String-brane scattering

Tidal excitations and time delays

Giuseppe D’Appollonio

Universita di Cagliari and INFN

Holographic methods for strongly coupled systems
Galileo Galilei Institute, Florence
24 April 2015

Giuseppe D’Appollonio String-brane scattering



We review two topics in the dynamics of strings at high
energy, related by a common theme

the Regge behaviour of string amplitudes

@ The eikonal operator: its meaning and its derivation

e How string theory avoids potential violations of
causality that can occur in gravity theories with higher
derivative corrections

Work done in collaboration with Paolo Di Vecchia, Rodolfo
Russo and Gabriele Veneziano
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e String-string and string-brane collisions at high energy
@ The eikonal operator: covariant vs light-cone dynamics
o Inelastic amplitudes and the Reggeon vertex

o Time delays
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String theory at high energy

@ There is a large parameter... it may simplify the
analysis of the dynamics

@ The dynamics remains very interesting

e States of arbitrary mass and spin
e Large energy causes a large backreaction of the
spacetime

o Well-defined framework: S-matrix, unitarity, UV
complete
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String-string collisions

Relevant scales

o's > 1, R ~ Ga/s b7 % ~ Gaa's
Various possible processes as the impact parameter is
varied

e b>br >R, elastic scattering

o by >b> R, string tidal excitations
R, < creation of closed strings

°e b< R,

R, >,  formation of a black hole
Dynamical effective geometry
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String-brane collisions

Relevant scales
R\P
o's> 1, <_> ~ gN , b?pNO/ERPp

Various possible processes as the impact parameter is
varied

e b>bpr >R elastic scattering
ebr>b>R string tidal excitations

R < creation of open strings
e b< R

R> I infall into the singularity
Fixed effective background: extremal p-brane metric
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The eikonal operator

Regge limit of the disk amplitude (tree level)

4
s=E*, t=—(p1+p2)°

/ , ,
Ai(s, 1) ~T (—ﬁt> eI (O/s)lJth :

Grows too fast with energy. Include higher-orders.

Regge limit of the annulus amplitude (one loop)

Ag(S,t) . i/ds_pkl Al(s,tl) A1(S,t2)
B (2m)8—P  2F 2F

—_— = = ti1,to,1
2E 2 ‘/2( 1 2,)

t=-¢’, t=-k, t=-k=(q-k’

Momenta transverse to the brane and the collision axis.
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The eikonal operator

Simple operator representation for the two-Reggeon vertex

27 271'd d
_ 01 G023 . k1 X(o1) .. ikoX(02) .
Va(ty, to,t) = ———= (0] : "I et 92 ()
)= [ [0 0)
0 0
X (o): closed string position operators at 7 = 0.
This structure extends to surfaces with h boundaries

An(s,t) 1 =1 " ok,
h( ) / A1($7t1)..¢41(8,th)vh(kl,kg,..,kh>

26 ey L] on)s
h 27rd
— A0 ik X (o) .
Viky, ) = <0|H/ e . 10)
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The eikonal operator

In impact parameter space

Ak = [ (;lﬂ_;‘_lp e A(E, )

we can sum explicitly the series

i S AED) g vt _ ] oy

h=1
The result is the eikonal operator

S(S b) 2@6 (s,b) 7

2
2i(s.) = [ Sz DI R
0

Amati, Ciafaloni e Veneziano (1987)
GD, Di Vecchia, Russo e Veneziano (2010).
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The eikonal operator

Two main effects

— _209(sb)
0=—%"%

e Excitation of the internal degrees of freedom of the
string: tidal forces

When b > R > l;y/In(a/s)

A N 1
25(s,b+X) ~ — [Al(s,b) +

@ Deflection of the trajectory

1 82./41 (S./ b)

- 2 XX
2 b oI +

where Q = = QW do : Q(o) :

The string posfcion operators are

[ Z ( n ma ne—ma) , [A;,Agn] = néij5n+m,0

n;éO
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The eikonal operator

Existence and form of the eikonal operator deduced from
the elastic amplitude. An inclusive sum over the
intermediate states.

Natural interpretation: Hilbert space of the string
quantized in a light-cone gauge aligned to the collision axis

e special kinematics of the Regge limit
e original derivation
e quantization of the o-model in the light-cone gauge

e string-string: Aichelburg-Sexl
e string-brane: Penrose limit of the extremal p-brane

Natural questions:
e Is it correct?

e Can it be derived from the covariant dynamics?
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The eikonal operator

Some interesting features
e Remarkably compact description of the inelastic
amplitudes
e the string modes appear as a simple shift of the impact
parameter b by the string position operator X
@ it does not contain the light-cone modes of the
fermionic fields
e Its simple structure encodes the dynamics of both the
transverse and longitudinal polarizations of the string
states
Let us assume it is correct and study some examples, e.g.
the inelastic transitions from a massless string to a massive
string.
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The eikonal operator

NS sector states created by the action of A, and B’
Characterized by their mass level and SO(8) representation
Polarization tensors w corresponding to Young diagrams
and normalized, w-w =1 .

Work in momentum space

W(s,q) = As,t %d—J-WX— t) A q
,q) = (s,t) o o A(s, Z nm nm(Q)

n,m=0

The operators A, ,, generate all the transitions between an
initial level m and a final level n

o' e

A1,0 = _\IEqZAz_l
o . o ..
AQ,O = Zqzq]AlflAil_ quAz,Q
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The eikonal operator

Transitions to the first level

1 | .
SO(8) representation Matrix element (w|Ajple)
o =offamo | e
L= AL0 |f
’W(0)> = %AilBi%!@ - 40/ €q

Subleading transition amplitudes to the remaining 64 NS states

1 . . .
1,1,1)\ _ (1,1,1) k Dy
W) = —cwliVBL B R0 fel) = wiB o)
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The eikonal operator

Transitions to the second level

352 states [ [ | ]

ox0 o H

SO(8) representation Matrix element
@) = JpelfiAl 4T B 4 10) el wiad
o E 0y gpe e
\W(Z)) — \1[ (Q)Az é|0> F 1(12)(11
LDy = 1 (1 D pi le|0> ,\/2?6 5]1 »1) P
B {SAilAj_lBié - Aj_lAj_lBié} 0) || -5z (cawa + %tew)
Ay = %Af_lAf_lBi%\m —eltey
\w(@);iALZBi_%\O) —){%eq




Longitudinal polarizations

Massless particle
p1 = (E,pp1) , pi=0

Frame
" At
t ) pl ) €

Massive particle

po = (E,ppa) , py = —m?
Frame "
B2
m

Longitudinal vector
En_Ep, m,
2

=Ly Zp
m m pm D
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Longitudinal polarizations

Decomposition of the momentum transfer ¢ = p; + po

When ¢ is contracted with a massless polarization becomes
transverse
€q = €q
When ¢ is contracted with a massive polarization we find
_.m t
CQZCQ‘F? (1+—2> Cu
m

Therefore

Giuseppe D’Appollonio String-brane scattering



Longitudinal polarizations

Using transversality and the on-shell condition
it
nt ~ 5T’ , NP7~ P 4 5Tf . Nt~ —%v" + 5ip

1, v massless and p, 0 massive polarization indexes

Vo 1o 7
—=== 4 pMf - el'el ~ vtvP 4 el el ~ ——uf 4 ellel

e _
= i
m

since

Light-cone basis
V2et = —i+ s, V2e© =~ s

Product with a massive polarization

E\ . E E 2F
V2et = —<1+>t+p2~<1+) <pv+2p2> ~ —0

Giuseppe D’Appollonio String-brane scattering



The Reggeon vertex operator

Regge limit: o/s > 1, o't fixed

Interactions mediated by the exchange of the leading Regge
trajectory in the t-channel

Regge behaviour A(s, t) ~ (a's)™™

Elegant description in terms of an effective string state: the
Reggeon
D, 5
.A(S,t) ~ HR ClgR ClgR .

e Factorized form for the four (two) point amplitudes
@ Process independent propagator (tadpole)

o Evaluation of three-point couplings
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The Reggeon vertex operator

Derivation of the Reggeon vertex operator

Ademollo, Bellini, Ciafaloni (1989)
Brower, Polchinski, Strassler, Tan (2006)

o Regge limit ~ limit of short worldsheet distances
o Identification of the dominant intermediate states
e Sum over intermediate states — single local operator

Vertex operator for a generic external state (S, S)
V(S,S‘) ~ €uy. g V;l“'#k Evl...ulvsglmyl
Vg = Pol [0" X*, 0°"| oiPX

Eul,..uk _ = REN R 1

eﬂln-uk - 6V1-~~Vl6
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The Reggeon vertex operator

Main dependence on the Mandelstam variables from the
correlation of the exponential part of the vertex operators

! /
e—”‘Tt In |z\2—% In|1—2|?

—  zd's ~ 1

Factorization of the amplitude in the ¢-channel

2 N1t /S (—1,-1) 15(0,0)  yy(—1,—1) (—1,—1)
Ag ~ Z/d z (22) T <V(51,51) Viso.50) Vi >s <Vl,nz,m >D
!

Three-point coupling, propagator, tadpole

P

Count the factors of E in the three-point couplings
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The Reggeon vertex operator

e OPE of 0" X*

V2O'XT e~ /B0 (—

E
V20" X X ~ —a/ = 0P 1105
m

e OPE of 9"y#

Byt oy ~ 22 v e, ( ! )

Z—Ww

Leading intermediate states
Q) ~ ot (8X+)l e X

The leading Regge trajectory
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The Reggeon vertex operator

Perform the sum and integrate over z
D _
A ~IIE" Cs, 50,0 Cs, 5,1
Three-point coupling with the Reggeon
Cspsun = (VVOVED)

Reggeon tadpole

9—p /
D, T2 _ a't
HR :A1(87t>: T 7 R7 pF(—T

N——
@
5
&[5
—~
Q
C’D\
=
+
#[>

Reggeon vertex operator (picture (—1))

o't

pen Ut [ 20X T
R’ VaE\V o Vo'E
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The Reggeon vertex operator

The Reggeon vertex is a superconformal primary of
dimension one half in the high-energy limit

Picture zero

(0) 2 8X+8X+ . ¢+8X+ O/t 1/1+81p+
Vel = T am T e T T o

alt 4
20Xt " _ix,
ooE) ©

Reggeon three-point couplings

_ U1 .o flri V] .. Vs
05175271% - 6#1---/4r Cul...ys TS1,SQ,R
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The Regge limit of the inelastic amplitudes

Transitions from the ground state
Dy =
'Ag,(S,S) = 1lp Cg,S,RCg,S,R

Let us start from the elastic amplitude. The massless
vertex in the —1 picture is

‘7/11 /I,E’LPX E—QD
g w

WP
9.9,k

_ 1b» nZ
Ag,g = Iz € C
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The Regge limit of the inelastic amplitudes

First massive level, NS sector: 128 bosonic physical states.
Sy (44 components) and Az (84 components)

D

The corresponding vertex operators in the —1 picture are

e} . 2 o ipX —
Ver = u/aw”aX Pt e™?

e’ 1 « % —
VX37 = ﬁwﬂdj ¢vere ®
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The Regge limit of the inelastic amplitudes

Transition g — Ss

Using transverse tensors

P o P ~a qﬂ «
Tisn=—\l5 {Cﬁ 7+ SV
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The Regge limit of the inelastic amplitudes

Transition g — Aj

VP — L wp¢a¢veipX e ¥

As \/5

: V6
THpey . N pulp gl
g,A3,R m n q

Using transverse tensors

e V6
Tk = o
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The Regge limit of the inelastic amplitudes

From SO(9) to SO(8)

S — Z CS»(n17n27~~anr)

(]~ [+ 0O + »

For S2

Gr® =wl, Gr =V2uwuy, GE® = = (=51 + 807

L
3v/8

o o
Tyin Gat® = =\ 50w,

THP Sa,(1)
95273 C = 0,

/'
THP CS% - Y
gsz,R - 4 q -
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The Regge limit of the inelastic amplitudes

H~H-0

Asz,(1,1,1) _ (1,1,1) A3, (1,1) _ (1,1)
Cpav = Woay pa'y \/_w[pa
wpory  ~Az,(1,1,1)
Tg,As,R pary = 0,

ooy ~As, (1,1 o 1,1
T;Xﬁ? pagv( ) = \/ Eéipw;()a g .
States in the first massive level that can be excited
S=(HS, A=A 1= (208,

A total of 64 degrees of freedom. Agreement with the
light-cone gauge.
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Second massive level, NS sector: 1152 bosonic physical

states
[T - - H O
Vyer = —LEOX”OX"L}'y ePX =9
Viavw _ \/>\/>dX(ﬂ1/a)1/} o gipX e ¥,
Vgav _ _\/6{ 8X"8X“w7+281/}(”z/)“ w} etPX e ¥,
Vg = %w”w"wwwf X e,
Ve = % \/;Ty/ [(ﬁmaxwﬂ)www — g (P X7y — 28X”’81/)“)] ePX em¢
Viv = 8737)7 {8X"8X0‘1/)p+o8XP8X“W+1101/)”I/} 1/)’} ePXeme
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The Regge limit of the inelastic amplitudes

An example of a degenerate representation

0—)4—@—1—4—5

-+ m+H+ D
1 V3
H = §<Y,<2,1>y_7gU<21 U, Compr=0
V3 Y,(2,1 1 U,(2,1) o 21
HQ = 7( ’(7)Y+§C o U C yHa, R \/66 wl(J'Y:)qquy

States in the second massive level that can be excited
HEN 0 oD moH e
A total of 352 degrees of freedom. Agreement with the
light-cone gauge.
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The Regge limit of the inelastic amplitudes

In general
e d,: multiplicity of the representation r of SO(8)
@ ¢,: number of independent couplings
e (d, — ¢.): number of decoupled states

Can we derive the simple form of the eikonal operator from
the covariant dynamics?
We can write the phase of the eikonal operator as follows

Whr(s,q) = 4Ed(s,q) = 11" > Clsisins,sy.r |16 50) (S, S5
1,4,5,]
Choose a suitable basis: DDF operators

e straightforward enumeration of the physical states

@ elementary couplings to the Reggeon
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The Regge limit of the inelastic amplitudes

DDF operators for the NS sector
Anj=—i j{ dz (e;), (OX" 4 in(kap)yH) e~ hX(2)
0

1/)#

(kaw)> e—irk:X(z)
(k0X)) (ikoX)z
k ~ et. They do not depend on X, 9™, In the Regge limit

. ot
V(O)( ) ~ zzaX‘*‘(z) T —ioX(2)
R Z a/ \/JE

2 .
A nj(z) ~ —iy = ]{dw (e) 00X e kX

Borgle) ~ i dw (), (ik0X) e Y

Bory =i s (e (02 (o0) = 0#(003) + 5 0)
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The Regge limit of the inelastic amplitudes

In the DDF basis the operator Wx acts as follows
e it is the identity on the B_,;

e it replaces the A_,,; with ,/%/e(j or —4/ %’(q
e it imposes the constraint
Znal - Zntm + Zﬁbl - Zﬁbz =0

It is then given by

do

2m
Wg(s,q) = A(s,t)/ P s eltX
0

™

Covariant derivation of the operator d(s,t).
Additional derivation: Regge limit of the Green-Schwarz
three-string vertex in the light-cone gauge.
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Time delays

Time delays in weakly-coupled gravity theories with higher

derivative corrections
Camanho, Edelstein, Maldacena and Zhiboedov (2014)

e Phase shift §(F, b) related to the graviton three-point
coupling
o Time delay
At = 20g(FE, b)
sensitive to modifications of the three-point coupling
induced by the higher derivative corrections
In general dimensionality three possible structures

Cr = [(er€2)(e3p1) + (ere2)(espr) + (e1e2)(e3pr)]?

Cre = [(ere2)(esp1) + (ere2)(esp1) + (ere2)(esp1)] (€1p2)(€2p3)(espr)
Crs = [(e1p2)(€ap3)(espr)]?
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Time delays

They could be generated by an action of the form
1
=—— [ d%%/—g(R+LR* + l{R* + ...
Ry PVETT R

R* = R™PR,,—AR™R,, + R*, R®= R""R,,.sR*"
In the Regge limit

Cr ~ €jGyj

Cre ~ ;@ 7"

Cre ~ €;ud@qq

Polarization dependent time delay

53 1§
At = 26E(S(E,b) = (At)R (]_ + Cgbi + C4b8)

Potential causality violations
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Time delays

@ The problem cannot be fixed at tree level by adding
particles with spin less than two

@ The problem cannot be fixed at tree level by adding a
finite number of higher spin particles
String theory provides a possible (unique?) solution: Regge
behaviour at tree level
e Bosonic string: both R? and R?
e Heterotic string: R?

e Type II string: no corrections
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Time delays

High-energy string-brane scattering for the bosonic string.
Tree-level amplitude
(C4E(s,t)[e) = Ai(s, 1)Pol(e, ¢, )

/ ’

Ai(s,t) =T <—1 - %t) eﬁﬂ(H&T/t) (o/s)uaTt

o o o o' PRV
Pol = {Q’j Gij — B (Qj Gt ¢ qk + €i i ¢ qk) + IEU i q ¢ qk ql]

Field theory limit, graviton pole

/

E o o _
20(E, q) ~ z (51']' - E%’Qj) (5kl - E%QZ>
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Time delays

In the impact parameter space

o 0/2
20(E,q) ~ Ko <6ij5kl TR (04111 + 6alls;) + ﬁﬂijkl)

where
Tt = 3000k — (d +2) 6 80350001 — (d 4 2)(d + 4)b;b;byby

Time advances for the components G, ; and Gy, of the
metric and B, ; and B;; of the Kalb-Ramond field.
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Time delays

Let us take into account the Regge behaviour

/ /

(O/S)Teil T :eo‘T(logaS i)

Fourier transform

22—p 24—p b?
b) ~ M —
Als,b) ( 2 7 2 7 dlogds

At small b

E 1 b?
d(s,b) ~ o ( - - —|—)
(loga’s) 2 52 \22—0p o'loga’s

Positive time delay for all possible choices of the
polarizations
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Time delays

In Type II string the three-graviton vertex is not modified
There are polarization dependent time delays for higher
spin particles

For instance at level one we have states transforming in the
tensor product of two symmetric traceless tensors of rank
two

The couplings of the massive rank four symmetric traceless
tensor €,,,, are

/2

4 Eukl(@]rsq q q q

€ijuCijnt — @ €ijmCipnd @ +
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Conclusions

We reviewed two aspects of high-energy string dynamics

Regge behaviour at tree level: single Reggeon exchange
Eikonal operator: all-order resummation of
multi-Reggeon exchanges

Useful framework to address several problems in quantum
gravity and to study the structure and symmetries of string
theory

emergence of an effective geometry from the scattering
data

consistent interactions between states of arbitrary
mass and spin

existence of a unitary S-matrix for high-energy
collisions

microscopic description of the infall of a particle into a
singularity
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