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(CURRENT CLUES FROM NATURE

(Baumann, 2021)
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WinDow FOR ()G PHENOMENOLOGY?
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(JUALITATIVE FEATURES OF THE POWER SPECTRUM
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WHAT DID WE WORK ON?

2 2 3
) (k) = hit, 1 I L 1 L 1 k
7)() ( ) 47_‘_26;30*21#* + Pox T P1x 11 ]{j* + P2s I k* T P3x 11 k*

I. A general framework for the power spectrum at next-to-next-to-next-to leading order (N3LO)
[I. Study purely gravitational models of inflation (e.g., Starobinsky, and any other effective theory)

[II. Pre-inflationary epoch: Extension to a non-Bunch-Davies vacuum (e.g., squeezed vacua)
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PART |: THE FRAMEWORK

Main ingredients

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

S = S(guxd with *"

Guv (t) + 0gun (X, 1)
x(t) + dx(x,t) (optional)

2. Small perturbations (on a flat FLRW background): Any dynamical SVT mode (¢ =R, h4, ...)

: )y 1 ) . Cu (t)?2 , ) Assumptions:
Sy V] = 2/(1 T Zy(t) a(t) (\If a(t)Q\(@;\P) ) Zy = ZoK,t), cu = cg ¥ t)
X / \ y
/ \ / Zy >0, c2 >0
Kinetic amplitude Scale factor Speed of sound
c.f. single scalar held: Zs(t) = 11 (1) Zi(t) = ! ci(t) = cs(t) =1

471G’ 641G’



T'nE FRAMEWORK: N31.0 FOR EFFECTIVE THEORIES OF INFLATION

Main ingredients

3. Hubble-flow expansion: Deviations from exact de Sitter parametrized by dimensionless ¢'s:

Hubble rate: H(t) = Zgg

Accelerated expansion: d(t) = (1 — e1m(t)) a(t)H(t)* > 0 e1m(t) <1

During inflationary epoch: ¢€,,. <1 @ubble-ﬂow expansion at N3LO: O (Ei) >

1 . t)?
Recall the quadratic action: S\(I,z ) 0| = 5 / d*z Zy (t) (‘Iﬂ C(;Ij(i))z (8i\11)2>
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A LLARGE CLASS OF EFFECTIVE THEORIES OF INFLATION

Theory
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Single-field [22)]

R + aR? [23]
K-inflation [24]
LQC+inflaton |25, 26]
f(p)-Gauss Bonnet [27]

Multifield EFT [30]

Weinberg’s EFT [32]

f(©)-Chern Simons (28,
General scalar-tensor [23]
Goldston mode EFT [20]

Minimally broken CFT [31]
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Assumptions:
Z\p = Z\p(j(,t), Cy — Cq;(j(,t)

Zg >0, c3 >0

t : Framework works only 1f
parity 1s preserved




1'HE | ECHNIQUE FOR THE GENERAL CASE: Ziy, Cyy ARBITRARY

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

(Mukhanov-Sasaki+time reparametrization)

.. dk k3 o yw(y)
Recall 08,0010 = [ F ggluk 0P fBf = k) > L
New time variable: y = — kr = k;, expansion of €,,4(f) = €,4(y) = € me+ (o) Xlog(y/yy), and so on, around v, = 1:
a
f : (v) “
w”(y) + (1 2>’w(y) =L w(y),  g(y) = gie + g2 In(y) + gar In(y)” + -
Y Y
\_ J
eading order: w' (y) + | 1 2 w(y) =0 > w(y) =1+ y e"Y  (Bunch-Davies)
2
NLO: w' (y) + (1 Z§1k>w(y) =0 =\ 5 Wy — 1Y, (y))




THE TECHNIOUE: GREEN'S FUNCTION METHOD

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

Mode eq:  w"(y) + (1 22>w(y) = &2’) w(y)

Y Y
Wronskian: w(u™() —w@w'@) = 21 [ Gs)= % o)) ~ wo(s)u (1) O0s )
— ) 'y [Bunch & Davies '78]
Y

Quasi-Bunch-Davies vacuum state Late-time power spectrum
( )

B = g9(y) _ k> >
wqBD(Y) = wo(y) + 2 w(s)Gly,s) ds Papp (k) = lim o uqsp (k. 1)

Y

— wo(y) + w1 (y) + wa(y) + ws(y) + O(e")| — = tim L2e0l)

y—0t  4m? u(y)
\_ J

The details of the physics 1s encoded in 9(y) = g1k + g2 In(y) + gy, In(y)? + - -
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I'nE RESULTS: PRIMORDIAL POWER SPECTRUM AT N31.O)

Evaluating around pivot scale y. = k/k, €1 = €V ys) = €1 — (...) In(k/ks) + -

~

2 i 2 3
(Y) (1) — hH 1 1 ﬁ | ﬁ ] ﬁ
0 ( ) 47T26§p*Z¢* +p()i71* n k. -|-Z?J2* n k. ‘|‘pf* n k.
starts at:  O(e,) (’)(ei) (’)(ei)
Amplitude: A, = Py(ky)
Tilt: 0, = kS In(Po(k))| . (o=1+6. ne=0)
dk k=k
-4 ]
Running of the tilt: ax = k— |k— In(Py(k))
unning o e 1 dk _ d 0 [
Running of th ing of the tilt: B, = ki ki _kil (P (k))-
unning of the running of the tilt: 5, = k—{ k— * ik n(Po 5l

11




[ Bianchi & MG 2024a]

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*)




PArT Il: STAROBINSKY INFLATION

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

What 1s the simplest model exhibiting this characteristic
that remains consistent with observational constraints?
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STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

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

Not a fundamental theory
but a sector of semi-classical gravity/EFT

Modified Friedmann equation (background):

~

ﬂ

1
S19uw] = e /d% V=9 (R + aR?) > H(t)* + 6aH (t)*e1 1 (1) (3€1H(t) + 2€91 (1) — 6) =0
= —— R+ aR? solution 1.Purely geometrical (dependance on H,
——- H= —(36a)"! and time derivatives). No scalar hield.
....... ElH(t) —1

 36a

2. Physical scale: a ~ 10" /%

3. Approximate behavior nearby ¢.:

ténd t, a(t) ~ a, GH* (t—ts)— =52 (t—t4)?
1
R~ 12H (t)°
O
— H(t)

14



STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

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

Only Juv (Xa t) = Guv (t) T 59/ﬂ/ (X7 t)

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

1

S[g,ul/] — 167C2 /d4$\/jg(R_l_ aRz) —>

\. W

No conformal transformation, physical metric.

From quadratic action of cosmological 1
. wi
perturbations (¢, = ¢, = 1):

Y(t) =14+20R =1—12aH (t)*(e15(t) — 2)

Zs(t)_ 3>_<(t) (1 ex(t)(t)> ,Zt(t)— X(t) X(t)

; 167Gy %ex 647G ) ex(t) =

Simple to compute at leading order (LO), even at NLO.
Highly non-trivial at N2LLO and beyond.

15



RESULTS FOR STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

Amplitudes of the primordial power spectrum: 7% decrease 1n tensor-to-scalar ratio:
2Gh Gh N2 ( \
— T (1. — * . _ 2 | 7 3 4
Ay 37m( +-) As T (1+--) r=3(ns—1)"+5(ns—1)° + C’)((ns—l) )

o = (2.777 £0.779) x 100 ¢

X" ———

e
=
—

Planck TT, TE, EE + lowE + lensing

S
9 — +BKI18 + BAO
5 +LiteBIRD (2022 forecast)
5 V() x ¢
L 1072 —— R+ aR? inflation (NLO)
g ----- R + aR? inflation (N3LO)
% X N,=2350
-

+ N, =60

r = (3.767 £ 0.652) x 107% at N3LO

IR

(—).950 0955 0960 0965 0970 0.975 0.980

Scalar spectral index (n) [Biancht & MG, 2024a]
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RESULTS FOR STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

Robust prediction: Small deviation from exact consistency condition

~

r 4 8ny = 6(ns — 1)> + O((ns — 1)*) = (—3.031 £0.809) x 10~* |for N, =55+ 5 at N3LO

0.12

—— R + aR? inflation (N3LO)
| = Planck T'T, TE, EE + lowE + len + BK15
+LIGO/VIRGO16

—
[—
-

&
-
o0

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

r + 8ny >?\\

0.04

0.02 {

0'00—2 —1 0 1 2 3 4
Tensor tilt (nt) [Bianchi & MG, 2024a]
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RESULTS FOR STAROBINSKY INFLATION IN THE GEOMETRIC FRAME

Robust prediction: Scalar running small and negative

OéS:_

1
2

(ns — 1)2

| 458 (ne — 1)° + O((ns — 1)4)

Scalar running of the running (/)

0.02 F
0.01
0.00

—0.01 F

— R + aR? inflation (N3LO)
—0.02F Planck TT, TE, EE + lowE + lensing

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

for N, =955+ 5

(Don'’t confuse a,, the running of
the scalar tilt, with the
Starobinsky coupling a)

—0.02 —0.01 0.00
Scalar running (ay)

0.0l

0.02

| Bianch1 & MG, 2024a]
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PART l1l: PRE-INFLATIONARY EPOCH AND SOUEEZED VACUA

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

Past and future efforts to 1dentify features in the power spectrum

4.1. Models

In these scenarios, the primordial spectrum can generally be We consider a superimposed pattern of oscillations as

analytically approximated by an expression of the form

) . Pr(K) = Prok) |1 +6P* (k)| , (27)
InPg (k) = InPg(k) + In Yy (k/ky), (63) here P (B is th o 1 .

: : : : : : where Pg o(k) 1s the standard power-law PPS of the comov-

Wlth Y .E {.km’ rad, kink}, Whe.re Ty 1s a function with In Yy — 0 ing curvature perturbations R on superhorizon scales, given in

in the limit £ > k():, that describes the Shape of the cutoff and the Eq (1) We Study the following templates with Superimposed
transition to a power-law spectrum at smaller scales. oscillations on the PPS

SP%(k) = Ax sin (wxEx + 27¢x) , (28)

(Planck 2018 results. X. Constraints on inflation) (Ballardini et al. “Euclid: The search for primordial features”, 2024 )

A scenario that has been explored in detail in the LOC community
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PART l1l: PRE-INFLATIONARY EPOCH AND SOUEEZED VACUA

If w(y) 1s a basis of solutions, after a Bogoliubov transtormation in the Fock representation,
the mode function

~

w(y) = arw(y) + frw(y)”

also represents a vacuum state, a “squeezed state’, if 1t preserves the Wronskian condition:
~ ~ | % ~/ ~ % - 2 2 2 2
w(y)w™ (y) —w(y)w”(y) = —2i (\ak\ — |8k ) = Jag|” = |Bk|" =1

The standard expression 1n the literature for the power spectrum at leading order 1s

>
Péé‘zo)(k) = | — B P(E%)(k)

S|

Is 1t still true at NLO? N2L.O?

20



PRE-INFLATIONARY EPOCH AND SOUEEZED VACUA

Notethat () = Pk _ - lawyuly) + By )l
Pesp(k)  y—0t yw(y)|?
w*(y) |
y—0T w(y)
g , 9 A Generic feature,
T (k) — CVk — /Bk elék present at all orders
\_ ) [Bianchi & MG, 2024b]
- h 5(N2LO) o _z | I 2 B 3
with 0y, = 39k T oo (g1r +(9C =3) g2) + O(€”)
T 1 1 5 Leading contributions for
T2 {(ns -+ (C B g)as " E(RS -7 } curvature perturbations

The induced phase §, only contains information from the Hubble-flow parameters €17k, €1ck s -
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AN ILLUSTRATIVE EXAMPLE [ Danielsson ‘02, Martin & Brandenberger '03, Broy '16]

Suppose that initial conditions are set at a finite time y = y,, dehining a cutoff scale k., such that

"D(yc) — wMink(yC)v w/(QC) — wll\/link(yc)

. . . L ke (ke L (ke »
Then, the associated Bogoliubov coethicients are: o, =1 — 5 <?> — (?>, By = —= <_> e2i(k/ke)

3.4

~ . [k, = 0.05 Mpc™"
3.3F I \ P k.= 1074 Mpc_1
[ L J

Large running,
for illustrative purposes

20F I weee- Pr(k) = A, (k/k)™!, ng = 0.964, A, = 2.1 x 102

— == |ag — Bk|* Pr(k) : Squeezed power law

— N2LO: Squeezed vacuum + Fiducial

e T/ e T T/ T
k [Mpc™']
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SLIGHTLY MORE REALISTIC VALUES: STAROBINSKY 1 & 116 200

* ==x k. = 0.05 Mpc ™"
k., =10~* Mpc™!

33k rk* = 0.05 Mpc™*
- : _4 ~1
E Lk/lc — 10 MpC

J

29F  eeee Pr(k) = A, (k/k)™L, ng = 0.964, A, = 2.1 x 10~° 2.9

=== N2LO: quasi-Bunch-Davies (Starobinsky) === |ar — Bul* Pr(k) : Squeezed power law
2.8 — N2LO: Squeezed vacuum + Starobinsky 2.8r —— N2LO: Squeezed vacuum + Starobinsky
BT T T 1 e T 2 x 10~ 3x 104 4x107*  6x10% 107
k [Mpc '] k [Mpc™']

{€1H* — 0009, ECoOHx — —0.018, €E17x — —0.018, €27« — —0.018, €Elex — €E2¢cx — O}

Framework valuable for parameter estimation 1n
future cosmological observations
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(CCONCLUSIONS 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:

[ Check results in both frames for Starobinsky

(Einstein and Jordan): Results are robust.

) |

[ Extend results for a non-Bunch-Davies vacuum at N2L.O.

Typical pivot
scale k,

°Long term goal (from QG side): Explore the
emergence of squeezed states from LQG/Spinfoams in
Quantum Cosmology and build a bridge towards the

Q
= £
2 2
= >
CB -
3 ;
Qg

—

)

ira ’(‘- “v ,rs
o
e YO

X

X

OFT regime and phenomenology. Prepare for the

N, ~ 60

precision cosmology era.
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