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Main motivations

« General Relativity: static (Schwarzschild,RN,Kerr) or dynamic (Vaidya)
black hole solutions.

« f(R) theories: same solutions as in GR <==) constant curvature.

« This degeneracy of the theories makes difficult to pull out new physics
from it.

» When adding Q =R, R" to the Lagrangian — f(R,Q) theories.
- Static case: research done on charged BH. (Olmo-Rubiera.2012)

- Dynamic case: not studied yet. — new physics?

Purpose: treating dynamically the formation of black holes
(Schwarzschild) with pulses of null radiation in GR and extending this
study to f(R,Q) Palatini theories.
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Differential geometry

 Formulated on a differentiable manifold M.
* \We can define a tangent vectorial space at any point p.

« Covariant derivative (afine connection).
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Differential geometry

* Quantities with an intrinsical geometrical meaning:
T(e,.e)=(I% -Ti)e, Torsion tensor.
R(e,.¢)e, =(8,I;, -8, +T:T:, -T2T7 Je, Curvature tensor

* Riemannian geometry. A metric is introduced.

- Condition: V g ,=0

2T H( 108, t 108, )87 =87 (0,80 +0,85. 0,8 ) = 2L,



Differential geometry

* Quantities with an intrinsical geometrical meaning:
T(e,.e)=(I% -Ti)e, Torsion tensor.
R(e,.¢)e, =(8,I;, -8, +T:T:, -T2T7 Je, Curvature tensor

* Riemannian geometry. A metric is introduced.

- Condition: V g ,=0

2Ty (L8 T8 ) 8% =87 (0,85, 40,85 0,80) = 2L

I Levi-Civita connection (Christoffel symbols)

Metric and connection are both fundamental objects of the
geometry of the manifold and they both are mmdependent!!

) Palatini!!




Palatini Gravity

« f(R,Q)theories of modified gravity. Metric and connection indepentent.
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S[gﬂ‘”r’l’y’”]zzﬁ J.di‘xﬁf(ﬁ,gnsm[gw,wm] f(R,Q)=R+IX(aR*+ R, R*)

« Vanation of the action:
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Palatini f(R) General Relativity



Solving for the connection

f(R,Q) theories:
- We define the matrix /> whose componentsare P =R, g“
2f.5. + f. P _ij AT | T matrix representations of 6, T,

The connection equation can be solved by assuming another rank 2 metric
tensor. Its Levi-Civita connection will coincide with the independent connection.
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Solving for the connection

f(R,Q) theories:
- We define the matrix /2 whose componentsare P, =R, g
2f.5. +fR _ij T | T matrix representations of 6, T,

The connection equation can be solved by assuming another rank 2 metric
tensor. Its Levi-Civita connection will coincide with the independent connection.

V[ R (g + 20, R) =V, [T |0 —w i = 5 $=(fhesB)

detX
ﬁ(zfgﬁ+fRf)—§f:x3fj ﬁi:%hx*’-f
1 f *The auxiliar metric satisfies 2°¢ order egs.
R.(h)= F 5 =6 +kT, *The geometry is caracterized by the matter
detX sources P=P(T).




BH formation.

« Schwarzschild BH (simplest case): vacuum, spherical symmetry.

[ J=10 JZ£0
| Q=10 Schwarzschild kerr
| ¢} # 0 | Reissner—Nordstrom | Kerr—Newman

» Its dynamics will be studied according to Poisson & Israel's’
formalism.

ds* = g _dx’dx’ +r’(x)dQ

*Spherical symmetry.
Treatment by sectors (2+2).

(1):E.Poisson and W. Israel, PRD 41, 1796 (1990)



BH formation.
Poisson-Israel. General Relativity.

« Obtaining our field equations.
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BH formation.
Poisson-Israel. General Relativity.

» Obtaining our field equations.
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BH formation.
Poisson-Israel. General Relativity.

G,=xT,

Evolution equations:

eManipulating (1)

For — l R =8x1° P

ryy + g =—Amr(l, g, T)

eManipulating (2)

R-20.d=87(T-2P)

217y +(1=2r0r — 1" 1) g = —877°T, (D)

(2)

m, =4nr'r,(I, -8.T)
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BH formation.
Poisson-Israel. General Relativity.

Matter source: null fluid. lu[-“ — () We impose P=0.

Taﬁ — pfafb — T =0 m, :4;}3';*2]:?:& ‘

Incoming flux of particles: VVaidya metric.

Iy
ds = — o + 2dvdr+ PdQ? | fon=1-20 xC =y r}

r

v==1+ F* (H =f— F*] I::I].U].l rachal CDOI"d)

P = J dr! f Eddington-Finkelstein
Non-trivial solutions when a=v and b=r. [T :,% Using the conserv. eq. V’#T,w =0

and double null coordinates, we derive that 7o is indep. of u.

m, :4;??1*2;0:}5(1:) = m(v) =J; L(v)dv EJ l(v) = mﬂﬁ(v — Vﬂ) — m(v) =m,

EL‘ L(v)dv *Pulses contribute to the mass.

ds’ =—{1-—— dv” +2dvdr +r°dCY *They modify the event horizon.
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BH formation.
Poisson-lsrael. Palatini formalism.

* Analogous procedure as previously in GR!

f 1

‘G, = —— (277, +(1—2F0F —F“ 7 ,)h 3]
ds* = hﬂbdxﬂdxb +72(x)dQY e - .
7R

Gge =s1n"~ QG = rar —

e
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2
+ Reminder: Inf(R,Q): P >3 — R, (h)

c2f P v £, p-L F= 2T
- 2 JM-A, G. J. Olmo, D. Rubiera-Garcia. PRD 86, 104010 (2012)
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_ f(R.Q)=R+[(aR*+R, R™) _

, X | sSimilar to GR but for the auxiliar metric h.
==> G, (h)=x"pl,I" | *Metric g complicated source. Simpler
treatment in Palatini.
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BH formation.

Poisson-lsrael. Palatini formalism.

« Evolution equations: *Ingoing Vaidya metric
oo+ dhy =477 T, d5* = — fv + 2dvdi + 72dQ? -
o~ 4
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BH formation.
Poisson-lsrael. Palatini formalism.

* Generation and perturbations by finite pulses of radiation. Horizons.

0 if v < oy, = & Y 7 1 e 'E'(v)
Liv) = —'1 Ftanh{v — 1))(1 — tanh{v — 100)) ifv e [!‘...-".J LA =‘|-L{'|.:}dv+ ! J‘L{v}a‘v I +‘?;Jﬁf‘(v) g“-’Fﬁ}=2’
0 if v vy b \% / ‘
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Pulse profile Black hole evolution
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BH formation.
Poisson-lsrael. Palatini formalism.

L==2(|v=3] 6|v=2F H15|v—1F 20|v[’ +15|v+1f —6|v+2[ +|v+3[)
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Pulse profile. Growth of the BH mass function

Compact support perturbation.
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Conclusions

We have studied the dynamics of the formation of a Schwarzschild type BH in
GR using Poisson-Israel's formalism.

The versatility of these equations has allowed us to easily extend the dynamical
problem in GR to our f(R,Q) Palatini scenario. Eventually, we obtain an analytical
and exact solution for our problem.

We find that the resulting space-time is formally that of a Reissner-Nordstrom
black hole but with an effective charge carmrying the wrong sign in front of it
(corrections at Planck scale).

\

&t =—|1- __LO) a2 2dvdr+ P
' r Eﬁppr‘ !

| 1
L

zj L(v)dv

Relevant information for the BH evaporation mechanism. Recovery of ingoing
quantum information via Hawking radiation?

Research in progess: extension to more complex cases (ingoing+outgoing fluxes
— (new?) mass inflation problem, non-singular RN BH, etc)
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Thanks!



f(R) field equations

sMetric formalism

fiR,, ‘% €0~V fot 8,002 =T, 30f,+Rf,—2f =T

T=0
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BH Formation.
Poisson-Israel. General Relativity.
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« Analogous procedure as in GR!

I'I.r'"

, 1 e
ds* = h dedx® + 72 (x)dCY? ‘G = —F—E[Zﬂzab +(-2707 =7 7,)h,, ]

—
x"=(x",6,4) cona=12

L

* Reminder:

- Inf(R,Q): P—X —R(h)

BH Formation.
Poisson-Israel. Palatini formalism.
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Non-diagonal in {v,r}!!



BH Formation.
Poisson-Israel. Palatini formalism.

Ansatz B = A8" + 2000 I'—» B°B' = 226"+ 2201 I* 4Ll Sk q_KP
# - - e “ “ 2 8f, 22

2
K

I f T 2 oV £ v - (o) .
(3) ) /2 ], [PJFﬁI = A5, + 7 LI" Z:'k:%’fﬁ+ 2__\&}’

fRO=R+ L@ +0| R- -Ha-{fp 2201}4_ fRO=1,0 —> fp =1

Tracing (3) we get Q=0.
=Ly PRB=s el detS=s, SOTIENY =]

abcd =0

R, (h)=

] 2V 7 1 , 4 ,
- (iéﬁ +xT, J =k pl,l" == G (hH=xpll
Vdetz \ 2

The geometry is characterized
by the soruces of matter!!
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