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INTRODUCTION

The early universe: the closest we can get to Planck scale

o Inflationary cosmology is the place to look for new UV physics

@ Our question: could we observe modifications of gravity? In particular,
higher-derivative corrections?

o String Theory predicts the appearance of these corrections near Planck scale
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INTRODUCTION

Higher-derivative corrections can produce inflation on their own: R? inflation
d*x\/Igl [R + 5 °R?
16JTG Vel R+

Simplified version of Starobinsky’s inflation, based on the trace anomaly of
matter fields

@ Elegant model, containing only the metric

o Consistent with current experimental data on inflation
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INTRODUCTION

It is natural to assume the existence of additional higher-derivative corrections
to the R? model

Problems:
@ May become dominant over R?

o General higher-derivative theories propagate ghosts are and unstable
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INTRODUCTION

It is natural to assume the existence of additional higher-derivative corrections
to the R? model

Problems:

@ May become dominant over R?
o General higher-derivative theories propagate ghosts are and unstable
= Mainly extensions of the form f(R) have been studied e.g. Nojiri, Odintsov

In this talk | will consider recently identified of higher-derivative Lagrangians
which are suitable for cosmology and will study the effect on the R? model

Note: one may also consider higher-curvature corrections to inflaton-based
models.
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“GGEOMETRIC” CURVATURE CORRECTIONS

Higher-derivative theories = Ostrogradsky instabilty
This usually makes them unsuitable for cosmology (unless perturbatively)

An exception: f(R) gravity — scalar-tensor theory Sotiriou, Faraoni 08
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“GGEOMETRIC” CURVATURE CORRECTIONS

Higher-derivative theories = Ostrogradsky instabilty
This usually makes them unsuitable for cosmology (unless perturbatively)

An exception: f(R) gravity — scalar-tensor theory Sotiriou, Faraoni 08
Recently:

“Geometric” higher-derivative Lagrangians L(R;,,q) Arciniega, Edelstein, Jaime '18;
Cisterna, Grandi, Oliva '18; Arciniega, Bueno, PAC, Edelstein, Hennigar, Jaime '18

@ 2nd order Friedmann equations

o Linearized EOMs on FLRW background are of 2nd order in time derivatives

@ Black hole solutions of the form ds®> = —f(r)dt® — dr®/f(r) + dr’dQ%, (Gen-
eralized Quasi-topological gravity, see Angel Murcia’s talk)

4

Change dynamics without introducing additional dof — This is what you expect
from an EFT
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“GGEOMETRIC” CURVATURE CORRECTIONS

Let R(n) be the n—th order density R, ~ Riem”
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“GGEOMETRIC” CURVATURE CORRECTIONS

Let R(n) be the n—th order density R, ~ Riem”
At cubic order there is a single density of this type

3 1 5
R =~ ER“p"aRpé‘TnySuYV o gRuvpngaaBRaBuv - ZRuvpaR”pR""
1

v 1
= R,YR/R,! + Ryyps R, R — 2 Ruvpe R R+ SR, RR.
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“GGEOMETRIC” CURVATURE CORRECTIONS

Let R(n) be the n—th order density R, ~ Riem”
At cubic order there is a single density of this type

3 1 5
R =~ ER“p"aRPB‘TVRfSuYV o gRuvpngaaBRaBuv - ZRuvpaR”pR""
1

v 1
= R,YR/R,! + Ryyps R, R — 2 Ruvpe R R+ SR, RR.

At quartic order there are three independent densities
A B C
R(4) = R(4) + VR(4) + )/R(4)

o Only Ra) contributes to the Friedmann equations
° R(Ej;) contributes to the linearized equations
o R is trivial for cosmology

Observation: ¥V n there is a unique way in which these theories modify
Friedmann equatlons Arciniega, Bueno, PAC, Edelstein, Hennigar, Jaime '18
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“GGEOMETRIC” CURVATURE CORRECTIONS

3 1 1 3
R(i) — ﬁ RuvpaRuvriy RayXészfx{ _ R (Ruvpupra)z + 6 RRHPVURP(SUVRBUVV _ Z RMV RPGR(SVW) Réyv”
1 1 3 5 "
+ 16 R Rivpo R + 5 RRyupg RPR — 2R, “RPR,7R,” + 2 (RwR™)* + RR,"R PR,

752 v 3 L4
gRPRWR" + 25 R®,

3 3 1 9
R(B4) :ERuvpaRilvéyRévszpﬂxf - a(Rl'VPUpra)z - ZRRilpvaRpéoyRﬁuyv - ZRWRPGR(SVI’P R‘sy"”
3 . oo 15 v 15 21 ,
- ERH Rvam;yy Raéyp + RRzRuvpuRu P+ TRRuvpaRupR 7 - TR;: RvapURau + ?(RHVRH )2

47
+7RR,"R/R," —6R*R,yR" + = R®,

1
Ry =—4R" R, R, Rysy + RsyR% Ryyps R*P7 + 4RRyyps R R + ;RR‘,VRVPRp” —5R2R,, R"

2
SR
+3
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“GGEOMETRIC” CURVATURE CORRECTIONS

We consider R? gravity enhanced with the geometric terms

1

- 4 9 22 - 2n—2
S=1p—c [ d* |g|lR+12€R +;/\"e R(n)]
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“GGEOMETRIC” CURVATURE CORRECTIONS

We consider R? gravity enhanced with the geometric terms

1

- 4 9 22 - 2n—2
S=1p—c [ d* |g|lR+12€R +;/\"e R(n)]

This can be recast as a scalar-tensor theory

_L 4 2\ 22 - 2n—2
S= 16JTG/dx |g|lR(1+2a€ Y) = 1200°Y7 + ) A 07" PRyy

n=3
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“GGEOMETRIC” CURVATURE CORRECTIONS

We consider R? gravity enhanced with the geometric terms

1

- 4 9 22 - 2n—2
S=1p—c [ d* |g|lR+12€R +;/\"e R(n)]

This can be recast as a scalar-tensor theory

_ 1 4 2 200, v 2n-2
S=1c—c | d' |g|lR(1+2a€ Y) — 12a0%y +;An€ "2Rn)
Comments
e The R? and R, terms are of different nature and may appear at different
scales

@ We often have in mind A, << «
@ One may consider more general setups, i.e. adding R" terms as well

@ The geometric terms also fit well with standard single-field models Edelstein,
Vézquez, Vilar-Lépez '20; Edelstein, Mann, Vazquez, Vilar-Lépez '20
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SLOW-ROLL INFLATION IN THE GEOMETRIC—R2 MODEL
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SLOW-ROLL INFLATION IN THE GEOMETR'C—R2 MODEL

Consider a flat cosmological FLRW ansatz
ds® = —dt® + a(t)® (dx* + dy® + dz*)

and ¢(t). Inserting this in the EOMs we obtain

F(H?) = 208 [y(y — H?) - HY|
HF' (H?) = —af? [«;z) —H+ 2/—'/41]
6H + 12H> — 12y =0
where H = 4/a, ¢y = dy/dt, etc, and F is the function defined as
F(x)=x+€72) (=1)"4, (¢°x)"
n=3

Observation: this is surprisingly similar to the EOMs in stringy
duality-invariant cosmology at all orders in @’ Hohm, Zwiebach 19
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SLOW-ROLL INFLATION IN THE GEOMETR'C—R2 MODEL

Slow-roll inflation

1 dH
€ = ﬁm B dN = —Hdt
When € << 1 we have
dy 2F(¢) . Fl)

dN = 3ae2y’ €7 30242
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SLOW-ROLL INFLATION IN THE GEOMETR'C—R2 MODEL

Slow-roll inflation
1 dH

GZﬁW, dN = —Hdt

When € << 1 we have

dy 2F(¢) en W)
dN ~ 3a02y’ ~ 3002y
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SLOW-ROLL INFLATION IN THE GEOMETRIC—R2 MODEL

Attractor towards inflation
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HOLOGRAPHIC CONSTRAINTS

e HOLOGRAPHIC CONSTRAINTS
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HOLOGRAPHIC CONSTRAINTS

Is there a way to constrain the parameters A, theoretically?
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HOLOGRAPHIC CONSTRAINTS

Is there a way to constrain the parameters A, theoretically?

Ideas from AdS/CFT: Take 1

@ Put the theory on AdS
@ Compute the holographic 2-point function (7T) and impose unitarity

(Tl TesOn = e Tcpaln), - Cr = CE (F'lmx) + 20024

where Ryyp0 = —2Xx8,p80)v
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@ Put the theory on AdS
@ Compute the holographic 2-point function (7T) and impose unitarity

(Tl TesOn = e Tcpaln), - Cr = CE (F'lmx) + 20024

where Ryyp0 = —2Xx8,p80)v
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HOLOGRAPHIC CONSTRAINTS

Is there a way to constrain the parameters A, theoretically?

Ideas from AdS/CFT: Take 1

@ Put the theory on AdS
@ Compute the holographic 2-point function (7T) and impose unitarity

(Tl TesOn = e Tcpaln), - Cr = CE (F'lmx) + 20024

where Ryyp0 = —2Xx8,p80)v

unitarity = Cr > 0= F'(—x) + 22y > 0

@ Translate the bound to de Sitter y = —H?, ¢ = H?

F'(H?) 4+ 2a¢?H? > 0

PasLo A. Cano NOVEL HIGHER-CURVATURE VARIATIONS OF R2 INFLATION IBERIAN STRINGS 2021 13/ 20



HOLOGRAPHIC CONSTRAINTS

Is there a way to constrain the parameters A, theoretically?

Ideas from AdS/CFT: Take 1

@ Put the theory on AdS
@ Compute the holographic 2-point function {(TT) and impose unitarity

(Tl TesOn = e Tcpaln), - Cr = CE (F'lmx) + 20024

where Ryyp0 = —2Xx8,p80)v

unitarity = Cr > 0= F'(—x) + 22y > 0

@ Translate the bound to de Sitter y = —H?, y = H?
F'(H?) + 2a0?H? > 0

This is indeed a meaningful constraint on dS: Gey = G(F'(H?) 4+ 2a¢2H?)™1
The constraint is necessary to avoid Ge < 0 and negative-energy gravitons!
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HOLOGRAPHIC CONSTRAINTS

Ideas from AdS/CFT: Take 2
3-point function (TTT) determined by C7 and a dimensionless coefficient t4

Unitarity => —4<t; <4
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HOLOGRAPHIC CONSTRAINTS

Ideas from AdS/CFT: Take 2

3-point function (TTT) determined by C7 and a dimensionless coefficient t4
Unitarity => —4<t; <4

This is known for these theories in AdS Bueno, PAC, Ruipérez '18; Bueno, PAC, Hennigar, Penas,

Ruipérez '20
210 F"(—x)

T T F(—x) + 202y
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HOLOGRAPHIC CONSTRAINTS

Ideas from AdS/CFT: Take 2
3-point function (TTT) determined by C7 and a dimensionless coefficient t4
Unitarity => —4<t; <4
This is known for these theories in AdS Bueno, PAC, Ruipérez '18; Bueno, PAC, Hennigar, Penas,
Ruipérez '20
210 F"(—x)
F'(—x) + 2a82y
We translate the holographic bound to dS

4 = —

~ 0HF(HY)
= F(H?) + 2a02H? =

We conjecture this is a physically meaningful bound in the bulk dS theory
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HOLOGRAPHIC CONSTRAINTS

Inflation = quasi-de Sitter phase

These constraints must be satisfied YH during inflation — at least N < 60
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HOLOGRAPHIC CONSTRAINTS

Inflation = quasi-de Sitter phase
These constraints must be satisfied YH during inflation — at least N < 60

Constraints on the cubic term F(H?) = H? — \3¢*H®

A3

Cr>0 = >
a

<1
A

~4<t<4 > -1510%< 2 <1710
o

Constraints on the quartic term F(H?) = H? + A4 ¢°H8

b 8
a3 27
A
—4<t<4 = —21-10°< 2 <19.107
04
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PRIMORDIAL FLUCTUATIONS

e PRIMORDIAL FLUCTUATIONS
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PRIMORDIAL FLUCTUATIONS

@ The study of perturbations is facilitated by the 2nd order linearized equations
= no additional modes or ghosts

o We work perturbatively in A3 and A4

N2 N3
a2

'

1
@ Expansion parameters: —
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PRIMORDIAL FLUCTUATIONS

POWER SPECTRA AT SUPER-HUBBLE SCALES

Pr(k) = rAZ L Ps(k) = A2 ins_l
T()_rs aH ’ 5()_ S aH

3 10As 20N

R TR T
2 32N 4N
s N 27a2 303

12 64h3 | 160N

TSN T 902 3a3 )
Note that N2 oA
r 32 3 128 4
nr + 3a? 9a3 7

= distinquishes these theories from standard single-field models

PasLo A. Cano NOVEL HIGHER-CURVATURE VARIATIONS OF R2 INFLATION IBERIAN STRINGS 2021




PRIMORDIAL FLUCTUATIONS

Comparison with experimental bounds Planck 18

A3 A4
-------- R? ——15<104—<17 s R2 ——21<106—<19
a?
0.010 . . . 0.010 : : :
20 |lo 20 |lo

"= o.008f 41 = o008t 1
= o)
o o
= 8
+ +~
g g
~ 000} 4 o 0006 g
< =
< N = < N=
O ), O
g / ~.\ e g 1 ‘.\ >
S o004t 2 {1 S oooer < ., g
5 5
z N =60 z \, N =60
& o002} ul {1 & oozt .

0.000 : 0.000 :

0.94 0.95 0.96 0.97 0.98 0.94 0.95 0.96 0.97 0.98
Primordial tilt (ny) Primordial tilt (ny)
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CoNCLUSIONS

© ConcLusions
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CoNCLUSIONS

@ New set of higher-derivative corrections to R? inflation

o These models give rise to a well-behaved cosmological evolution, with an
attractor towards inflation

@ We have constrained the parameters of these models applying AdS/CFT
methods. Important to understand the meaning of these constraints on dS

o Predictions for ns are within current experimental bounds

e Future experiments [LiteBIRD, CORE, PIXIE] will tell if r is close to the R?
prediction r ~ 1073, Will we observe deviations as well?

Future work
@ How to distinguish this model from others?

@ More precise characterization of the pheno (running of ns, reheating, non-
Gaussianities)

@ More general higher-derivative models (EFT?)
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CoNCLUSIONS

Thank you for your attention
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Experimental vs holographic bounds on (A3, A4)
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