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Looking for Quantum Gravity effects.

Main Motivation

Quantum Gravity regime

Primordial cosmology as a natural laboratory.

“Inflationary models such as R?, (...) and those having a potential
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with exponential tails provide good fits to Planck and BK15 data.”
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Pushing the limits of General Relativity

How to extend the gravitational theory? : Organizational Principle of Derivatives
* Additional invariant terms are allowed by the symmetries of General Relativity [Lanczos *38, Stelle *77]
* Arguments from renormalization techniques [Utiyama & DeWitt '62, t’Hooft & Veltman *74, Weinberg *79]

* Arguments from Effective Field Theory methods [Donoghue ‘94, Burgess '03, Weinberg *08]

Most general action we can write up to four derivatives of the metric

Sglguv] = /d4az \/——g(co + coR + CZ(J})R2 + CELZ)RM,,R“” + cf)RWpaR“”p" H=t o )

T

O derivatives

Up to 2 derivatives Up to 4 derivatives
~ 2 UV Urpc
R ~ 0og R*,R,R".R,, R 0000g
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Rewriting the most generic 4th order action

Gauss-Bonnet Theorem: y is a surface term in 4D

¥y = [d4x —o(R* — 4R, ,R"™ + R, ,,R"")

Weyl Tensor in 4D satisfies:

1 R

i(gAVRW‘G s g)\nR;u/ o, guyR)\K, =+ g,unR)\y) | 6

1
Voo __ 2 U LDO
W W P8 = = RE IR CRAK By, s RO

W)\,U,I/K, % RA/u/n -7 (g)\ug,ukc < g)\lﬁ?glﬂ/)

clR” + CR R + 3R, R = R + ¢} W ons W
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Purely gravitational (primordial) cosmology

In this work we will consider an action of the form:

4 & ..........2..5....................I;..O.—E-
Sol9uv] = 16— 7 / d*zv/—g [Z2A+ R+ aR” i+ 6 Wyype WH”
N X [Hilbert "16] [Starobinsky 791 [Weinberg 08, Anselmi et al. 207

[Einstein '17] This work (2023)

Field equations:
|
AS o 2
H,=2RG,;=2V,V,R+2(V,V R+ 2R e

1
Ruy 25 _2_Rgu1/ _|_ A gl,l,I/ —|— 87 HH,I/ —I_ 4/BBHJ/ = SWGN% B¥W =V VﬁWMaUﬁ 4 lR ﬂWﬂaVﬁ
a 2 a
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Purely gravitational (primordial) cosmology

In this work we will consider an action of the form:

Solow] = tgrge | 4'2V=9 [Z2A+ BRIt 0 B bt B Wopg WP

[Hilbert *16] [Starobinsky '79] [Weinberg 08, Anselmi et al. ’20]
[Einstein ’17] This work (2023)

What is new? Our contribution

1 1 1 1 : 1
S ~ /dt <§md:2 = §mw2x2 - 2m6:’1§2> —l S ~ /dt <§meff1‘2 ™ imeﬁwgﬂcxz)

Different from Weinberg: No additional fields or degrees of freedom.
Different from Anselmi-Bianchi-Piva: No mention to purely virtual particles. Py, ~ Ph(l 8 correction) Ny ~ nt(l 3" COI‘I‘eCtiOD)

+ observational effects on the primordial power spectra
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Cosmic inflation in the geometric framework

[Starobinsky ’79; Guth ’80; Linde 82, and others]

Few assumptions:

EHN 2 (1
FLRW Background ds® = gupdztdz == dt? + a(t)zéz-j de'dx’?, H(t) = a(t)

A=k=0 a(t)

H2()+ 6a(6H2(t)H(t) oy 5 2H(z)H(t)) =)

H(t .

() = -y G(t) = a(t)H ()’ (1 i eHl(t))
H?(t)
eq1 < 1: Inflationary phase
_ - —O— e
Inflationary phase occurs as long as d > 0, or €5,(¢) < 1 \ \
k « :Pivot mode
Standard requirement for amount of inflation ~ 60 e-folds 2 — -
1
a(t) ~ a;e” — N, ~
26H1>|< | P |

MAURICIO GAMONAL - PENN STATE - PRIMORDIAL FLUCTUATIONS FROM QUADRATIC CURVATURE TERMS - COSMOLOGY FROM HOME 2023



Cosmological Perturbations for / = (

[Kodama & Sasaki ’84, Mukhanov, Feldman & Branderberger '92]

Different approach: Geometric formalism. No need to include a scalar field.

Juv = Juv + 09y — S = S0 Guv] + ASW Juv] + A28 0]

Comoving gauge — scalar curvature perturbations (R ), and tensor perturbations (hx,+) are the only physical DOFs

Syentar[R] / /d3k )z )(éiR 0| ——(—) R k,t)|2>

d3k 1.
St(e2r)180r hX7h+] S Z / / 3 ) (2
o=X,+

2 WGy e s k %
Ph(k) - 31 ABa (1 ON, ( 2N*2> log(k—*> _I_O(N* )>
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Preliminary Results: Cosmological Perturbations for / # 0

What happens when f # 0? First challenge: Tensor fluctuations

omrli il =3 [ 53 ok | Ay ha<k,t>2—§B<k,t>(£)) ho (k)2 + £ BT(1) o (k, 1)

Can we extract a physically relevant solution?
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Dealing with higher order time derivatives

L3 Hoq” ...
= X

e
v
A

Experimental verification of the Landau-Lifshitz equation
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Example: Abraham-Lorentz force (radiation reaction) Reduced equation [Landau & Lifshitz ’75]

“The Lorentz force has been shown to be insufficient in describing the dynamics
and resulting radiation spectra in our crystal-based strong-field experiments. This
deficiency 1s remedied by theoretical predictions resting on the Landau-Lifshitz
equation, when adjusted through the substitution model accounting for the photon
recoil 1n the radiation spectra from planar channeled 50 GeV positrons”™

[Nielsen et al. ’21]
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Method : ReductionofOrder ..........c....

lllustrative example: Harmonic oscillator with acceleration term:

Slx(t)] = /dt (%mox'Q — %mowgch + ;moﬁéﬁ2> S F+wiz—BE =0
. Y 1
Z(z) = —wg z(t) + O(Bwi) — Sz(t)] = /dt (§m0x2 — imowgffﬁ) w2 = Wi (1 — Bwl) + O((Bw)?)
Exact solution
z(t) = A1+t + Age 2+t 4 Biel-t + Bye A-? Reduced solution
i = ol S
£ \/1: V1+46wg Ay =75 +0 Bw%) i) e oo Wt i) weﬁ_“’o(l 26“’0)
e Vo — 0
4 2fwg A- =idwe(l—20wd) + O((Bwi)?)
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Method : ReductionofOrder ..........c....

lllustrative example: Harmonic oscillator with acceleration term:

1 1 1
Slx(t)] = /dt <§moa':2 — §m0w8x2 + 2moﬁé§2> & T w3 =0

Z(z) = —wg z(t) + O(Bwi) — S[z(t)] = / dt (%modzz < %mowgﬁﬁ) Wi = w(1— Bud) + O((Bwd)?)

2.0

wer = wo (1 — Bwp) + O((Buwg)”) j

1.5

1.0 t=u:
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- . £ 00+
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Preliminary Results-a # 0, f # 0

After reduction of order, we obtain:

5(2)

=1

B

84

cs(t) =1+ (—) fit) =1— 7

|

Zr(t) = 2 =00) + (-

84

1

fa(t)

5

)+ 5

1

47TGN

(

84

k

a(t)

Some additional challenges: Dealing with csz, and (k/a)?

tensor[hX7h+] ~ Z /dt/ ((217_‘_1){3 a’(t)ng(t)(

1

2

ho (1, 8)| Cgét) (k>2|hg(k, t)lz)

(ﬁ)em* +O(e)

)

f1(®), f»(¢) : Functions of H®),H®), ...
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Primordial Power Spectra-a # 0,/ # 0

P 1+ O(NY)]

ni-% =1 ]3 - O(NJ?)
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Conclusions

* Pure gravity + higher order curvature terms
trigger cosmic inflation.

* We expect deviations from the Starobinsky
model if a Weyl-squared term is considered.

* Cosmological perturbations from the new
contribution are studied by reducing the
order of the equations, extracting the
physically relevant solutions.

* Corrections to the primordial power spectrum
of tensor fluctuations and tensor tilt.
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Hilltop inflation

R+R2+W26=-1
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