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What 1s my dissertation about?

How the things we know about... ... which can be tested against...

\ -~

(QuanTUM GRAVITY AND PRECISION COSMOLOGY

FROM EFFECTIVE DYNAMICS TO PRIMORDIAL OBSERVABLES

— ™\

...can guide the construction of ... ...that provide specific predictions of...




WE KNOW A FEW THINGS. ..

Fundamental physical constants

The measured fundamental constants
(¢,G,h) organizes theoretical frameworks
according to the Bronstein cube.
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| Bronstein 1933]

There 1s a characteristic scale

The presence of ¢, G and 7 dehnes a scale
where quantum gravity cannot be neglected.
The relevant quantity 1s the Planck area:




To put things into perspective:

this orange
(A ~ 1072 m?)

an atom
(A ~ 107 m?)

the Planck area
(A ~ 1079 m?)




WE KNOW A FEW THINGS. ..

(beyond spacetime)

Quantum

Spacetime must be abandoned by Geometry

more fundamental structures

(% ~ 10~ m?

Intermediate regime:

- very large curvature, but still not Planckian - Effective Theory of

- different dynamics, new degrees of freedom? Quantum Spacetime

(large curvature)

Classical GR describes gravity extremely well:
- general covariance General Relativity

- gravity as a manifestation of spacetime geometry

(small curvature)
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Focus OF THIS PRESENTATION

Quantum Geometry

(beyond spacetime)

(% ~ 10~ m?

s J /}\ St : ,
- - ~ / .. Effective Theory of

Quantum Spacetime

Causal spinfoam vertex for 4d
Lorentzian quantum gravity

Toller matrices and the
Feynman i¢ in spinfoams

(Bianchi, Chen, MG, "25a)

(Bianchi, Chen, MG, "25b)

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

Squeezed vacua and primordial
features in effective theories of

inflation at N21.LO

Primordial power spectrum at
N3LO in effective theories of

inflation

(Bianchi1 & MG, PRD ’25b)

(Bianchi & MG, PRD ’25a)

(Bianchi & MG, PRD ’24)




|'HE EFFECTIVE APPROACH

Let us consider an illustrative example. A classical physical system composed by two linearly coupled oscillators:

2(t) y(?)

% * ’%
| _

mo i—w/www— Mo MWW

0

Action of the full theory: S[z,y] = /dt mo |32(t)* — swi z(8)* + 39()° — QU y()° + gz(t) y(t)]

Suppose there 1s L
separation of scales: S
Qy > w,
—1 - 1
() [0) 2() 30) 10 ()
We can solve the coupled
system numerically: 205 -
2 2 L o T
(0F +wi)z(t) —gy(t) =0 < 0.00-
(0 + ) y(t) —gz(t) =0 ~0.25 ¢
0 10 20 30 10 50




|'HE EFFECTIVE APPROACH A g %

Suppose we only can want to focus

on the dynamics of x(7): [ -
Slx| = /dtmo[l b2 — Lwg 2] 3 0
m —l n 1 |
| 0 g /dt /dt z(t) Gt —t") z(t") 0 10 20 30 10 50
0.25 -
A usetul effective description 1s = 0.00-
typically encoded 1n a local derivative ~0.25 -
expansion: 0 10 20 30 10 50
1 1 A A . —— full (’fL
. - .2 L2 2 Meff .9 ‘J_) ull (%)
Seft [T] - / dt mo 2:13 Qweﬁx 2 o O( Qg — local expansion (4th order)
i - = 01
E—? % — (.25
. & =0.05
2 g2 0 10 20 30 40
2 _ .2 9 3 g |
0 0

This gives a top-down effective approach



|'HE 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:

1 J 1 J J 1 ¢
Se|x] = /dtm §i2 - §w2x2 - 5;3:'&2 —

The coupling constants (m, w, ) must be
measured experimentally.

Sometimes, the solutions are problematic:
() +wiz(t)+8 % (t) =0

(e.g., runaway solutions)

z(t)

|
-

— full x(#)

local expansion (4th order)

0 10 20 30 40 ()

t.[s]

This 1s a bottom-up eftective approach

Our first goal 1s to construct a selt-consistent implementation for gravity
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1'nE EFFECTIVE THEORY OF (QUANTUM SPACETIME

Symmetries (general covariance) + organizing principle (derivative expansion) + DOF's (2 tensors + 1 scalar):

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

const. (0g)* (0g)* (0g)*

S[Qul/] — d*z vV —g (—2[\ + RL+C¥R2 — BW e WHYPT .. )

The Eftective Theory

General Relativity of Quantum Spacetime

(dof: 2 tensor modes)

v

Needed for the description at

, , short length scales/early times
Accurately describe gravity at

large length scales/late times [Bianchi & MG, PRD25b]

*  Most generally covarant theory up to fourth order.

1 N TN AT Not arbitrary, follows from organizational principle.
0 | %  Robust: Independent of UV completion.
_ . %  What’s new? : W? correction treated self-consistently
3 M L | via reduction of order for f/a < 1 — Stable solutions!
[Eddington 1919]  [Hulse & ;;ylor 75] LIGO 16 [EHT '19]
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TT, TE,EE modes (Planck, ACT, SPT)
BB modes (BICEP/Keck, SO, LiteBird)

SOMETHING HAPPENED BEFORE THE HoT Big¢ BANG

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

/
(0T (n) 0T (n")) T (k) X Pr (k)
v V
transfer function primordial physics
I
10! 10° 10%
| LI UL | o reretep ettt 400 pr= L | LAY LB L SRR | m . . .
6000 - ] Primordial perturbations are
i [ Planck Collaboration '18] : “h beine:
5000 L E consistent with being:
4000 F - - small (~ 107)
= - single adiabatic mode
— 3000 - .
> : : - almost Gaussian
S oook 1 - nearly scale-invariant
1000 [ : Claim:
l The underlying physical
O i e ST mechanism 1s rooted in the
2 10 30 500 1000 1500 2000 2500 2.00 ey B -
, 10— 10-3 102 10~ quantum nature of gravity.
k [Mpc™]
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| HE EMERGENT PICTURE OF THE PRIMORDIAL UNIVERSE

WL
n ap Hy Hot Big Bang -
(rehea.ting phase) 5_T ~ 10-5
1o

< P Q :

Q < oY 2

) O .@K’ @
e S b’Q) A - O
-0 N v © N

3 % > @

~O \}(b’ © O \Q)&

= O «OO N &
T o > .2

%D | 0{’0 kmax =~ 0.2 Mpc ™!
. ; .:"f - \"b)’&) |

: Ny N

g accessible CMB modes as of today P,

Q D D D O R D /A O e
O kinin = 10_41\/Ipc_1

I I I >
60 0 60 N(¢) = In(a)
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' HE BACKGROUND GEOMETRY

Higher curvature terms + homogeneity & isotropy (FLRW metric: g dz* dz” = —dt* + a(t)?6;; dz" dz’ )

Guv ‘I"Agm/ ‘l'aHuv _4)88;1,1/ =0

a H &
H(t) = — €= —— €Ep=——0

a 1H H2 H€1H
\”

é h

\, J

The etfective geometry provide us with:

- Emergence of an accelerated expansion phase: 1
. ] . . 36
(H ~ v : quasi-de Sitter phase)
Qa

- Natural transition to an oscillatory epoch

(H ~ cos( \/2t47 )* : reheating phase)

[ Starobinsky ‘80, Vilenkin '85]

13

H(t)* =36 H(t)" e1u(t) (1 — ze1m(t) — 3e2m(t)) =0 0 st

R + aR? rcheating phasc
—— R+ aR? quasi-de Sitter phase
------- e (f)] = 1
uu-teud t.
= -
€| > 1 erm| < 1
: . | Bianch1 & MG, PRD ‘25b]
1 H(t
Vv 36c ( )




REDUCTION OF ORDER . -
[Bianchi & MG, PRD “25b]

Ci| [C2| |Cs [ Bwd = 0.06]

. 2) . . . 1 —

At ’Fhe Perturbatlve level, the W terrr.1 induces hlgher time- 0\ /\ /
derivatives that need to be treated with care (¥: scalar/tensor) H ~__~ ~__ -

— Exact physical solution : zppys(t) = cos(A_ 1)

---- Effective solution : zeq(t) = cos ((1 + Buwi/2) wot)

Guv = Guv + 09 (V] —p Ly ~ A()P® - B(t)(0:¥) + 5 C (1) V7

We use reduction of order, which 1s based on three conditions:

C, : Solutions of the effective theory must be stable (no runaways)
C, : Imtial conditions restricted to solutions analytic in
C; : Asymptotic expansion and regime of validity (f/a < 1)

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

BAARRE Y A a(t)2
. z \
cs(t) =1+ &E]H(t)z + (9(62)
ci(t) =1 611 + O(¢) 0 T T 3 j}rt o 3 i in
. ’ 14 0




PERTURBATIVE (JUANTUM GEOMETRY AND POWER SPECTRUM

. . . . ! [Planck Collaboration '18]
An important remark: spacetime geometry 1s quantized 10! 102 103 o

400 —————————— 7 [
Planck TT,TE,EE+lowE-+lensing+BK15

V=R >R primordial curvature

Ul =ag,, +dg,, V| =
9u [ ] Gu 9u [ ] {\I!:’YJ—W% primordial GWs

A systematic Hubble-tflow expansion allows us to introduce a

quasi-Bunch-Davies vacuum state, | gBD), such that

sin(k |x—x'|)

k|x—x'|

(@BD| ¥(x,0) #(x',1) [4BD) = | d(log k) P, (K

perturbative quantum geometry <y CMB observations

oo b L
10~ 10-3 102 101

L )ns—1+21! as In(k/ko )+ Bs In?(k/ky )+
k [Mpc™]

,Pc(lsB)D (k) = As (k_*

L )nt+% Ot ln(k/k:*)-i-% By lnz(k/k*)_|_...

PCEED(]C) = Ag (k_*

we developed a framework to compute corrections

up to next-to-next-to-next-to leading order

(for exact de Sitter: ny= 1, a, = 0, ff, = 0) [Bianchi & MG, PRD "24; PRD ‘25b]
15



PRECISION PREDICTIONS FROM R + aR? — B2

Tensor-to-scalar ratio (ryg5)

| —
o
L

—
-
&

10

Primordial amplitude of scalar and tensors

As

Ay

2

21

I o (ng — 1)?

2

/% [

3T « bor 4

-3
(.955

0.960

0.965 0.970 0.975
Scalar spectral index (n,)

0.980

0.985

Planck + BK18 + BAO + lensing
ACT + Planck + BK18 + BAO + lensing

— V(¢) x ¢’
—_— R} aR?

] R+aR?*— W% 0< 8/a<1

¢ JV* — 50
® N =60
® N.=70

[Bianchi & MG, PRD ‘25b] -

The effective theory 1s compatible with current

Tensor-to-scalar ratio (7 = j:), tensor tilt (n) and
consistency relation:

afi Yo (2o

8 b 16 12
r+8n; =3(1—— )(ns—1)°
bo
0.12 :
—— R + aR? inflation (N3LO)

0.10} = Planck TT, TE, EE + lowE + len + BK15
= —— +LIGO/VIRGO16
= -
E (.08
k:
& 0.06 s\
g /'/’. \
é 0.04 SKE S
& HEH

0.02 / 1 ]

Vo 1 0 1 2 3 4

Tensor tilt (1)

[Bianchi & MG, PRD 24]

observations and can be further tested in the future
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OUTLOOK

Hot Big Bang
(reheating phase)

IIIIIIIIIIIIIIIIIIIIII‘I'IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII;{;’ IIIIIIIIIIII
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PERSPECTIVES: A PRIMEVAL ERA ) k= 005 Ve ]

33k I\ k. =2.5x 10"* Mpc™*

[f there was a pre-inflationary phase:

1. How to characterize the quantum state?

gBD can be a reference for a two-mode squeezed state: ool -2 Ao (k)L ng = 0.964, A, = 2.1 % 10°° ]
" 7 - == |ayg — B|*As (k/k,)™! : pre-factor + power-law + fiducial
p— —_—> p—
a(k) |qBD> 0 b(k) |qu) 0 2.8F = Psqz(k) : N2LO + squeezed vacuum + fiducial
N ) ) 2 2 B . 101—3 A el ...,1.01—2 a . .Z...l.ol—l . e 100
for b(K) = o (k) — 7 (~k) , lawl” — |Bxl? = 1 e
o000T —— Base ACDM+P,, (k)
2.What do ¢, and g, depend on? i 58 A0 VT o 1
£000 - ; ~== Base ACDM+A; (k/k.)"
r

transition of the background geometry (induced by QG) *  Planck 2018 TT

3. How 1s the power spectrum modified?

K?|

'\,
4000 | . \
|

1

. . . . . . . o o «S 3000 [~ .
indications of a radiation — qua51-de Sitter transition: ;

t"gw
g A 2000 - \/\ f

Paaa(k) ~ [1— (k2/K?) cos(2k/ke + k)| Panp (k) | ,'
1000 F ==Lt j

.
— -
— .
. o +'%
J .
.

. [ Bianchi & MG "25a]

2 10 2030 500 1000 1500 2000 2500
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PERSPECTIVES: FULL LORENTZIAN QUANTUM GRAVITY IN 4D 1700 e 1

\

Gravitational path integral
[Feynman '49; Wheeler 567, Misner '57]
[DeWitt '67; Hawking '80, Teitelboim '83]

/
ab 1

Q
=
S
@
_I_
St
0
g
T
Q
=
S

/\ 1 Spinfoam path integral
_ T W= =3 Y T4, T14TT A

A jfaieao-e f €

[ Bianchi, Chen & MG ’26]



T'HE 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 :)

Exploring Quantum




1 r Vpo
S = Slna,tter + m /d433 \/TQ(QR*Z _ /BWMVpO'"Vu ? +R _ZA)

T HANKS!

Hot Big Bang
(reheating phase)

~ 10—122 p—2
o A=10 ¢
o= 1077 %

<6 £ 9

--------------------------------------------------------------------------------

Signatures of these
quantum effects
can be observed 1n

the sky, today

Quantum gravity
encoded in dynamics
and/or primordial

oF & 103

T, < 7

quantum states




low-frequency noise and galactic and extra-galactic
instrumental systematic effects foregrounds

clusters

gravitational
lensing

white
instrumental atmosphere

noise

CMB
polarization
instrument

CMB
B-modes
CMB [ AT/T~ 107
intensity
anisotropies
CMB AT/T ~ 105
monopole CMB dipole CMB E-modes
T=2.7K AT/T ~ 103 AT/T ~ 106

Credit: J. Errard



Metric perturbations

gudz? dz” = —N?dt* + hy (N dt + dy*) (N7 dt + dy?)

v
hij = a(t)?(8;; + 0hy + 6hSY)

5hiy) (x,1) = ~2R(x, 1) 8 Shiy (%) = 3 €55(x) 77 (%, 1)
. . . . 1 B
Primordial curvature perturbations: 'R = a(t)25” 0;0; R Primordial gravitational waves

TT modes in CMB “ \ .
R\l Ll
(Planck, ACT, SPT) G\'\\ .;‘, .
A\ o i

BB modes in CMB (BICEP/Keck, SO, Litebird)
23



Assuming a quasi-de Sitter background, in
general vacuum fluctuations will induce
deviations from a power-law:

In(Pr(k)) = ln(.AS) + (ng — 1) In(k/k,)
/Bs
| 2, P In(k/k.)” + S In(k/k.)” +

(for exact de Sitter: n, =1, a, = 0, 5, = 0)

Hierarchy of quasi-de Sitter observables:

o dIn(Pr) . ‘i1
d In(nq , o
Og = d ln(( k)) N4 “runmng of the t1lt
d? In(ns) “running of the
/BS — 2 A4 . 1.,
dIn(k) running of the tilt

A consistent next-to-next-to-next-to leading

order (N3LLO) framework 1s required

| Bianchi & Gamonal, PRD "24]

In(_l()m p’R)

4.00

3.90 F

3.20F

.CA-‘
C‘
C‘

=

-

(o
T

2.50

2.25

_____ Pr(k), ag = B = 0
— pR(k)’ as = —10 2’ /‘6)5 =0
—— Pr(k), o = =102, 8, = —1073

2.0{)0_4 e I
k [Mpc ']




BAckuUP: MAIN INGREDIENTS OF THE N3O FRAMEWORK s ¢ cumnt o0

[. Quadratic action for generic SVT mode: §,, = 8§, + 5&”,[‘}’]

S [y] = % / d*z Zy (1) (xiﬂ cu(t)” (az-\p)z)

1. Arbitrary FLRW metric (systematic deviations from exact de Sitter)

_ A t tant <y H A
— not constan p— —
H(t)2 45 3

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

Z(sca]ar) — E].H (Scalar) L

€ Zy () _ Gy(?) inG Gz T A
20 = -gaz.e Gl = H(t)ep(t) c=1 — €.=0

[V. Able to provide very precise predictions (next-to-next-to-next-to leading order)

€(n+1)p(t) = H%‘fﬁ(t) < N3LO = O(é})

25



Backup: THE | ECHNIQUE FOR THE GENERAL CASE: Zuy, Ciyy ARBITRARY

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

(Mukhanov-Sasaki+time reparametrization)

: PPN — k.t >
Recall: o (O] Wg(t)Ps(2)]0) /0 L 53 ulk, )2 |F(R)]° —>  ulk,t(y)) 2R 1Y)
New time variable: y = — kr = k;, expansion of €,,4(f) = €,4(y) = € me+ (o) Xlog(y/yy), and so on, around v, = 1:
a
4 )
" 2 ~9(y)
w(y) + | 1 2 w(y) = 7 w(y) 9(y) = g1k + g2 In(y) + g3r In(y)” +
\_ V,
. 7 2 . )
Leading order: w” (y) + (1 yz)w@) =0 > w(y) = (1 + ) Y (Bunch-Davies)
2
NLO: w' (y) + (1 _;Zglk>w(y) — 0 = 4 / H(l)
, 2+ g1k + gok | h
NoLO:  w(p)+ (1 FEOEE I ) o L) = ut) + [ —82) w(s) Gy, 5) ds
Y




Scalar dof emerging from geometry

S[guw] = 16;G/d4a: V=3 (R+aR?— W2

1 4 — 1
N 167rG/d$ —g(xR 4oy

with x=14+2aR

X(X, t) — éX(xat)

Propagating scalaron:

Only metric perturbations: Juv — §uu T 59#!/ [‘I’]

Dynamics of 2-point correlations encoded 1n quadratic action

SO = 5 [ ds ze) ) (92 - 220 @.0)?)
cs(t) =14 ()iﬂaeurj[(t)2 —I—(’)(e2)
ct(t) = 14 65a - O(e)

(x —1)° — ﬁWz)

Current CMB constraints

(Planck Collaboration, 2018)

¢
101 102 103 o

| I |
Planck TT,TE ,EE+4lowE+lensing+BK15

Assuming vacuum fluctuations (quasi-Bunch-Davies)

In(Pr(k)) =In(As) + (ng — 1) ln(’fi)

1 dIn(ng)

In(k/k,)? -
T o1 dm(r) DR

1 d21n(ns) 111(&)24_
3 din(k)*  \ A«

[ Bianchi & MG, PRD "24]
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BAckuP: BEYOND SLOW-ROLL INFLATION AND OUASI BUNCH-I)AVIES

Assuming a pre-inflationary epoch
(signatures of a Quantum Gravity era?)

~

w(y) = arw(y) + Brw(y)”

gBD becomes a reference for the new squeezed state:

1 &’k 185 .+, ..
sar) = s exp (= [ 555 o (193 (k) laBD).

Squeezed vacua induce power suppression and modulations

PR (k) = |ak — ' B *Pr (k)
[Bianchi & Gamonal 24; arXiv: 2410.11812]

Simple choice for Bogoliuvob coethcients illustrating a pre-
inflationary phase (instant transition)

_ 2ik/ k.
1?7 /Bk_ 2k2 € / .

Ozk:1

28

[ . = 0.05 Mpc™’

3.3 F k’,; = 2.0 X 10_{1 NIPC_I

- As (k/k*)ns_lz Ng = 0964: AS = 2.1 X 10_9

2.9 -
""" N2L0O + quasi-Bunch-Davies + Starobinsky
2.8 — Pgqz(k) : N2LO + squeezed vacuum + Starobinsky
103 102 101
k [Mpe ']

Relevant ftor templates used to study primordial features

neg—1
P%hen)(k) = [1 — Ry cos (Ek + 5)] (&) As,




BACKUP: PRE-INFLATIONARY EPOCH AND SOUEEZED VACUA

Note that: T(k) — Psqz(k) — lim ‘ak Y w(y) T Bk Y w*(y)|2
Pqpp(k)  y—o0t yw(y)|?
w*(y) |
= lim |ag + Bk
y—0Tt w(y)
g , 9 A Generic feature,
T (k) — CVk — /Bk elék present at all orders
\_ ) [Bianchi & MG, 2024b]
with 5,(€N2LO) — —ggm | ( +(9C — 3) QQk) - 0(63)
m w k Leadi butions f
= —(ng — 1) — = —1 ] o O(N3LO eading contributions ror
2 (n ) 4 (ns —1)" In (k* ) + O ) curvature perturbations

The induced phase §, only contains information from the Hubble-flow parameters €17k, €1ck s -

21



| Bianchi & Gamonal '24; arXiv: 2410.11812] : 1
k* — 0.05 MpC

3.3t I\ k. =2.5x 10" Mpc™

Backur: T EMPLATES

Why interesting?: Templates used to study
primordial features (Euchd, ACT, Lite BIRD, +)

(phen) EN\™
phen) 1\ _ [ - i : S~
= |1 — Ripcos (= + 0 s
PR ( ) [ Rk ( kT )] (k*> AS 20F |k As (k/k)™1, ng = 0.964, A, = 2.1 x 107 N
=== |y — Br|*As (k/k,)™! : pre-factor + power-law + fiducial
Example: simple choice tor Bogoliuvob coethcients 2.8~ Psqz(k) : N2LO + squeezed vacuum + fiducial
R . o . . L. P 2 —— a2 A bbb a2 A ——rd b 2
(e.g., instant transition Minkowski-dS at n = 5,) 103 102 10~ 10°
k [Mpc ™|
2 2 :
ar = 1 ke i ke B = ke o21k/ke o009 A —— Base ACDM=+P,,(k)
2k? k’ 2k? o0l ;"\ ~=~ Base ACDM-+A, (k/k.)™ !
' / | *  Planck 2018 TT
Psqz(k) ~ |1 — (k2 /k*) cos(2k/ke + 61) | PqrD (k) 0T ' \
sqQZ c C k qBD < l |
= 3000 .
|
2000 | :
f
1000 F ==~ )w.,j
0 ] 1 N o x aaaxal 1 1 1 1 1
> 10 2030 500 1000 1500 2000 2500

30 ¢



BAackupr: PRE-INFLATIONARY PHASE AND CMB ANOMALIES

[ Bianchi & Gamonal 25]

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.

bl+1
b= MY,
m o Angular Correlation Function C(6) = T¢ Y, 2LCyPp(cos 6)
6000 B f
A —— Base ACDM+P,.(k) o CEO;’ Power-law (GAMB)
ol — ((#), Squeezed
' — j S e \s—1 i .
5000 | A Base ACDM+A, (k/k.) 0 —— Planck 2018 TT
B! 1 Planck 2018 T'T Planck I'T" Error Region
| 600}
4000 . |
W T 400
== 3000 . e
3 < | N
& / S 200t NN e
2000 B I. o /",
. f 0 = .’
1000 - “.:.:} & ._.:"‘.—_;: -~ ;‘:
’_' 1 L0 —200F
0 ] 1 1 1 1 1 1 1 [MG,25]
2 10 2030 500 1000 1500 2000 2500 ~*o 20 40 60 & 100 120 140 160 180
4 f [degrees|
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LORENTZIAN EPRL. VERTEX AMPLITUDE 1 v vt tivine 07

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):

y—simple representation:
\ f' (p’ k) — (yjab’jab)

(AEPRL) gy /S oo H aga H p{iabdat) (ool )

‘) Wigner D-matrix:

boundary states Unltary irreps Of SL(Z,(]:)
in principal series
(p, k) € (R, Z/2)

4d Lorentz invariance

1. “EPRL model is blind to the bulk orientation structure” [Bianchi & Martin-Dussaud 21]
2. One would like to have an object that depends on the orientation. Our work: 7V + 72 = D



'HE CAUSAL SPINFOAM VERTEX (i hon & oot o0,

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

TaO Tq0 abyJa —1
< ( b)‘qj]abam(zb> / H dga H ](a,b mt;yaﬁgjabb?’flal;)) (gb ga)

SL(2,C) ;5

To each wedge (ab) in a spinfoam vertex, we associate a Toller T-matrix

with sign + determined by the wedge orientation x,, = 6,6,, induced by
the orientations ¢, and ¢, of the two edges forming the wedge:

—1 for an anti-chronal wedge
Oq O0p =

+1 for a co-chronal wedge

e This 1s the building block for a spinfoam path integral

with a sum over causal structures




FEYNMAN ig REPRESENTATION ()F THE TOLLER MATRICES [Bianchi, Chen & Gamonal '26]

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

j+l . .

0 dp +1 — (n —j 5
+,p, . p* ip— (n—J ,
tg-lmp JIC)(ﬁ) = lim — (H ( )) dgqu)(ﬁ)

e=0+t J_o 21 p— pF1E ip—(n—j)

n=>0

Im(73) ,

Select a contour:

asymptotic properties Analy e kernel: Wigner d-matrix:

matching properties

Toller poles

(expressed later as I'’s)

min(j,1)

TR gy = Y DO ()t 7P (8) DO (Us)

P—=— mln(.?al)




|[Regge '61; Sorkin '19; Asante, Dittrich, Padua-Argiielles "21]
REGGE GEOMETR’Y OF A LOR’ENTZIAN 4_SIMPLEX [Miiiowski 1897; Bianchi, Dona, Speziale '11; Wiegland PhD ’13]

A set of five 4-vectors N! satisfying the closure condition Z N!'= 0 uniquely determines the Regge

geometry of a 4-simplex (cf. Minkowski theorem). a=l
: . . Py— S35 = +1
For spacelike boundary tetrahedra, we can write their Si - s, = +1
corresponding timelike 4-normals as: Sy =+ S5 = +1
I o A I Sy — +1
NI =s,V, N N%Z
Regge causal data \b volume of the tetrahedron a
—1 for a past pointing 4-normal T T
Sq =
+1 for a future pointing 4-normal
The Regge action for the Lorentzian 4-simplex takes the form:
Aab g, = —1 S1 = —1
SRegge — SaSh /Bab : Sy = —1

SWC

1—4 2 — 3
{—1 for anti-chronal tetrahedra boost trom tet(a) to tet(b)
Sqa Sp —

_ 71 ATJ
+1 for co-chronal tetrahedra COSh *jab) —TNrIJ- 7\’ A



Engle '11; Engle, Vilensky, Zipfel '15]

ASYMPTOTICS AND CAUSAL RIGIDITY 15neh & v o oty

—1 for an anti-chronal wedge

Bianchi, Chen & Gamonal '26] +1 for a co-chronal Wedge
The Tolle%‘ T-m.atrlx inserts a step function 8(+6,0,s,s,) at the exact levelo. | 1 for antichronal tatrahedra
On a semiclassical boundary state peaked on the geometry of a Lorentzian 4 -51mplex, Sa Sb =
+1 for co-chronal tetrahedra

the causal vertex, in the large-spin lmit (j, — 4j,,.4 = ), selects one saddle point
and enforces a form of causal rigidity: if for all couples (ab) we have

O a0 S48
O,0p = +8,5p aTb 7 155t

(when causal classes agree) (when causal classes disagree)

~ 1
1—14 933
v o ol(1+AT) , 3 .o _
(AQ() “ b) ‘\IlAjal:nCab) — e+ )\SRegge/h _I_ O()\ 13) (A'S) ¢ b) I\PAjalnCab) — (9(A N) ) VN > O

212 N



PERSPECTIVES

Possible Implications for phenomenology . .
Spinfoam Hartle-Hawking state

Finally, it would be interesting to investigate the
effects of the causal spinfoam vertex on transition
amplitudes of phenomenological relevance, in

spinfoam cosmology

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

and 1n spinfoam black-to-white hole tunneling

[Haggard & Rovelli '14; Christodoulou, Rovelli, Speziale, Vilensky '16;
Dona, Haggard, Rovelli, Vidotto '24; Rovelli & Vidotto '24; +]

[ Vidotto LOG Summer School ‘24]
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