PRECISION COSMOLOGY AS A PROBE OF QUANTUM GRAVITY
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Loop Quantum Cosmology

[Agullo, Ashtekar & Nelson '12]

| Fernandez-Mendez, Mena & Olmedo '12]

Spinfoam Cosmology

| Bianchi, Rovelli & Vidotto '10]

Cosmology from GFT
[ Gielen, Orit1 & Sindoni '13]
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| HE FRAMEWORK: A LARGE CLASS OF EFFECTIVE THEORIES OF INFLATION

Ingredients: Action Principle

1. A gravitational action (matter not required):

S — S U with glw(x’ t) — g'““'/(t) T 59/W(X7 t)
[gu X] t (x



| HE FRAMEWORK: A LARGE CLASS OF EFFECTIVE THEORIES OF INFLATION

Ingredients: Action Principle

1. A gravitational action (matter not required):

S — S U with g,w(x, t) — g“'/(t) T 59/“/()(7 t)
[gu X t x(x,t) = x(t) + dx(x,1)

2. Small perturbations (on a flat FLRW background):
U : Any dynamical SVT mode

(- )
1 - t)?
S\(IJQ) [\If] = — / d4£l? Z\p (t) \Ifz C\Ij( )2 (82\11)2
2 a(t)
\_ // \\ / J
Kinetic amplhitude Scale factor Speed of sound

€1H(t) 1

c.f. single scalar hield: Zs(t) = e Zy(t) = Yt

ci(t) = cs(t) =1
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| HE FRAMEWORK: A LARGE CLASS OF EFFECTIVE THEORIES OF INFLATION
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Ingredients: Action Principle Single-field [22]
R+ aR” |23]

K-inflation [24]
LQC+inflaton [25, 26]
f(p)-Gauss Bonnet [27]
f(©)-Chern Simons |28, 29|
5 General scalar-tensor [23]
X, 1) = qguu(t) + X, 1 Goldston mode EFT [20]
S — S[g.u"/7 X] with g;u/( ) g,uz/( ) glul/( ) Multifield EFT [30]
x(x,t) = x(t) + dx(x,t) Minimally broken CFT [31]
Weinberg’s EFT [32]
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1. A gravitational action (matter not required):
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2. Small perturbations (on a flat FLRW background):
U : Any dynamical SVT mode

4 )
1 . C\y t 2
S\(I,Q) (U] = 5 / d*z Zy (t) <\If2 a(i))z \(82\11)2)
X // \\ 1 y
Kinetic amplitude Scale factor Speed of sound
c.f. single scalar hield: Zs(t) = 11 (t) Z (1) ! ci(t) = cs(t) =1
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| HE FRAMEWORK: A LARGE CLASS OF EFFECTIVE THEORIES OF INFLATION

Theory Zs(t)  cs(t)  Zi(t)  c(t)
Ingredlents: Action PI’IDCIP]G Single-field [22] Eq. (74) 1 Eq. (75) 1
R+ aR* (23] Eq. (96) 1 Eq. (99) 1
K-inflation [24] v v v 1
1. A gravitational action (matter not required): ?@?_Ezgjstgloffe’ tZ[g]ﬂ j j j j
f(¢)-Chern Simons |28, 29 v v X X
5 General scalar-tensor [23] v v v v
(X, ) =9g,,(t) + (X, 1 Goldston mode EFT [20] V4 v / /
S=95 [g,u,, X] with 7¥ (3%:8) = Guo (£) + 0gw (X, ) Multifield EFT [30] / / / /
x(x,t) = x(t) + dx(x,t) Minimally broken CFT [31] / VA RVS
Weinberg’s EFT [32] v v VA VA
2. Small perturbat.ions (on a flat FLRW background): 1y () = Zy (1) on (1) = aiz(t)
¥ : Any dynamical SVT mode XY U HW) Zu() Y T H()ez (1)
4 1 (t)z ) .
, N D ° C
S\(IJQ) [\If] — 5 /d4x Z\I; (t) 9/ (/ )) (qu \Ij(t)z \(82\11)2) Accelerated expansion: €1H(t) <1
a
- // \\ 1 y i(t) = (1— e (t)) a(t)H(t)? > 0
Kinetic amplitude Scale factor Speed of sound During inflationary epoch: €7 < 1

c.f. single scalar hield: Zs(t) = EZZS), Zi(t) = 643TG’ ci(t) = cs(t) =1



| HE FRAMEWORK: A LARGE CLASS OF EFFECTIVE THEORIES OF INFLATION

Methods: Green's function (a systematic expansion computable order-by-order)
[Gong & Stewart '01; Auclair & Ringeval '22; Bianchi & Gamonal '24]

Recall:

— [ % kP R = u(®) > ()

(Mukhanov-Sasaki+time reparametrization)
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| HE FRAMEWORK: A LARGE CLASS OF EFFECTIVE THEORIES OF INFLATION

Methods: Green's function (a systematic expansion computable order-by-order)
[Gong & Stewart '01; Auclair & Ringeval '22; Bianchi & Gamonal '24]

Recall: —>  u(t) = w(y)
(Mukhanov-Sasaki+time reparametrization)
w'’ 1 w(y) = 22y, - ) )
W= W =W — Gy = § wolyu(s) — wols)u ) O(s — v)
i\
— 1 — Y Bunc Davies '
(2) = 1 + g2 In(2) + g5 In(z)? / wo(y) ( + ; e [Bunch & D 78]
! > q(y) :
w(y) = wo(y) / — 2 w(s) Gy, 8) ds = wo(y) + wi(y) + wa2(y) +ws(y) + O(¢")
q Y y
w) =g [ TG u(s)ds
o) =2 [ G mun(e) s on [ o)
ws) =9 [ G woe)ds+or [ AL ds+an [ T uns)as



I'nE RESULTS: PRIMORDIAL POWER SPECTRUM AT N31.O)
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rE? | k O\ 2 £\
7)(§¢)(k) — . 1 _I'pO* +p1* 111(—) +p2* 111(—) +p3* 111(_)

N 471‘26?0*Z¢* _ \/ k. l ks l ks
O(ey)

O(€7) O(e})

starts at:
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I'nE RESULTS: PRIMORDIAL POWER SPECTRUM AT N31.O)

-

RH2 | k k> AN
Po? (k) = 12, 7, 1 + pos + D1 m(ﬂ) + Pax ln(k—*) + D3 IH(E)

\/ | |

starts at: O(€7) O(e})
_
Amplitude: A, = Py(k.)
Tilt: 0, = kS In(Po(k)| . (me=1+6, ny=0,)
dk k=k,
ing of the til =S _kiln(P (k))
Running of the tilt: Q« = dk | dk 0 | i
Runm f the r l f the tilt: By = ki ki _kiln(P (k))-
unnlng O Cc unnlng O c U1it. x — dk d,l{,' - dk 0 - -
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[Bianchi & Gamonal '24]

Quantity Order Expression
NLO : —2e1m« + €12+ + 3€1c4
N2LO : — 2€%H* + 2(]_ + C)le*EQH* + €1Z*(€1H* — CEQZ*) -+ 61c*(5€1H* — 3€1cx — GIZ*) — (2 -+ SC)GIC*EQC*
1
N3LO : — 2655, + (14 + 6C — 7T2)€%H*62H* } 12( 24 — 24C — 12C° + 7r2)61H*egH*
1 2 2 2 1 2
| 12( 24 — 24C' — 12C7° + 77 )e1H€2H+E3H* + €1H«€1Z% 2( 10 —2C' 4+ 77 )e1Hx€124€2H »
1 1 1
9(1;)) | 2( 8 —4C + 7T2)€1H*EIZ*GQZ* + 1(8 — 772)6?2*622* + ﬂ(1202 — 7T2)612*6§Z*
1 2 2 3 2 2 2
+ ﬁ(lQC — T )€12x€22+€32% + 3€1cx — B€1cx€1Hx + T€1cx€1 s + €1cx€125 — 2€1cx€1HAE1 24
1 2\ 2 1 2 1 2
-+ Z(IOO + 36C — 97 )Elc*EQC* i 2( 36 — 16C + 37 )Elc*le*EQC* + 1(28 +4C — 3w )Elc*€1Z*€2c*
1 2 2 2 1 2
-+ g(]_6 e 16C +12C° — 7 )61(3*626* + 5(—38 — 14C' + 37 )Glc*le*GQH*
1 1
+ 1(24 + 8C' — 3#2)610*612*622* + §(16 + 16C" + 1202 — 772)€lc*€2c*€3c*
N2LO . 261H*62H* — €1Z2%x€2Z%x — 3€1c*€2c*
L) N3LO : + 6eigseams — 2(1 4+ C)ermvesps — 2(1 4+ C)e1H€2H€3H+ — €1H+E2H€125 — 2€1 H+€1Z%€27+
+ CGIZ*E%Z* + CClZ*GQZ*ff}Z* + 96%¢*£2c* — S€1cxE1H+€2cx + €Elex€1Z5€205 + (2 + 30)616*63c*
— 7610*61H*€2H* 2610*612*€2Z* (2 30)610*€2c*€3c*
Biw) N3LO : — 2€1H*62H*(€2H* + ESH*) + EIZ*EQZ*(EQZ* + 63Z=l<) + 3€lc*€2c*(€2c* + 63(1*)




1'HE IMPLEMENTATION: STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

[ Starobinsky '79-'80; Vilenkin '85]

Modified Friedmann equation:

Slgu] = mig /d% V=9 (R + aR?) > H(t)* + 6aH (t)*e1 1 (1) (Selﬂ(t) + 2e0p1 (t) — 6) =0
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1'HE IMPLEMENTATION: STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

[ Starobinsky '79-'80; Vilenkin '85]

Modified Friedmann equation:

: . :
S19uv] = T /d% V=9 (R + aR?) > H(t)* + 6aH (t)*e1 1 (1) (3€1H(t) + 2€95(t) — 6) =0
\;: —— R+ aR? solution
-——- H= —(36a)"
....... erg(t) =1
0
téend t
— H(¢)
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1'HE IMPLEMENTATION: STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

[ Starobinsky '79-'80; Vilenkin '85]

Modified Friedmann equation:

r " :
S\9uv] = T /d% V=9 (R + aR?) > H(t)* + 6aH(t) e1u(t) (3€1H(t) + 2e2p () — 6) =0
From quadratic action of cosmological :Ej —— R+ aR? solution
perturbations (¢, = ¢, = 1): —=- H= —(36a)"
S erg(t) =
[ . 9 . )
t t ¢
! 16mGN \ 1+ 5¢€,(2) 64rGN
with téﬂnd by
0 i H R ———
€ (1) = — Y
= " H A
Y(t) =1+2aR=1—12aH(t)*(e1g(t) — 2)
e H(t)
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1'HE IMPLEMENTATION: STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

Amplitudes of the primordial power spectrum:

2Gh Gh N?
__(1_|_...) A = *(1_|_...)

- 3na 187

Ay
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1'HE IMPLEMENTATION: STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

Amplitudes of the primordial power spectrum: 7% decrease 1n tensor-to-scalar ratio:
2Gh Gh N2 A, 12 2In(2.N. 24 B
3ra 1870 A, ~ N: N? =N

42 Tn(2) g (; N lr;(j) . 1111(23) B ln;i()) ) 19tan\1ﬁ(\/%) ) 1900ti/(7@))
%
o + x r = (3.767 £0.652) x 107° at N3LO
o X
\

= \\ Planck TT, TE, EE + lowE + lensing
S + —— 1BKI18 + BAO
‘:‘3 +LiteBIRD (2022 forecast)
2 V($) x ¢
< 1072 —— R+ aR? inflation (NLO)
I ==l 7 - R + aR? inflation (N3LO)
5 NRicEs x N, =50
v \ “*gs,‘ *
= - | | \ *I-JM\ - + N. =60

(—).950 0.955 0960 0965 0970 0.975 0.980
Scalar spectral index ()

[Bianchi & Gamonal '24]
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1'HE IMPLEMENTATION: STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

Precise value for deviation from exact consistency condition:

48

r+8ny = ——5 + O(N] *) = (—3.031+0.809) x 10~* forN, =55+5 at N3LO
%
0.12 :
—— R + aR? inflation (N3LO)
0.10F = Planck TT, TE, EE + lowE + len + BK15

+LIGO/VIRGO16

&
-
o0

Q
()
=~

Tensor-to-scalar ratio (r)
-,
-,
(@)

r + 8ny >O\~\\\

0.02 1

U

1 2 3 4
Tensor tilt (nt) [Bianchi & Gamonal '24]
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1'HE IMPLEMENTATION: STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

Running and running-of-the-running for scalar modes:

o = (—6.626 & 1.180) x 10~* at N3LO
Bs = (—2.526 £0.674) x 107° at N3LO

for N, =55+£5

0.02

0.01

0.00

—0.01

Scalar running of the running (3;)

—— R + aR? inflation (N3LO)

—0.02F Planck TT, TE, EE + lowE + lensing

1 I . 1 1 . !
—0.02 —0.01 0.00 0.01 0.02

Scalar running (ay)

[Bianchi & Gamonal '24]
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(ONCLUSIONS AND FUTURE WORK
*We computed the primordial power spectrum up to N3LO for the largest class of

effective theories of inflation under minimal assumptions (flat FLRW & quasi-BD)
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(ONCLUSIONS AND FUTURE WORK
*We computed the primordial power spectrum up to N3LLO for the largest class of

effective theories of inflation under minimal assumptions (flat FLRW & quasi-BD)

*Possible additional considerations (from RHYS):

2
1.Consider other vacuum choices: A, = Gh H, ok — Bl (1 + )

TTE1 H %

[e.g. Danielsson '02; Broy '16]

Gh H?

m(e1ms + %)

2.Consider closed cosmologies: 4, =
[e.g. Bonga, Gupt & Yokomizo '16; Kiefer & Vardanyan '22]

(1_|_...)

3.Consider parity-violating models: v"(y) + (1 ;2 + Z) v(y) =0

[e.g. Alexander & Yunes '09; Bianchi1 & Rincon-Ramirez'24] Y
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(CCONCLUSIONS AND FUTURE WORK

*We computed the primordial power spectrum up to N3LLO for the largest class of
effective theories of inflation under minimal assumptions (flat FLRW & quasi-BD)

*Possible additional considerations (from RHYS):

- : Gh H?
1.Consider other vacuum choices: A, = g — Bel2 (14 -+ -)
[e.g. Danielsson '02; Broy '16] TE1H «
o
W ’
: : Gh H? >
2.Consider closed cosmologlesz As = (1 +---) == (2;'00
[e.g. Bonga, Gupt & Yokomizo '16; Kiefer & Vardanyan '22] 7T(€1H* T ﬁ) \'{i&\

‘\Typical pivot
) )
+ scale k,

3.Consider parity-violating models: v"(y) + (1 ;2 + Z) v(y) =0

[e.g. Alexander & Yunes '09; Bianchi1 & Rincon-Ramirez'24] Y
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°Long term goal (from LHS): Explore the emergence of
states from LOQG/Spinfoams in Quantum Cosmology and
build a bridge towards RHS and phenomenology.
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