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Introduction

Motivation: Information paradox

Information paradox: Hawking ’75

~

¢

\\/ BH: 5 ; /\

Heuristic explanations: complementarity, remnants, Page & scrambling

times, etc.

| We need solvable models! |
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Introduction
Boundary CGHS

Callan, Giddings, Harvey, Strominger’92

d®xv/|gl (V1)?

2

©>0 >0

dilaton gravity 7nformal matter

S = / d’x+/|gle 2# (F?+ 4(Vp)? + 4)\2> -~

+2 doy/|he 27 (K +2))

R Gibbons-Hawking term

In the bulk: g,, = e®#n,, (on shell)
f— fin(v) + fout(u)

T(v)=—(0uf"?/2
H(u) = —(0uf*")?/2

Boundary condition: 85@0 =T

-2
Uv)=-avino/+ [*T,  H=T (%) L= Ae0
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oliton solutions

Solitons

2,0
OBy =Ty o @
(%
General solution: T = 92¢ /¢ X ;E
Not so trivial! o
— T(v)#occatp =0 vy U1
— T(v) <0 — positivity condition

Kovalevskaya idea:
T(v) «— simple analytic structure of general solution (V)

poles polynomial

(v) =TI(v—=v)= - P(v)

1

Soliton solutions
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Multisoliton solutions

Equations for coefficients

P(v) = NTI(v—v)=5 - [](v = Vm)

! m

o T = 024 /1) — Not singular at v = Vp,
B P N o
~ — ~  ~ m
- Vi — V; Em Vm — Vv

=TV = Z/: [?‘ES—IJ\F//;Q) VTV/

@ 1 is a general solution =

],wzmw

Soliton properties

Parameters: v;, S;
Positivity condition 7(v) < 0 should be imposed!
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Multisoliton solutions

2-pole solution with s; = 1

TW) =%, |2y L
( ,_V’) V-V Ti2,¢12,C —7

v(v) =2
. 4
o Eqgs. for coefficients = 73 = —To =
Vo — V4
o Positivity condition: 7(v) <0at v >0
1.5
) © 4, L
vl * Na
s
‘ x
1)2 0 -2 0 2
A0

@ Solution for ¢ = 1= 2(vg — Vg)(% + C(2vy — w2))
o = 3(va — v1)(3 + C(2va — v1))

C= v
2(vi4v2)(vi—12)3
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on solutions

Penrose diagrams for 2—pole solution with s; = 1

NU(V) = gy — e 2200,1p /¢
e=2¢(UV) = _X2uv + g(v) + h(u)

w/2
AN

\
w/4 \Q‘Q\ p=wo oy ® =0
&c‘})éo
v
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Confo

Conformal symmetry

v w(w) = (%) v, h=-}
T T/ (w) = (g—vg)*z’r(v) ~Hviw}, h=2

071 5 }\Schwartz derivative

|Transformations of a CFT with ¢ #0 7! |

Soliton < soliton = keep univaluedness

W — W
=|z= aﬁ € SL(2,C) — global conformal transformations
- Woo
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Asymptotics at v — oo

W — W
V:aio woo/
W — W

T(v) . const
(W — wyo)? w4

4

T'(w)=N-

at w — o0

Asymptotics for solitons:

T(v) =Y, [?I(S_I+I;zv) V?Vi] . co;st

v v, v3:

ZT Z[S’ 3/+1 +TV,] —Z [25/(5i+1)vi+77vi2:| -0

How many soluitions with N poles?
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Positivity condition

3—pole solution with §; = 1

. 872 2((vo—7)2+T?) vo + i1
Tv) = (v—v0)2+T2)7 * (v=7)?((v—w0)?+T?) i x | (W

EZ/)\ vo—iT

T(v)<0 at v>0
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7ity condition

3-pole solution with s; = 1

Y(v) =3 72+ Cv+1
v =i(v), C=C(v)
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g solitons

Rational Gaudin model

S182 Gaudin 76
Gaudin problem: V3 U4
S;S; V1 v

=y 9 gy =0 e ]

JEI I / si(si+1) 83 S84
Find eigenspectrum of H; I

) A s2 .

— S 2 _ i 2H;

s(v) =X v T(v)—s(v)—z<m+vai>

i

|0) = | ii...i} — vacuum

Solution: Bethe Ansatz

sT(v) = sx(v) + isy(v)
]

- ~ S;
S+(V1) ... S+(VM)‘O> — solution if Z = _’ ” = Z ﬁ
F m i m~m m m’

T(v) = cigenvalue of T(v)
(V) has poles and zeroes at v =v;, V;

Conclusion:

Quarks-2014 12 / 20
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ng solitons

Selection rules

Total number of states: H(ZS,' +1)
S
—~

Voo 4 SV)= 1723" BUT: T(v) — O(v=4) !

Solitons have | S = Z si=0

Spins | Number of solitons
11=001®2 1

1Iiol=100a102010203 |1
lololeole=00101000102|2
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Coalescence of singularities

Vi — Wo

S S> S1+ 8o

S(v) = el ——— 4
(v) v—v1+v—v2Jr v—v2Jr 261/

Spins sum up! (%@%) ®...—» (081) ...

o2 solutions 143 solutions
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fyi itons

Example: 4-pole solution, s; = 1/2

o 3(vo—vq)? 3(v4—v3)? CrevVA
ﬂ,2(v) - 4(\,,(\,12)2(‘;),\,2)2 + 4(v—(v34)2(5)—v4)2 + (v—v1)(v—vT2T(v—v3)(v—v4)

Solitons in CGHS Quarks-2014 15 / 20



4-pole solution with §; = 1/2
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Relation to Liouville th

T—symmetry

%T(v), W(v): 0% =Ty

out | H(u), x(u):  92x = Hyx P =e
v uh X =¢e

N
7

| Two sets of solitons! |
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Relation to Liouville theory

From boundary CGHS to Liouville

Conformal symmetry = CFT?

Liouville equation: |O® + 8¢® = 0

T(V) - 27TTVV
H(u) =27Ty

”
¢1 2(V) v’tl)/ (V)
H(

} Energy-momentum tensor

x1,2(u): Baxi = H(U)xi
=% = 1 (V)xa (U) + ¢a(v)xa(u)
Boundary CGHS ‘ Liouville BCs in Liouville: (R|r = 0)
T, H T, H
’ ’ K = —pt X(Tprhr)
P = erm(V) P1(v) = o(Vv) T n’ :/6 1
x =e ) x1(u) = xa(v)

May help with quantization!
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Relation to Liouville theory

Outlook

Boundary CGHS is an exactly solvable model!

Possible applications:

o Semiclassical calculations
— S-matrix approach: (i|S|f) <> complex classical solutions
t’Hooft et al
— One-loop corrections: back reaction
Simplificaltion: singularities behind the boundary!
Callan, Giddings, Harvey, Strominger

o Exact solvability at quantum level?
Relation to Liouville theory.
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Relation to Liouville theory
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