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Ovutline of the talk

|) Review of the Hawking’s calculation
2) Modification of the Hawking’s argument

3) Thermodynamic interpretation and a simple model of backreaction
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Vaidya Metric

A simple model of the process of black hole formation:

* The far past is an empty flat space

* At advanced time v = 0 a null shockwave with a total
energy M is sent in.This infinitely thin collapsing shell of
matter eventually forms a Schwarzschild black hole of

mass M.

* Corresponding metric:

2M
g=- (1 — TG(v)) dv? + 2dvdr + r?dQ?,

where 6(v) is the Heaviside step function.
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Scalar perturbations in the Vaidya spacetime

* Take real, massless scalar field ®. Equations of motion: V,V¥® = 0
* Mode decomposition:

JOEDY f 4 (AyimPaim() + h.c.)
Lm 0

= t supported
= dw (B,.1h h.c. ( par )
Zjo @ (Buimheom () +1h.¢.) + in the BH interior
m

* Positive-frequency modes on J7:
- 1 e—iw(t+r) pwlm

X—
pwlm(x) > r Ylm(g» 90) ‘111

At

* Positive-frequency modes on J7:
xogt 1 e lw@-m)

h > Y., (O,
wim (%) 170 - m (6, )

* Upon quantization, A ,;m, Byim are annihilation operators, which allow us to
formulate a definition of "particles”. 4/13



Review of the Hawking’s argument

* |state of the system) = [0), s.t. A, ;,|0) =0 Vw,[,m.

* Want to find find the Bogoliubov transformation between
positive-frequency modes on 7~ and J:

o = ,f dw’(aww’pw’ + Iwa’pZ)’)
0

 Expectation value of the particle number on 7*: (N}) =
(01BJB,10) = [” dw'|Bye|?.

* Focus on wavepackets localized near the horizon. By a general ray-tracing argument one can show
that the Bogoliubov coefficients satisfy |a /| = e*™®|B,, /|. Then completeness relation

>’ |> — 1Bye1?) = 1 implies:

+
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Hawking quanta far away from the horizon

* For high frequencies w > M~ (WKB approx.) we can solve the Klein-
Gordon equation without the near-horizon limit.

* ForVaidya spacetime we can infer the relations between h,;;,, and
Pwim from a continuity condition across the shockwave {v = 0}.

ha) o = JO dw’ (awwl Do’ + ﬁwwl p:),) o
I (1) (1)* zero frequency
= L dw (awwr P T Buw P, ) o +( part )’

where p, = p(g)l) + p(g)z) + pc(og) ,p(g)l) =Py - 0(vy —v)and § - 0.
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Hawking quanta far away from the horizon

N\1/2 oo i
1/w T 4iMw ,
) = — | — d (__ 1) 2i(w+w’)r
Paw n(a)) LM " \2m °

and a ' = B, ' - The relation |a /| = exp( ) |8, is not satisfied!

* We obtain:

* Expectation value of the number operator is logarithmically divergent at UV, so we need to
introduce a UV-cutoff A > w. Then:

+\ — A / 2 2M 1 0
N5 = | o Bl = g loB (/) + 0]

where [y = 8mM is the inverse Hawking temperature.

* We have a non-thermal dependence « log(A/w).
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Kerr black hole radiation

One can do similar calculations for Kerr-Vaidya black hole:
Bow'

1 imQ
1 (' 2 o r2 — (1)2 r—r T Ky . T r ,r/2 - K (1)2
Y j ar [ 1+ _ wlmz/ + elm arctan(a) exp io'l r _I_j dr’ — a)lmz/ x
2n\w) J., re+a r—r - r'“+a

1 r 1 r r r'* + a?r'(r' + 2M) — A(r")K, w?
Xexp\iw’<r+—log<——1>+Tlog<r__1>+j dr’\/ ( ) (r')Kwim/ )]’

2Ky Ty - (r'—=r)0@" —1)

Divergent part:
1

a)’ 2 . 1+ iﬁ_—imﬂ'k LW lmQ+
Bow' ~ <z> (2ir (@ + "))+ Zer T <1 t o T
-1
o~ tog [ 2m( _my\)
W 0og o exp i, w 5

Contribution from the angular momentum
does not agree with the standard results!?
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Thermodynamic interpretation

Think of h,, as sum of N modes localized in position space - N boxes
with photon gas. Assume that the box at position 7; has temperature

R M (1 2M>1/2  ha

T = —— —
Lo 2mr? 21’

r

Take density of states: §p;(w)dw = C - 6r - dw.

Free energy:

nC (% A
F = z F;, = o dw log (Z) log(l — e‘ﬁHh‘”)

2
* Relation between position space and momentym space UV cutoffs: b = 2M (%) +0(A3)

* Entropy S = ).; S; < log(2M/b) resembles the formula for entanglement entropy of a 2d CFT
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Simple model of backreaction — is formation of a non-extremal black hole possible?

iO

Dynamical part of the spacetime.
A little bit of Hawking radiation is
created here, at early times

Energy of the shockwave is

decreased:
M- M-—06U
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Simple model of backreaction — is formation of a non-extremal black hole possible?

iO

Dynamical part of the spacetime.
A little bit of Hawking radiation is
created here, at early times

Energy of the shockwave is

decreased:
M- M-—06U

Large number of Hawking quanta is created at later times:

Uy awking ~ M

Semi-classical horizon is shifted to r;; = Z(M — UHawking)




Simple model of backreaction — is formation of a non-extremal black hole possible?

i+

Classical event horizon,
r=2M

Region where large
number of Hawking
quanta is created.
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Simple model of backreaction — is formation of a non-extremal black hole possible?

Region where large
number of Hawking
quanta is created.

l

:+

Energy of the shockwave gradually decreases.
When the shockwave reaches r = 0, its
energy vanishes. No singularity is formed.

Classical event horizon,
r=2M
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Simple model of backreaction — is formation of a non-extremal black hole possible?

it Energy of the shockwave gradually decreases.
When the shockwave reaches r = 0, its
energy vanishes. No singularity is formed.

3+
: ’ Classical event horizon,
Region where large L7 r=2M
number of Hawking 4
quanta is created. ., i0
7/
/
Because of backreaction, no event horizon is
formed and there is no sigularity. We are left
J- with an ordinary scattering problem in an

asymptotically flat spacetime!
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Simple model of backreaction — is formation of a non-extremal black hole possible?

Divide a surface v = const. > 0 into small compartments of fixed affine length §7, and assume that the
compartment at v = 7; is filled with an ideal gas at Unruh temperature T;.

Energy of the system at position 7;:

® w
5Ui — 5Ti : f dw p(a))
0

exp(hw/T;) — 1

Primitive model of backreaction:

w
exp(hw/T;) — 1

M(r) = M(o0) + fo:dr’ jooo dw p(w)

For p(w) = ¢y - w, with suitable ¢, we can make the whole black hole evaporate
M(r=0) =0,

and recover the Bekenstein-Hawking formula for the black hole entropy from the standard thermodynamic

formula:

oF
S =——=4nM?2.
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Thank you for your attention!
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