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Outline

Introduction

Motivation
• transpl. collisions → gravity at quantum level

Method

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

• fragmentation region

resum infinite diagrams

Result

metric

energy spectrum

• small deflection angles

• large deflection angles

Characteristic frequency typical of Hawking radiation
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Motivation

Why particle collisions at transplanckian energies E ≫ MP?

To find a solution to the information paradox

Quantum collision in QFT or ST unitary S-matrix

At large energy, gravitational collapse expected from GR
(+ Hawking radiation) → loss of information of initial
state

Does a semiclassical picture of collapse emerge

from a Quantum Theory?
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Introduction

[Amati,Ciafaloni,Veneziano 87], [Gross,Mende 87] A thought-experiment:

Scattering of 2 strings at trans-planckian energies 2E =
√
s ≫ MP ≡ ~/G;

λP ≡
√
~G λs ≡

√
~α′ R ≡ 2G

√
s b

sλ

b
R
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[Amati,Ciafaloni,Veneziano 87], [Gross,Mende 87] A thought-experiment:

Scattering of 2 strings at trans-planckian energies 2E =
√
s ≫ MP ≡ ~/G;

λP ≡
√
~G λs ≡

√
~α′ R ≡ 2G

√
s b

sλ

b
R

Semiclassical regime:

λP ≪ R ⇐⇒ √
s ≫ MP

action ∼ Gs/~ ≫ 1

λs ≪ R string doesn’t mask R

R ≪ b eikonal scattering:

θE = 2R/b ≪ 1

R ∼ b large deflections:

θE ∼ 1 (strong coupling)
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ACV approach

sλ

b
R
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ACV approach
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ACV approach

Dynamics decouples in longitudinal and transverse space

→ effective 2D lagrangian

Leading level: effective ladder diagrams for elastic scattering
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ACV approach

Dynamics decouples in longitudinal and transverse space

→ effective 2D lagrangian

Leading level: effective ladder diagrams for elastic scattering

Subleading level: (multi) H diagrams (with Lipatov vertex)

Convolutions in transverse momentum diagonalized in b-space

Sel = e2iδ0(b) δ0 = Gs
~

log L
b ΘE = 2R

b
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ACV approach

Dynamics decouples in longitudinal and transverse space

→ effective 2D lagrangian

Leading level: effective ladder diagrams for elastic scattering

Subleading level: (multi) H diagrams (with Lipatov vertex)

Convolutions in transverse momentum diagonalized in b-space

Sel = e2iδ0(b) δ0 = Gs
~

log L
b ΘE = 2R

b

Corrections O
(

R2

b2

)

⇒ critical bc = 1.6R







ℑδ0(b) > 0

|Sel| < 1
(b < bc)
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Bremsstrahlung: Regge amplitude

p
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q

k

[ACV 2007] used Lipatov’s vertex for graviton radiation

emitted energy larger than
√
s if R < b <

√
GsR

energy crisis!

p

p

p’

p’

k
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[ACV 2007] used Lipatov’s vertex for graviton radiation

emitted energy larger than
√
s if R < b <
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energy crisis!
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[ACV 2007] used Lipatov’s vertex for graviton radiation

emitted energy larger than
√
s if R < b <

√
GsR

energy crisis!

Problem: Lipatov’s vertex accurate

only in central region θ ≫ θs

(Regge kinematics)

θs
θp
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p’
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k
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MRegge ≃ MelJ
µν
L (q, q′)ǫ(+)

µν = κ3s
e2i(φq−φq′ ) − 1

k2

= κ3s
k∗q − kq∗

kk∗qq′∗
(k ≡ kx + iky ∈ C)

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

For ω ≪ E [Weinberg ’65] theorem holds:

p’
1

p’
2

1
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p

q

k

Msoft ≃ Mel × Jµν
W (k)ǫ(+)

µν = κ3s
1− e2i(φθ−φθ−θs

)

E2θ2
s

= κ3s
k∗q − kq∗

(k − ω
Eq)k∗qq∗







k = ωθ

q = p′
1 = Eθs

valid if |k| ≪ |q| ⇐⇒ ωθ ≪ Eθs

No collinear singularity at θ = 0 (k = 0) nor at θ = θs (k = ω
Eq)

p
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Metric fields (part 1)

From Mmatch define 2 fields: hRegge and hsoft

Mmatch(q,k)
IFT 2

−−−→ Mmatch(b,x)

probability amplitude

of finding a graviton

at transv. position x

in a collision

with impact param. b.
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Metric fields (part 1)

From Mmatch define 2 fields: hRegge and hsoft

Mmatch(q,k)
IFT 2

−−−→ Mmatch(b,x)

probability amplitude

of finding a graviton

at transv. position x

in a collision

with impact param. b.

In the classical limit ω/E → 0 it is related to the perturbation to the metric at x:

gµν = ηµν + hµν

h11 + h22 = hxx∗ = ℜ lim
ω/E→0

κMmatch(b,x)

=
R2

|b|2ℜ
xb∗ − x∗b

x(x− b)∗
≡ ℜ κMRegge(b,x)!!

= hRegge|ACV
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Resummation

However, hRegge is not the field needed for the resummation of

p
1

sθθin

θ

Incoming particle has generic direction θin 6= 0

Corresponding amplitude related by a rotation

M(θin,θ) = e2iφθM(0,θ − θin)e
−2iφθ−θin
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Corresponding amplitude related by a rotation
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Consequences

Physically: amplitudes interfere constructively only if θ ≫ θin ≃ θs

Mathematically: convolution structure is spoiled . . .
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Resummation

However, hRegge is not the field needed for the resummation of

p
1

sθθin

θ

Incoming particle has generic direction θin 6= 0

Corresponding amplitude related by a rotation

M(θin,θ) = e2iφθM(0,θ − θin)e
−2iφθ−θin

Consequences

Physically: amplitudes interfere constructively only if θ ≫ θin ≃ θs

Mathematically: convolution structure is spoiled . . .

Convolution structure is restored in terms of hsoft(q,k) ≡ e−2iφθMmatch = k
∗

k
Mmatch

Mtot(b,k) = e2iδ0(b)M(b,k) hsoft(b,x) =
∂x
∂x∗

Mmatch

M(b,k) = e2iφθκ3s

∫

d2x

∫ 1

0

dξ eiωx·(θ−ξΘE)hsoft(b,x)

hsoft =
1

x2

[

E

ω
ln

∣

∣

∣

∣

b− ω
Ex

b

∣

∣

∣

∣

− (E → ω)

]

≡ Msoft(b,x;E)− (E → ω)
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Metric fields (part 2)

Recall that lim
ω/E→0

Mmatch(b,x) = hRegge = hxx∗

From hsoft(q,k) ≡
k∗

k
Mmatch

⇒ ∂xhsoft(b,x) = ∂x∗Mmatch

Has hsoft(b,x) something to do with the metric field?
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Metric fields (part 2)

Recall that lim
ω/E→0

Mmatch(b,x) = hRegge = hxx∗

From hsoft(q,k) ≡
k∗

k
Mmatch

⇒ ∂xhsoft(b,x) = ∂x∗Mmatch

Has hsoft(b,x) something to do with the metric field?

Yes: lim
ω/E→0

hsoft(b,x) = hxx = h11 − h22 − 2ih12 =
∂x∗

∂x
hRegge

equivalent to the transversality condition ∂
∂xi

hij = 0 , (i, j = 1, 2)
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Metric fields (part 2)

Recall that lim
ω/E→0

Mmatch(b,x) = hRegge = hxx∗

From hsoft(q,k) ≡
k∗

k
Mmatch

⇒ ∂xhsoft(b,x) = ∂x∗Mmatch

Has hsoft(b,x) something to do with the metric field?

Yes: lim
ω/E→0

hsoft(b,x) = hxx = h11 − h22 − 2ih12 =
∂x∗

∂x
hRegge

equivalent to the transversality condition ∂
∂xi

hij = 0 , (i, j = 1, 2)

In gravity the Regge field and the soft field are intimately linked together

The spin-2 nature of the graviton allows us to find a unique limiting form

describing both the Regge kinematics and the soft limit
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Rescattering

New surprise: if one resums also rescattering diagrams

the soft field exponentiates:

Mtot

e2iδ0(b)
≡ M =

e2iφθ

i2ωR

∫

d2x eiω(θ−ΘE)·x ei2ωRΦ − 1

x2

hsoft =

b·x
|b|2 − ln

∣

∣

b−x

b

∣

∣

x2
≡ Φ(b,x)

x2

The denominator 1/x2 corresponds to the Riemann tensor of the [Aichelburg-Sexl

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

The metric fields are generated by the collisions of the two shock waves
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Multiple Emissions

Multi-graviton emissions (without correlations) can be resummed in closed form:

Mtot(2 → 2 + k1 · · ·kn) ≡ e2iδ0(b)
1

n!
M(k1) · · ·M(kn)

|gravitons〉 = e2iδ0(b) exp

{

i
∑

λ=±

∫

d3k

2ωk
M

(λ)(k)a(λ)†(k) + h.c.

}

|0〉
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Mtot(2 → 2 + k1 · · ·kn) ≡ e2iδ0(b)
1

n!
M(k1) · · ·M(kn)

|gravitons〉 = e2iδ0(b) exp

{

i
∑

λ=±

∫

d3k

2ωk
M

(λ)(k)a(λ)†(k) + h.c.

}

|0〉

The spectrum and other observables can be explicitly computed

dEGW

dω
=

2GsΘ2
E b2

π2

∫

d2x

|x|4
(

sinωRΦ(x)

ωR

)2

and agrees with [Gruzinov,Veneziano 2015] for ω/E → 0
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Spectrum

dEGW

dω
=

2GsΘ2
E b2

π2

∫

d2x

|x|4
(

sinωRΦ(x)

ωR

)2

−−−−→
ωR≫1

GsΘ2
E

4

3
(1− log 2)

1

ωR

LogH
1

GsQE2

dE

dΩ
L

LogHΩRL
QE=0.3

QE=0.1

QE=0.01

QE®0

-4 -3 -2 -1 0 1 2

-2.0

-1.5

-1.0

-0.5

0.0

0.5

Agrees with Zero Frequency Limit (ω → 0)

Characteristic frequency 〈ω〉 ∼ 1/R almost independent of b, i.e., of ΘE

〈ω〉 decreases as E increases, like Hawking radiation
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Towards b → R

Previous results are correct for b ≫ R, i.e., ΘE ≪ 1

Investigating emission for b ∼ R requires taking into account multi-H diagrams into the

ladder

We have shown that a similar factorization

formula holds, by replacing δ0(b) → δ(b),

the subleading phase shift having the

branch-cut at bc = 1.6R

Non-analytic behaviour of δ(b → b+c )

severely affects the energy spectrum

Increasingly large intermediate region with

enhanced emission ω−2/3 instead of ω−1

LogH
1

GsQE2

dE

dΩ
L

LogHΩRL

b >> bc

b�bc=1.001

Ω
-2�3

0 2 4 6

-6

-4

-2

0
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Conclusions

We are able to compute graviton radiation in
transplanckian collisions

Unified limiting form of graviton emission amplitudes

Resolution of energy crisis

Finally we see the role of R = 〈ω〉, like Hawking’s

Enhanced emission for b ≃ R

Too early to establish whether

such enhancement is the signal of recovery of information

However, this feature is robust and interesting

Further study might help us in clarifying the flow of information
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