GRAVITATIONAL CONTRACTION IN f(R) THEORIES:

CURVATURE SINGULARITIES, PARTICLE PRODUCTION
AND REPULSIVE GRAVITY

LORENZO REVERBERI

UNIVERSITY OF FERRARA AND INFN FERRARA (ITALY)

IBERICOS 2015
ARANJUEZ, 30 MARCH — 1 APRIL 2015

E.V. Arbuzova, A.D. Dolgov and LR, Eur. Phys. J. C 72,2247 (2012) [arXiv:1211.5011]
LR, Phys. Rev. D 87, 084005 (2013) [arXiv:1212.2870]

E.V. Arbuzova, A.D. Dolgov and LR, Phys. Rev. D 88 024035 (2013) [arXiv:1305.5668]
E.V. Arbuzova, A.D. Dolgov and LR, Astrop. Phys. 54, 44 (2014) [arXiv:1306.5694]

vvyyvyy

IberiCOS 2015 - L. Reverberi Gravitational contraction in f(R) theories



f(R) Gravity

Sgrav = /d4x \/ 7g (R —+ ZA) = Sgrav - /d4x \/jgf(R)
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> one new scalar degree of freedom: SCALARON & ~ f »
> equations are 4th order in g, but:

> theory free of Ostrogradski ghost(s)
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f(R) Models of Dark Energy

VIABILITY CONDITIONS

— R
fr>0 noghosts f
frr <0 no tachyons fr—=1 for |R| > [R.|
7 ﬁRR — 0

This usually corresponds to finite values of the scalaron field £ and of its
potential at the singular point R — oc.

Several models have been proposed that meet early Universe and Solar
System constraints, and that have a stable de Sitter attractor at late times,
e.g. Starobinsky 2007, Hu-Sawicki 2007, Appleby-Battye 2007, etc.

Too coobp?

Models fulfilling these conditions may be indistinguishable from ACDM
using just cosmological expansion tests. New probes are necessary!
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Curvature Evolution in Contracting Systems

Consider an astronomical cloud under the following assumptions:

» “High” Density: 0, > o » Sph. Symmetry + Homogeneity
> “Low” Gravity: |g,, — N | < 1 > Pressureless Dust: T g
E+RE+T=0 & E4U(T)=0 J
U » GR solution: U'(§) =R+ T =0

> £ =E&(R=Rcr) + |€osc]| sin wt

» Starobinsky/Hu-Sawicki: & ~ R~(n+1)

¢ » Oscillations may allow £ = 0:

SINGULARITY R — o }
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High-Curvature Corrections

6m?

STAROBINSKY — HU-SAwICKI

ER) ~R D —gR  (g< 1)

TE— €™ £>0
U =
{T€+68 £<0

NO SINGULARITY!

RZ
f(R) =fA(R) — Infrared + Ultraviolet J
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High-Curvature Corrections

6m?

STAROBINSKY — HU-SAwICKI 4
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High-Curvature Corrections

FR) =fA(R) -

6m?

Infrared + Ultraviolet

STAROBINSKY — HU-SAwICKI

ER) ~R D —gR  (g< 1)

TE— €™ £>0
U =
{T€+68 £<0

NO SINGULARITY!
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Gravitational Particle Production

> Massless (mg << myg) scalar field ¢
» Minimal coupling to gravity: Ly=(1/2)g""V, 0V, ¢

» Coupling with curvature ine.o.m: (O+ R/6)p =0 — Vi ~ R¢?

Given an arbitrary external R(t) with Fourier transform R (w), the
production of ¢ particles is

. 1 2 2
0p = m/dwwm(wﬂ ~ we Ag
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Cosmic Rays
HARMONIC REGION

L " M 4n+3 n 1010 2
——— ~73x10""C(n)N; [n} {Q} {Q“] [ys}
GeV s 10 M@ Qo Qo Leontr

Even for high density and short contraction times, this value is practically
always negligible. However, the produced particles are ~ monochromatic,
perhaps detectable signal in some range of parameters.

SPIKE REGION

L _ 9 M 2n+1 ! 3n+2 1010 2
——— ~6.0x10% C;(n) N; [ - } S Lo ye
GeV s 10°GeV 1011M@ Qo Oo Leontr

| A\

Potentially large luminosity, particles produced at energies up to
10° GeV < m < mp

= implications for the UHECR “ankle” problem?
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nkle” in UHECR Spectrum
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Spherical Symmetry

A spherically-symmetric metric can always be cast in the simple form
ds’* = [1+ A(t,r)] dt* — [1+ B(t,r)]dr* — r*dQ

We assume small perturbations from Minkowski (A, B < 1), finding

A’ 3B . Toe Ty
Al — = —— 4+ B+ Ty — 2T, + — + = Su(T,,.B;t,
r r + oo " r? r? sin® ) (T ")
, B
B +;: Toor

The corresponding solutions are:

> A(t, r) ES CAI( ) +CA2 / dr1 7'1/ 7SA t 7'2

2:10]

2GM(r, t)

r

1 r
» B(t,r) = + ;/ dry 2 Too(t, 1) = Bor(t, 1) =
0
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Schwarzschild Limit

EXTERNAL SOLUTION: 7 > 1y,

INTERNAL SOLUTION: ¥ < Iy

Analogous solution, but this time
L, 2A R
R~A"+ — = Cy=-—
r 6
which yields

R7? GM(r)r? R7?
A%AGR(T’<FM)+7%73+7
6 Ty 6
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Dynamics of test particle governed by

A’ 1 |2GNM(r)r Rr
y=--—= —— —_— e

2 2 r 3

GRAVITATIONAL REPULSION FOR

|R| >8mGo = ‘RGR|

» In the derivation of this result we have assumed that |R| > 87 Gy, so
this is not truly a limit value

» still, time-dependent repulsive behaviour is possible

» (how) does this affect structure formation?
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Conclusions

> f(R) theories are a viable alternative to ACDM

» cosmological viability conditions well understood, but:
> hard to distinguish between viable f(R) and GR

» Finding alternative ways to test these theories is paramount

» The possibility of curvature singularities in contracting systems is
rather general

» Ultraviolet corrections protect from such singularities, but still allow
R> Rar

» Large amplitude oscillations lead to potentially detectable
gravitational particle production. UHECR “ankle”?

» Spherically symmetric solutions are modified accordingly: repulsive
behaviour?
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THANK YOU! iGRACIAS! J
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