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Introduction

Spp = —L /d rv—qg R
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v/3 z
AEZ—loop ~ BDB Rfr[ RMI,(JUR,UUQ‘@‘
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AﬁS—]«:u::np ~ O ( R4)

| o . GR is not
. * 1
Fixed a; coeficients * renormalizable!
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Introduction

Spy = Tp d"ry/—qg R

M2 Modified with free
2 parameters

g — /d‘lf_ L= /[141?1/—9 (YR + aR? — BR,, R*™)

Differences with respect to GR?

uadratic Gravit , ,
Q Y — Cosmological solutions?

Renormalizable! ,
Inflation?
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Higher derivative gravity

StE"E'S theory S = /d4’13 —( (ﬂr-R + &HQ o ,BR“URMU)
Quadratic terms as R,,,q3 R*Y*F or OR?

Gauss-Bonnetin D = 4 i J_?
G=h"— 4Rﬁ“”RF“} + R;LJ.JQ_BR”MQ'L

is a total derivative

OR is also a \/TQDR _ \/TQV”V”R = 0, (\/?QV”R)

pure derivative
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Ostrogradsky instability and ghosts

Eqgs with higher derivatives
Clasically unstable!
Ghosts in the quantum theory!

Quadratic terms T

S = / d*r\/—g (f‘yR + aR? — .BRWR“‘"”)

-

Scalaron Ghost

Graviton , ,
s=2m=0 SO:O’mO:\/ZGa—ﬁ)
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Ostrogradsky instability and ghosts

Egs with higher derivatives
Clasically unstable!
Ghosts in the quantum theory!

Quadratic terms T

S = / d*r\/—g (f‘yR + aR? — .,BRWR“‘"”)

Decoupling (explicitly or EFT) \

Ficticious by finite derivatives Ghost

’ E Pole integrating contours v

Sz=2,m2= -

PT symmetric Hamiltonian
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Cosmological solutions in quadratic gravity

/dﬁw [ R —2A\) +aR? — ,E?R@L,R“H}Jrﬁ'm

|

_ |
- 2 58S,
T = =
vV —gogt
1

Gr,u,y - R,u,v - EQ,LWR ;

1

— (21%%, — 59w’ =2V, V, R + QQWDR)

| 1 1 |
— 3 (—;g#yﬁ’algﬁaﬁ -V, V, R+UR,, + agw[]ﬂ — ZRQWISR“-S)

Phenomenology of theories of gravitation beyond general relativity

SATURNALIA 24




Cosmological solutions in quadratic gravity

_ 1
V(G + Aguy) + Py = =T

2
) |
G,Lw — Rp:u — SQNHR 3
1
P =a (QRRW — SQWRQ -2V, V, R+ QQWDR)

1 N 1 .
— B <_§QMUR&.BR B _ VHV”R + Dpr + 59“1,[]3 — QRapy,BR 'ﬁ>

A=0&T, =0,everysolof G,, = 0isalso sol.

A+ 0 &T,, = 0, maximally symmetric spaces are sol

onlyin D = 4.
Sols of the complete theory are usually non isotropic.
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Field equations in a FLRW metric
ds® = —b(t)*dt* + a(t)*(da® + dy* + d=*) , g, = diag(—=b*, a* a*, a?)

6 36 | o L, 12 L
R:Em+@%}#:—{W+®M4mm:}%H*:§@P+@+um:

1A
12 ] 24 o a ab a2

R, RO — “Z(()2 1 0%) . G = —‘i?(~) where Q1 =— ——— ., 0 =— .
Hvap b4 ( ) h4 a ab a2

/ d*v/=g [v(R = 2A) + aR* — BR,R"™] + Sy,

S=S,+S5, = fd3 /df (a,a,d,b,b)+ S,

0.5 g 0.5 m
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Field equations in a FLRW metric

& (a._._d._._ii_._ i b.b. ii) _ ok d (‘M’ ) —a*p

ob  dt \ b
e e oL d (0L d?> (0L
&, (a.. a,a, a. a.b,b.b. b) =50 (Zt (da) + o (E)ii) = —3a%bp .

Not independent! & = %Ea

Ad +Bb =P (A B) (a) (p) Non invertible

ca+Dy =qf \¢ D)\ b)) \@Q matrix!

Infinite sols, only one solution if we fix the gauge
b(t) =1
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Field equations in a FLRW metric

12(3a — B)a? (2ad — 3a?)

a

+ 6a [ya® —2(3a — B) (@ — 2da)] — 2yAa® =a’p

6(3a — f3) (a* — 4aa’d
Ba = 5) (6"~ 4a78) |, (930 — B) i + i)

6 (c'zg — ﬁag) +

il

+2(3a - B) (3d* +4da) | = —3a%p.
There’s one sol & we only need one eq (linked by matter)

If 3a = [ we recover Friedmann egs:

6ava® —2vNa* =a’p = —=--+—,
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Field equations in a FLRW metric

1 1., 1
Why? R, R" = ERE + Ew -G

p
In FRW like metrics it is verified W# = 0. Therefore:
S = /d47} _q (,\!R _|_ OfHQ o I,.BR”VR;LU)

l Equivalent to

5, B 3
RZ_Cw2o Lt ]
) =G ]

3

S = /d4:r\/—_g :‘}-R—I— (&' —
l In FLRW metrics

Starobinsky! 5 — / d'z\/~g :qu (05 RE]
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de Sitter solution, stability & future of the universe

Field equations (p = 0, H = a/a):
3YH? —yA +6(3a — B) (—H* + 6HH* + 2HH ) =0

de Sitter space with H = Hy, = \/A/3 is a sol.
It is stable if and only if 3a > .
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de Sitter solution, stability & future of the universe

a(t)

10
| 3a =L

s.

ol — HD

n — GR

2!

t

1 2 3 s 5

Figura 1: A = 5, o = 1, § = 2.9999,
v=20,a(l)=1,a(1)=1,a(l) =0.2.

a(r)

10
8 3a > ,B
6 — HD
. — GR
2
1 2 3 4 5

3a >

—— HD

a ? i
a(1) =1, a(1) = 0.5, d(1) = 0.3.
at)
10.

Figura4: A=5,a=5, =3
a(l) =1, a(l) = 0.8, da(1) = 0.6.
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Past of the universe & initial singularity

-'i[I] a(t)
10~
3a > f 3a > p
— HD
— GR
! i - " i i L i i " L i i i i L i FE— i L t t
0 1 2 3 4 5
Figurab: w =10, po =170, A =1, a = 4, Figura 6 w=1/3, po = 180, A =La=
B =3 ~=10,a(1) =1, a(1) = 08, 6, 13 :§=67’ =10, a(1) =1, 4(1) = 08,
(1) = 0.6. a(1) = 0.6.
L a
3a > g 3a < f
6l
—— HD [
[ — HD
— GR 4
; — GR
2
T L i 1 I - P - I - PR PR i PR | t ! L L . n n n " n " 1 t
0 1 2 3 4 5 0 1 2 3 4 -]
F]cura? = —1, pp = 540, A=1 a= Figum 8w = ]./3 Po = 100,bA=1a=
8, =4,v=10,a(1) =1, a(1) = 0.8, 5, f=16,v=10,a(l) =1, a(1) = 0.8,
i(1) = 0.6.

(1) = 0.6.
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Singularity-free solution

3a < p

FIG. 9. Singularity-free solution of motion equations corresponding to the choice of parameters:

w=0,pp=15,A=15a=3, =16, v=10,a(l) =1, a(1) = 0.8, a(1) = 0.7.
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Stability of the nonsingular solutions

Vi 4 Bo P _ pow@utl) j—sw-2 _1\q g (ﬁ%ﬁg + g) (3 — B)ii + La
a_ -2 ) P oAy a2 P
24 p (% n g) (6a — B)i + BB 1, (6o — B)a
(3 — B)a + 3a (6a — B)a (3a — B)a

a(r)

Quadratic form

Hessian t. ~—2.12

a(t.) ~ 0.028

=4 o =2 S 0 2 4
FIG. 10. Nonsingular solution for parameters: w =0, pg = 1.66, A = 0.5, a =4, 7 =19, v = 10,
a(l)=1, a(l) =0.8, a(1) = 0.7.

Phenomenology of theories of gravitation beyond general relativity

SATURNALIA 24




Stability of the nonsingular solutions

AlD) A1) As(2)
L N N N n 1 n L n ] n n 1 t 250_
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FIG. 11. Eigenvalues A1(?), A2(%), A3(t) associated to the second order variation of the action for

the solution shown in Figure 10
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FIG. 12. Components v,(t), v14(t),v1-(t) of the eigenvector associated to the largest unstable

eigenvalue \;(1). LY, 2 i a,0,0
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Inflationary paradigm basics

ACDM: flat, homogenous & isotropic universe.
Very robust cosmological model B
However... 3 non solved puzzles

1. Horizon problem

At Earth we can see
Regions A and B

13.8 billion years
N

2. Flatness problem

3. Exotic relics

MAGNETIC MONOPOLES

A4 ~

> 4 « 3

v
v v ) K a
A A " v
B

4 <« < b

B 4
v
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Inflationary paradigm basics

Inflation mechanism explains all three of them

1. Horizon problem 2. Flatness problem 3. Exotic relics
—3kc?
Q7' —1)pa® =
( )pa v Creéteql bef(?re/
during inflation:
. a(t) o< exp(Hpt) density of 1 per
o _ _ Hubble volume, the
: Right hand side expansion dilutes
is cte, curvature them.
has to decrease.

Inflation requisites: almost de Sitter inflation, H almost
constant (slow-roll), p < 0 & p ~ cte.
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Inflationary paradigm basics
Usually described via a homogenous scalar field ¢ (t)

Reheating (inflation ends)
I/ is high & the field
acquires energy, which is
transfered to the SM.

H
Inflation parameters: V=T
a te ¢i H? H H
N =log (é) zl dtH(t) ~ 3£ dévf{g’ﬁ) N = _HE — QHH

H* H?

A, = — ,
16m2ve  8m*MZe

ns =1—6e+ 2n, r = 106¢
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Starobinsky inflationary model

1
62

S = /d‘irv,/_—gf}f (H+§R2) , =

I

¥
:-}.-

Conformal
transformation

2w(zx)

G — ﬁ',u.;u — Q(I)Egﬁy =€ Guuv

Starobinsky = GR + coupled scalar field

[~ 1 o .
S = /d4I1H —ﬁ' ’:rR — aﬁ’iyaﬁﬁi’@vﬁﬁ o Lr(o)]

2

.

. , 3 ./
| : i | _ I — 2 2 i 2 1 2
Q(T) — ﬂflzﬂ}ew(I) L‘{{D} = 40,(1_{’ ) = iﬂfj}i‘l_{ (1 — € v
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Starobinsky inflationary model

b

3 2
V(o) = 'Iﬂf;f;"lfﬁ (1 —e vV “P)

:...Il«.:.]

V()

¢ > M,
slow-roll

¢

6 : 0 M,

reheating
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Starobinsky inflationary model

P r i v — 2 k)
V ({D) 3 (1 . ER%%)

n T _ — T Ef%ﬁ N 2)
M (L (@))E _4 (1 _ER_.%%) T oY@ 4 (
2 \V(@)) 3 |

| 1 (% V(o) 3 7o [2 ¢
F{AY — : ~ V I M, [ —
N(g) 1’1—1"5[3, O = 1 ("" TV 3&@)
3 1
©T N2 T=N
> 12
R A
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Tensor-to-scalar ratio (r¢.g02)

Starobinsky inflationary model

o
S Gy ' \ ' TT TE EEowE +lensing
e \ . IEEIEA:EE—I—IOWE—I—Iensmg
@ \ :
RS . = TS
S \ I Natural inflation
Hilltop quartic model
« attractors
= = Power-law inflation
=t 1l = R? inflation
= = V x ¢?
= V x ¢*/3
= |/ x ¢
”07:‘ i = V p2/3
< = Low scale SB SUSY
® /N.=50
\ ® N.=60
8 | \
= 0.94 0.96 0.98 1.00

Primordial tilt (ns)
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Quadratic gravity model
5= [V (R + ok — 3R R
l FLRW metrics

S = /d%«.f—g vR + (Ct - g) REI

Same predictions of Starobinsky! (a — E) & yz
3 6M
o i & o a 1
5__/(11%/—97(3“3)? * — o
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Conclusions

Quadratic gravity:

v'"Renormalizable and UV-completes GR.
X Unitarity, causality, ghosts, etc.

" New cosmological solutions, some of
them singularity-free.

v'Best phenomenological predictions of the
inflationary era.
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