
2

�
w0(y)w

⇤
0(s)� w0(s)w

⇤
0(y)

�
⇥(s� y)

Recall: →
(Mukhanov-Sasaki+time reparametrization)

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

New time variable: , expansion of  and so on, around :y = − kτ =
k c̃
aH

ϵ1H(t) → ϵ1H(y) = ϵ1Hk + ( . . . ) × log(y/yk), yk = 1

Leading order:

NLO:

N2LO:

<latexit sha1_base64="W8obUUp4pXr3h58XOpW4NRK1vAI="></latexit>

w(y) =

✓
1 +

i

y

◆
eiy (Bunch-Davies)

<latexit sha1_base64="BvbLuf1rY+mcm26EedoFxDce+xg="></latexit>

w00(y) +

✓
1� 2

y2

◆
w(y) = 0

<latexit sha1_base64="MGZ7NxZXeXk6v2QxvpiYuFNpGQQ="></latexit>

w00(y) +

✓
1� 2 + g1k + g2k ln(y)

y2

◆
w(y) = 0

<latexit sha1_base64="cJo1C8Qm+Y7JcpfBsWSNLPH5Km4="></latexit>

w00(y) +

✓
1� 2 + g1k

y2

◆
w(y) = 0

<latexit sha1_base64="5BVhZThIR66WvklMSYUB3pLzLRk="></latexit>

u(k, t(y)) ! y w(y)p
2 k3 µ(y)

<latexit sha1_base64="YyujxrjmUGh8/EO4izX1Fso+njI="></latexit>

g(y) = g1k + g2k ln(y) + g3k ln(y)
2 + · · ·

<latexit sha1_base64="QuFmHB4y10DGiVIF2P4tUYhcZTw="></latexit>

w00(y) +

✓
1� 2

y2

◆
w(y) =

g(y)

y2
w(y) ,
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Scalar dof emerging from geometry
(Planck Collaboration, 2018)

Current CMB constraints

<latexit sha1_base64="ErbwB0BgfkDbTLf9CCwmPiFw9tU="></latexit>

PR(k) = As

✓
k

k⇤

◆ns�1

Dynamics of 2-point correlations encoded in quadratic action

[Bianchi & MG, PRD ’24]

Assuming vacuum fluctuations (quasi-Bunch-Davies)

Propagating scalaron:

with

Only metric perturbations:
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Backup: Beyond slow-roll inflation and quasi Bunch-Davies
Assuming a pre-inflationary epoch 

(signatures of a Quantum Gravity era?)

Squeezed vacua induce power suppression and modulations

[Bianchi & Gamonal ’24; arXiv: 2410.11812]

<latexit sha1_base64="YER3+PNdS4WLwCmNrB6FzCQkezk="></latexit>

w̃(y) = ↵k w(y) + �k w(y)
⇤

Relevant for templates used to study primordial features

qBD becomes a reference for the new squeezed state:

Simple choice for Bogoliuvob coefficients illustrating a pre-
inflationary phase (instant transition)
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<latexit sha1_base64="am2L8disXhJb8hCJeXJB6Gt/cg4="></latexit>

G(y, s) = i
2

�
w0(y)w

⇤
0(s)� w0(s)w

⇤
0(y)

�
⇥(s� y)

Backup: Pre-inflationary epoch and Squeezed vacua

Note that:

[Bianchi & MG, 2024b]

with

The induced phase  only contains information from the Hubble-flow parameters           ,          ,         , … δk
<latexit sha1_base64="PCMfBshdajhiExfhR3P9nwtdWp8="></latexit>✏1Hk

<latexit sha1_base64="vQr5XQ1xsl49eTVLhZp4yqexpu8="></latexit>✏1Zk
<latexit sha1_base64="wSc/wMqhlJMiDPi316ElSEG/CQI="></latexit>✏1ck

<latexit sha1_base64="XOiCDB/HF0QhymnetdDOH1xj+8g="></latexit>

⌥(k) ⌘ Psqz(k)

PqBD(k)
= lim

y!0+

|↵k y w(y) + �k y w⇤(y)|2

|y w(y)|2

= lim
y!0+

����↵k + �k
w⇤(y)

w(y)

����
2

<latexit sha1_base64="P+1pQg4AMI6PW+iEnB4hy1uoGoQ="></latexit>

⌥(k) =
��↵k � �k e

i�k
��2

<latexit sha1_base64="LxTzPG0VcZ5BgP+Aarfi3F7mDmI="></latexit>

�(N2LO)

k = �
⇡

3
g1k +

⇡

27

�
g2
1k + (9C � 3) g2k

�
+ O

�
✏3
�

Generic feature, 
present at all orders

Leading contributions for 
curvature perturbations
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Example: simple choice for Bogoliuvob coefficients 
(e.g., instant transition Minkowski-dS at )η = ηc

Backup: Templates

Why interesting?: Templates used to study 
primordial features (Euclid, ACT, LiteBIRD, +)

[Bianchi & Gamonal ’24; arXiv: 2410.11812]

[Mauricio Gamonal ’25]
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Backup: Pre-inflationary phase and CMB anomalies

An epoch before standard inflation (e.g., a quantum gravity regime) could have a role in explaining/
alleviating CMB anomalies, such as the large-scale power suppression. 

[Bianchi & Gamonal ’25]

[MG’25]



Lorentzian EPRL vertex amplitude [Engle, Pereira, Rovelli, Livine ’07]

simple representation: γ−
(ρ, k) → (γjab, jab)

1. “EPRL model is blind to the bulk orientation structure’’ 
2.  One would like to have an object that depends on the orientation.  

[Bianchi & Martin-Dussaud ’21]

boundary states

4d Lorentz invariance

The Lorentzian EPRL model provides a covariant formulation of loop quantum gravity in 4d, with a 
vertex amplitude built from Wigner D-matrices associated with each wedge : (ab)

Our work:  T(+) + T(−) = D

Wigner -matrix:  
Unitary irreps of  

in principal series 

D
SL(2,ℂ)

(ρ, k) ∈ (ℝ, ℤ/2)



The causal spinfoam vertex [Bianchi, Chen & Gamonal ’26]

This new ingredient, the Toller T-matrix, allows us to define a vertex amplitude with fixed causal structure:

To each wedge  in a spinfoam vertex, we associate a Toller T-matrix 
with sign  determined by the wedge orientation , induced by 
the orientations  and  of the two edges forming the wedge:

(ab)
± κab = σaσb

σa σb

This is the building block for a spinfoam path integral  
with a sum over causal structures



Feynman  representation of the Toller matricesiε
We can encode the defining analytic properties of the Toller t-matrices via a Feynman  prescription:iε

Select a contour: 
asymptotic properties Analytic kernel: 

Toller poles  
(expressed later as ’s)Γ

Wigner d-matrix: 
matching properties

[Bianchi, Chen & Gamonal ’26]



Regge geometry of a Lorentzian 4-simplex
A set of five 4-vectors  satisfying the closure condition  uniquely determines the Regge 
geometry of a 4-simplex (cf. Minkowski theorem).

NI
a

5

∑
a=1

NI
a = 0

[Minkowski 1897; Bianchi, Donà, Speziale ’11; Wieland PhD ’13]

For spacelike boundary tetrahedra, we can write their 
corresponding timelike 4-normals as:

volume of the tetrahedron aRegge causal data

boost from tet( ) to tet( )a b

The Regge action for the Lorentzian 4-simplex takes the form:

[Regge ’61; Sorkin ’19; Asante, Dittrich, Padua-Argüelles ’21]



Asymptotics and Causal Rigidity
[Bianchi, Chen & Gamonal ’26]

(when causal classes agree)

∼ ≁

The Toller T-matrix inserts a step function  at the exact level. 
On a semiclassical boundary state peaked on the geometry of a Lorentzian 4-simplex, 
the causal vertex, in the large-spin limit , selects one saddle point 
and enforces a form of causal rigidity: if for all couples  we have

θ(+σaσb sa sb)

( jab → λjab , λ → ∞)
(ab)

(when causal classes disagree)

[Bianchi & Martin-Dussaud ’21]
[Engle ’11; Engle, Vilensky, Zipfel ’15]



Perspectives

Finally, it would be interesting to investigate the 

effects of the causal spinfoam vertex on transition 

amplitudes of phenomenological relevance, in 

spinfoam cosmology  

 

and in spinfoam black-to-white hole tunneling

Possible Implications for phenomenology

[Vidotto ’10; Bianchi, Rovellli, Vidotto ’10; Gozzini & Vidotto ’19; +]

[Haggard & Rovelli ’14; Christodoulou, Rovelli, Speziale, Vilensky ’16; 
Donà, Haggard, Rovelli, Vidotto ’24; Rovelli & Vidotto ’24; +]

[Vidotto LQG Summer School ‘24]






