Hawking-like radiation and ‘“‘temperature”
in gravitational scattering

beyond the Planck scale

Dimitri Colferai (colferai @fi.infn.it)
University of Florence and INFN Florence (Italy)

Phys.Rev.Lett. 115 (2015) 171301, Phys.Rev.D93 (2016) 044052
Phys.Rev.D95 (2017) 086003, Phys.Rev.D96 (2017) 126008

In collaboration with M. Ciafaloni, F. Coradeschi and G. Veneziano

Cambridge, = March 2"¢ 2018

Dimitri Colferai Hawking-like Radiation and temperature in eravitational scattering beyond the Planck scale Cambridee, March an 2018 —n. 1/26



Introduction

® Gen.Rel. <+ Qu.Mech.: One of the main unsolved problems in physics

® Our aim: to investigate processes lying at the interface
between QM and GR with theories and tools at our disposal

® In practice: we study formation and evolution of Black Holes
in particle collisions to shed light on the information paradox
GR: concentrating £ = mc? = BH = information loss

QFT or ST: dynamics described by a unitary S-matrix
=> conservation of information

Complication: Hawking radiation: BH emits incoherently
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Introduction

® Gen.Rel. <+ Qu.Mech.: One of the main unsolved problems in physics

® Our aim: to investigate processes lying at the interface
between QM and GR with theories and tools at our disposal

® In practice: we study formation and evolution of Black Holes
in particle collisions to shed light on the information paradox
GR: concentrating £ = mc? = BH = information loss

QFT or ST: dynamics described by a unitary S-matrix
=> conservation of information

Complication: Hawking radiation: BH emits incoherently
® Crucial question:

Does a semiclassical picture of collapse
emerge

from a quantum description of gravity?
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Outline

® Introduction

ACYV method for string collisions at transplanckian energies

® Graviton radiation

based on emission amplitude unifying
central region (Regge limit)
fragmentation region

resum infinite diagrams

energy spectrum
small deflection angles (weak coupling)
large deflection angles (strong coupling)

® Features:

Dimitri Colferai

final state radiation is a unitary “pure” state
role of gravitational radius: (w) ~ R™1
radiation enhancement for b ~ R

dE/dw ~ e~*/T with “quasi-temperature” T ~ Ty
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Historical review
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String scattering

[Amati,Ciafaloni, Veneziano’88] considered scattering of 2 massless super-strings

at transplanckian CM energies 2F = /s > Mp = /h/G and impact parameter b
in various kinematical regimes.

Ap = VhG As = Vhao! R =2G/s b
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String scattering

[Amati,Ciafaloni, Veneziano’88] considered scattering of 2 massless super-strings

at transplanckian CM energies 2F = /s > Mp = /h/G and impact parameter b
in various kinematical regimes.

Ap = VhG As = Vho! R =2G/s b
Orderings:
® \p <A — string loop expansion parameter g = Ap /A, < 1
® \p <R — Vs> Mp <— a=s/M;=Gs/h>1

® )., R,bcan have any relative ordering, and we distinguish 3 regimes:
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String scattering

[Amati,Ciafaloni, Veneziano’88] considered scattering of 2 massless super-strings

at transplanckian CM energies 2F = /s > Mp = /h/G and impact parameter b
in various kinematical regimes.

Ap = VhG As = Vho! R =2G/s b
Orderings:
® \p <A — string loop expansion parameter g = Ap /A, < 1
® \p <R — Vs> Mp < a=s/Mz=Gs/h>1
b
As S As > R, b
i Q 'R string effects | —
- Stringy
Ap-
Ap e R=2G"§
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[Amati,Ciafaloni, Veneziano’88] considered scattering of 2 massless super-strings

at transplanckian CM energies 2F = /s > Mp = /h/G and impact parameter b
in various kinematical regimes.

Ap = VhG As = Vho! R =2G/s b
Orderings:
® \p <A — string loop expansion parameter g = Ap /A, < 1
® \p <R — Vs> Mp <— a=s/M;=Gs/h>1
NG b
Eikonal
b> R, \s
b <R small deflection
.} P
Sringy
Ap-
e $ Ap A R=2GsS
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String scattering

[Amati,Ciafaloni, Veneziano’88] considered scattering of 2 massless super-strings

at transplanckian CM energies 2F = /s > Mp = /h/G and impact parameter b
in various kinematical regimes.

Ap = VhG As = Vho! R =2G/s b
Orderings:

® \p <A — string loop expansion parameter g = Ap /A, < 1

® \p <R — Vs> Mp <— a=s/M;=Gs/h>1
,,,,,, b

Eikonal
R R > b, g
)\S$ 8 - gravitation strong
b "‘3 P
- (8 Sringy
Ap-

,,,,,,, Ap Ae R=2Gs
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Stringy regime: A, > b, R

Stringy

At
Ap Ag R=2G s

String effects essential: the extended size soften gravity .
ho
Ax 2 —+4a'Ap 2 Vha = Ay
Ap
[Gross,Mende]; [ACV] 7\5“
T [h
o Ap

® -~ )\, minimal observable size > R
® C(lassical gravitational collapse conditions never met

® Energy excites the strings, energy is diluted into objects of larger size
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Eikonal regime: b > A\, R

b
o Eikonal
Scattering
b IR N
| essentially As
. Sringy
elastic Ao
- t Ap e R=2G"s
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Eikonal regime: b > A\, R

b
S
o Eikonal
Scattering
b IR N
| essentially As
. Sringy
elastic Aol
- t Ap e R=2G"s
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Eikonal regime: lowest orders
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Eikonal regime: lowest orders

»  D(=5)I(=5)r(-%) )
Mols,) = 9"y ST(1+ LI(1+ %) (" =1)
o ot L\ 2+t
= = ¢ 292% +22) ( 21) TSl
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Eikonal regime: lowest orders

r(-%) (=i\""
Q17q2
, 3>>t
M, = /) f (s,41)Aer(s,92)0(Q—q1—q2)dq,dg,
xVa2(qy,9q5)
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Eikonal regime: higher orders

String amplitudes in Regge limit (s — oo, t fixed):

qla"' an)X
f Ael(s,q1) - Aei(s,9n) 0(q =32, q,)dgy -~ dgy

X Vn(qy, - ,an)

(reggeized) graviton exchanges between (excited) string states
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Eikonal regime: higher orders

String amplitudes in Regge limit (s — oo, t fixed):

qla"'an)X
f Aaa(s,a1) -+ Aai(s an) (g — X, a,)dqy -

X Vn(qy, - ,an)

(reggeized) graviton exchanges between (excited) string states

Strings are extended objs:
= @ ~ GGs/b can be large

q ~ h/b are soft,

(N) ~a = Gs/hislarge

= finite Op ~ R/b
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Eikonal regime: higher orders

String amplitudes in Regge limit (s — oo, t fixed):

q17"' an)X
f Ael(s,q1) - Aei(s,9n) 0(q =32, q,)dgy -~ dgy

X Vn(qy, - ,an)

(reggeized) graviton exchanges between (excited) string states

Strings are extended objs: g ~ h/bare soft, (N) ~ a = Gs/his large
= @ ~ Gs/b canbelarge = finite O ~ R/b

In semiclassical regime b, R > A, strings are not excited = Vy — 1
(on-shell point particles)

P
qlé qzé Eqn Mp 1s a convolution in g space, represented by
) effective ladder diagrams resumming all powers
S ’ ’ (G's/h)™ due to graviton exchanges /ACV '88]
S —
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Eikonal approximation

s>t = effective ladder diagrams /ACV '88] P,
® incoming particles p; o q, Q q
(almost) undeflected and on shell ;
® Amplitude dipends only on transverse P2 : :
components of ¢;: Ae (s, q) = Gs KQ/

q2

Dimitri Colferai Hawking-like Radiation and temperature in eravitational scatterineg beyond the Planck scale Cambridee, March 2nd 2018 —p. 10/26



Eikonal approximation

s>t = effective ladder diagrams /ACV '88] D ;
1 :
® incoming particles p; o q q .
(almost) undeflected and on shell ' ° § "
: : P, : !
® Amplitude dipends only on transverse 2 - -
G's e
components of g;: A (s,q) = 7z Q
l n
Mn(s, Q) = /d2q1 -d*q, Ada(s,q1)---Aa(s,q,) 6°(q; + - q, —Q)
iMn(s,b) = /d2Q QY iNM(s, Q) = [ el(s, )" /-* IR cutoff
. Gs L
factorization in impact parameter b space: Ag(s,b) = 259 = 2 ; log o)
exponentiation: Sgi(s,b) = Z iIM,, = elde1(s:8) — ¢i200(s,b)
n=0
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Eikonal approximation

s>t = effective ladder diagrams /ACV '88] P,
® incoming particles p; o q, Q q
(almost) undeflected and on shell ;
® Amplitude dipends only on transverse P2 : :
components of ¢;: Ae (s, q) = Gs ¥Q/

q2
My (s, Q) = /d2q1 -d%q,, Ad(s,qy) - Aal(s,q,) 6%(q1+-q, — Q)

l

iMn(s,b) = /d2Q QY iNM(s, Q) = [ el(s, )" /-* IR cutoff
. Gs L
factorization in impact parameter b space: Ag(s,b) = 259 = 2 ; log o)
> . . A <
exponentiation:  S¢i(s,b) = Z iM,, = elde1(s:b) — (i200(s,8) |
s
N . 2R ) "
Einstein deflection: O g = —Wbdo\

Vs [El Z
in agreement with GR
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Strong gravity regime: R = b >> A,

. Eikonal
@

Ap As R=2G /s

can be approached by computing subleading contributions

Corrections (As/b)™ are negligible
Corrections (/2/b)™ are essential:
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Strong gravity regime: R = b >> A,

b
e , Eikonal
4 R
)\S$ 8,,,,‘,,,,,,,,,,, >/
] b )\S .....................
8 Sringy
Apl-.
Ap g R=2G"5

can be approached by computing subleading contributions

Corrections (As/b)™ are negligible

Corrections (/2/b)™ are essential:

[ACV] (multi) Hdia? E\N\% + m

First correction: H diagram

L 1<R)2
log =+~ —] +---

e = Lipatov’s vertex

(B 4
b
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Strong gravity regime: b — R

One can reach the collapse regime [ACV '07]

by resumming sub-leading “multi H” diagrams

® Phase shift d(s, b) acquires an WNM W
imaginary part for b < b, = 1.6 R

® |S.(s,b)|=¢?" <1

® |S.(s,0)]|=e"™
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Strong gravity regime: b — R

One can reach the collapse regime [ACV '07]

by resumming sub-leading “multi H” diagrams

® Phase shift d(s, b) acquires an MWWWM W
imaginary part for b < b, = 1.6 R

® |S.(s,b)|=¢?" <1

® |S.(s,0)]|=e"™

® Unitarity deficit in elastic ch.: compensated by inelastic production of gravitons?

® Is this the signal of gravitational collapse? 1 — [Sei| ~ (be — b)3/2
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Graviton

radiation
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Bremsstrahlung: Regge amplitude

R g A q 3 ® /acv2007] used Lipatov’s vertex for graviton radiation
i k . .
YNV ® cmitted energy larger than /s if R < b < y/aR

B, X A g ) energy crisis!
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Bremsstrahlung: Regge amplitude

Y

R A q 3 ® /acv2007] used Lipatov’s vertex for graviton radiation
i k . .
YNV ® cmitted energy larger than /s if R < b < y/aR
B, A g ) energy crisis!
Problem: Lipatov’s vertex accurate f)l

k B
only in central region 6 > 6, — 5
o) 2

(Regge kinematics) 2
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Bremsstrahlung: Regge amplitude

Y

R A q 3 ® /acv2007] used Lipatov’s vertex for graviton radiation
i k . .
YNV ® cmitted energy larger than /s if R < b < y/aR
B, A g ) energy crisis!
: K
Problem: Lipatov’s vertex accurate f)l ﬂfé

only in central region 6 > 6, R 5
o) 2

(Regge kinematics) 2

, A(ba—0q) _ 1
K™ S

k?
k*qg — kq* ,
3
= K°Ss Kk qq" (k =k, +ik, € C)

MRegge—MlXJ'u (q Q) (+)_

Helicity amplitude has an unphysical collinear singularity at k = 01i.e. 6 =0
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Bremsstrahlung: Unified amplitude

For w < E [Weinberg 65] theorem holds: 5 K q
1 0 6
5 1 — e2i(¢6—do—0,) _ 0
Msoft = Mel X Jl‘j[/ <k>€£;i;) = 14338 E292 p2 2
s k'q—kq* k = wb

= K°S$ e
(k— £9)k"qq q ~p|=FE0,

No collinear singularity at @ = 0 (k = 0)norat @ = 6, (k = %q)
Valid if |k| < |g] <= 0< £6,
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Bremsstrahlung: Unified amplitude

For w < E [Weinberg *65] theorem holds: 9 k

1 — e2i(¢e—¢e—es) _

Mo = Mgy X Jl{j{}/(k’)Eﬁ;) = /{35 E292 p2’
s k'q—kq* k = wb

= K°S$ e
(k— £9)k"qq q ~p|=FE0,

No collinear singularity at @ = 0 (k = 0)norat @ = 6, (k = %q)
Valid if |k| < |g] <= 0< £6,

MRegge :k*q _ kq*
K3 kk*qq'*

Msoft k*q - kq>l<
k3s  (k—%q)k"qq*
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Bremsstrahlung: Unified amplitude

For w

Msoft

<L F [Weinberg *65] theorem holds: 3 k q
1 6 10s
5 1 — e2i(¢6—do—0,) _ 0
~ Me x Jii7 (k)e LJ;) = K55 Y > ’
_ 3 k*q—kg* k =wo
(k— £9)k"aq* q ~p|=FE0,
No collinear singularity at @ = 0 (k = 0)norat @ = 6, (k = %q)
. . E'
Validif |k| < |q| <<= 0 < 20,
\\\\%Bé\\\ MRegge :k*q - kq*
% s K3s kk”qq’*
5 k'q—kq" _ Munified
' (k—%q)k"qq'* K33
p2 Aq , Msoft: kq_kq
e k3s  (k—Fa)k qq”

Dimitri Colferai
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Bremsstrahlung: Unified amplitude

In coordinate (impact parameter) space: “Soft-based” representation

b—%a:

b

1 |E
Muniﬁed(baw) — ? [; In

— (E — CU)] — Msoft(E) — Msoft(w)

/

interpretation: graviton insertions on external + internal legs
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Bremsstrahlung: Unified amplitude

In coordinate (impact parameter) space: “Soft-based” representation

b—%a:

b

1 |E
Muniﬁed(baw> — ? [; In

— (E — w)] — Msoft<E) — Msoft(w)

/

interpretation: graviton insertions on external + internal legs

L
M niied (b, ) can be expressed in terms of phase shift §(s,b) = aA(b) = aln m

x? | w

Musinea®,2) = 2 { £ [8(0) = A0~ Za)] ~ [A(b) - (b - )]}
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Bremsstrahlung: Unified amplitude

In coordinate (impact parameter) space: “Soft-based” representation

b—%a:

b

— In

Muniﬁed(ba m) — w

1 [E
x?

(B w>] Mooy (B) — Ma (@)

/

interpretation: graviton insertions on external + internal legs

L
M niied (b, ) can be expressed in terms of phase shift §(s,b) = aA(b) = aln m

Musinea®,2) = 2 { £ [8(0) = A0~ Za)] ~ [A(b) - (b - )]}

x? | w

® The denominator 1/ x> corresponds to Riemann tensor of the /Aichelburg-Sexl '71]

gravitational shock wave generated by one of the incoming (massless) particle

® M inifiea «~ metric field h11 — hoo + 2ihqo generated by the collision of the 2
[AS] shock waves travelling with the incoming particles
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Resummation

Total single-graviton emission amplitude resums emissions from the whole ladder

6 ® “Local” incoming particle has direction 6y, # 0
S

® Corresponding amplitude related by a rotation

M (0iy,0) = e M (0,0 — 0;,)e?Pe—6in

® Amplitudes interfere constructively only if 8 > 6;, ~ 0,
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Resummation

Total single-graviton emission amplitude resums emissions from the whole ladder

6 ® “Local” incoming particle has direction 6y, # 0
S

® Corresponding amplitude related by a rotation

M (0iy,0) = e M (0,0 — 0;,)e?Pe—6in

® Amplitudes interfere constructively only if 8 > 6;, ~ 0,

® Emitted graviton can rescatter with incident particles

x = graviton transv. position

29 29

b = opposite particle
interaction = Gw+/sA(b — x)
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Resummation

Total single-graviton emission amplitude resums emissions from the whole ladder

6 ® “Local” incoming particle has direction 6y, # 0
S

® Corresponding amplitude related by a rotation

M (0in,0) = e 2?0 )M (0,0 — 05, )e0-0in

® Amplitudes interfere constructively only if 8 > 6;, ~ 0,

® Emitted graviton can rescatter with incident particles

x = graviton transv. position

b = opposite particle 7 7

interaction = Gw+/sA(b — x)
Mo (b, k) = e292@)m, (b, k) (k=wl, h=1)

i2a[A(b— 2 2)—A(b) —i20R[A(b)—A(b—=x
Mr(b, k) = @) | 2 {e | E ] — o [A(B)—A( )]}
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Resummation

Total single-graviton emission amplitude resums emissions from the whole ladder

6 ® “Local” incoming particle has direction 6y, # 0
S

® Corresponding amplitude related by a rotation

M (0in,0) = e 2?0 )M (0,0 — 05, )e0-0in

® Amplitudes interfere constructively only if 8 > 6;, ~ 0,

® Emitted graviton can rescatter with incident particles

x = graviton transv. position

b = opposite particle 7 7

interaction = Gw+/sA(b — x)
Mo (b, k) = e292®)m, (b, k) (k=wl, h=1) note!

i2a[A(b—2x)—A(b) —i2wR[A(b)—A(b—=
Mr(b, k) = @) | 2 {e | E ] — o [A(B)—A( )]}
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Multiple Emissions

In eikonal approximation b > R: multi-graviton emissions are (almost) independent

(small correlations) and amplitude can be resummed in close form

;

| 1
Miot(2 = 24+ k1 - ky) =200 (k) - M(k,,)
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Multiple Emissions

In eikonal approximation b > R: multi-graviton emissions are (almost) independent

(small correlations) and amplitude can be resummed in close form

WW\

M\M

1
Miot(2 = 24+ k- ky) = '2%00) — - — (k1) - M(ky,)

d3k
|gravitons) = e'2%0(%) exp { Z / — MmN (E)aNT(E) + he. } 10)

Zwk

= S510) virtual contributions a la Weinberg

® Unitary S-matrix describing transplanckian scattering and bremsstrahlung
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Results
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Spectrum: subplanckian from transplanckian

dEGW d26 Gs @2
:(,u/ > [ (b,wB)]> —— 0.2 °~E
WwR>1 wiR

ei>\¢9 \/& de eikﬁ-w
M, k) = (27)? iw x? el

. w : L
« ferola®ogema0] _mama® Ao} A(b) = In i
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Spectrum: subplanckian from transplanckian

2
S bt s 02729k

dEGW / d20
=, wR>1 wR

(2m)°

] EO.S
=== Es==== 1 dE ]
Log( —)10.0
GsOz? dw |
1-0.5
— 9,0
©,=0.01 1-10
©5=0.1 1-15
—  03=03 .
Log( 1-2.0
—4 -3 -2 -1 0 1 2

Agrees with Zero Frequency Limit (w — 0)
Almost universal (b-independent) shape, Characteristic frequency (w) ~ 1/R

(w) decreases as /s increases, like Hawking radiation

Agrees with [Gruzinov,Veneziano 2015] for h — 0
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Towards b — R

We have to take into account

® H diagrams along the ladder

® emissions from H diagrams
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Towards b — R
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Towards b — R

A N AU Satas S
We have to take into account ! ; e I
e L : : :
® H diagrams along the ladder el2afo _y gl2an
® emissions from H diagrams evaluated using “soft-based” representation

MH — MH,soft — MH,soft|E—>w
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Towards b — R

A N AU Satas S
We have to take into account ! ; e I
e L : : :
® H diagrams along the ladder el2afo _y gl2an
® emissions from H diagrams evaluated using “soft-based” representation

MH — MH,soft — MH,soft|E—>w
Neglecting correlations, we end up with the same
formulas, if Ag(b) — Ag(b) + Ag(b) = A(b)
A has the branch-cut at b, = 1.6 R

1 dE A
_) il
GS®E2 d(.L) 4

® For b — b, significant enhancement of

2/3

radiation ~ w~—2/3 instead of w1

due to large tidal forces ——  b/b=1.001

—— b>>b,

® increasing fraction of energy is radiated off

— 1nclude energy conservation!!
Log(wR)

| | | | | | | | | | | | | | | |
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Energy conservation

Standard |gravitons) = e21%0(®) exp {i Z (mkaL + gﬁzak) > 10)
independent k )
. . \
€missions: .
— 62150(1))6_% 2ok budks exp {1 Z ?Jﬁka}; > |O>
k /
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Energy conservation

Standard |gravitons) = e%i90(b) exp {i Z (mkaL + fmZak)  10)
independent k )
. . \
emissions: . ]
— 62150(1))6_5 2ok |90t |2 exp {1 Z ?l’ftka}; > |O>
k /

Projectors on n-graviton subspaces and probabilities

I = {0) (0| Py = (grav|llp|grav) = e~ >k 19|

Iy =) |k) (k] Py = (grav|Ily|grav) = Py » |9,
k k

2

1 1

I, = 5 Z |k1ko) (k1ks] Py, = (grav|lly|grav) = Poi (Z |9ﬁk|2>
k1, ko k
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Energy conservation

Standard |gravitons) = e%i90(b) exp {i Z (mkaL + fmZak)  10)
independent k )
. . \
emissions: . ]
— 62150(1))6_5 2ok |90t |2 exp {1 Z ?l’ftka}; > |O>
k /

Projectors on n-graviton subspaces and probabilities

I = {0) (0| Py = (grav|llp|grav) = e~ >k 19|

Iy =) |k) (k] Py = (grav|Ily|grav) = Py » |9,
k k

2

1 1

I, = 5 Z |k1ko) (k1ks] Py, = (grav|lly|grav) = Poi (Z |9ﬁk|2>
k1, ko k

oo 1 n
Unitarity: Z P, = Z e~ 2k 1Ml’ . ( Z |9ﬁk\2) =1
n=0 n ' k

dEGW
d3k

One-particle incl. energy distr. — <grav\wka2ak lgrav) = wy, ||
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Energy conservation

Keep coherent

1nd.ep.endent |gravitons) = 200 (®) g =3 Xy 1717 exp iz ﬁﬁkaL |0)
€emissS10ns: k
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Energy conservation

Keep coherent

1nd.ep.endent |gravitons) = 200 (®) g =3 Xy 1717 exp iz kaLL |0)
€emissS10ns: k

Include energy conservation on projectors

1
I, = — > ke k) (ke k] O(E = (w14 -+ + wn))
ki---kn

Pn:PO% (kaP) O(E — (w1 + -+ +wy))
' k
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Energy conservation

Keep coherent

1nd.ep.endent |gravitons) = 200 (®) g =3 Xy 1717 exp iz kaLL |0)
€emissS10ns: k

Include energy conservation on projectors

1
I, = — > ke k) (ke k] O(E = (w14 -+ + wn))
ki---kn

Pn:PO% (meHQ) O(E — (w1 + -+ +wy))
' k

o0 -|-iood>\ eAE
NE)=D P, = 2@ — 1 1
f=ne [ ST
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Energy conservation

Keep coherent

1nd.ep.endent |gravitons) = 200 (®) g =3 Xy 1717 exp iz kaLL |0)
€emissS10ns: k

Include energy conservation on projectors

1
I, = — > ke k) (ke k] O(E = (w14 -+ + wn))
ki---kn

Pn:PO% (meHQ) O(E — (w1 + -+ +wy))
' k

o0 -|-iood>\ eAE
NEE Pn: 2(.0)\_1 1
=5 [ e S o) <

Define renormalized projectors and probabilities /Veneziano’05] <— [AGK’72 rules]

_ 1 .
P,=——P, such that P, =1
® 2
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Energy conservation and ‘“‘temperature”

dESW
d3k

N(E — wk)
L 2
ner  CEPRIT X

cons
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Energy conservation and ‘“‘temperature”

dECW N(E — wy)
— N, |2
d3k |ener wk‘ k| % N(E)
cons
dE=™ dE=" h b—b. N
~ el e 2 = kpThaw
dw ener dw 0 X € (T R B Hawkmg)
cons

Coherent radiation
with thermal-like shape
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Collapse region: b < b,

Finally we cross the critical impact parameter and go towards b < R

® Elastic amplitude provides exponential suppression: A(b = 0) = in/2
M ~ exp(—ma) = exp(—7m E R)

® Rescattering term of emission factor is enhanced ~ exp(+7w R)

M’n(b7 kla R k’n) — ei2ERA(b) H m)\j (b7 k])

j=1

e /o [ dix 9% DalA w :
_ —i2a|A(b)-A(b—%x)| —i2wR[A(b)—A(b—=x
(b, o) = (2m)? iw x? A {e [ - B )]}
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Collapse region: b < b,

Finally we cross the critical impact parameter and go towards b < R

® Elastic amplitude provides exponential suppression: A(b = 0) = in/2
M ~ exp(—ma) = exp(—7m E R)

® Rescattering term of emission factor is enhanced ~ exp(+7w R)

M’n(b7 kla R k’n) — ei2ERA(b) H m)\j (b7 k])

j=1

e /o [ dix 9% DalA w :
_ —i2a|A(b)-A(b—%x)| —i2wR[A(b)—A(b—=x
(b, o) = (2m)? iw x? A {e [ - B )]}

® If) ; wj = I enhacement compensates suppression: unitarity is possible

® First preliminary estimate of quasi-temperature yields (kg = 1)

h
T ~ O.7E ~ Ty (v/s/9) similarto T atb ~ b,
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Conclusions

® We can compute graviton radiation in transplanckian collisions

Determined unified limiting form of graviton emission amplitudes
Resolution of energy crisis: ~ 1/w spectrum for w > R™1

® We see the role of R~! = (w) in spectrum
like in Hawking radiation Vs, b

® For b < R non-linear effects (tidal forces) provide

enhanced emission; all energy 1s radiated off

® Requiring energy conservation:
coherent radiation sample = no information loss

Spectrum is exponentially suppressed, like thermal radiation
“quasi-temperature” ~ Hawking’s T’y for a BH somewhat lighter than /s

® Suggests a possible mechanism of solving the information paradox
(to be confirmed for b < b,.)
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