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Introduction

Collapse of spherical charged shell in asympt flat space to form a
RN black hole (Vaidya solution)

Adding a massless scalar, we should be able to compute what
comes out order-by-order in G (expect info loss!). Hawking
gave answer in free field limit.

: oT :
Near extremality, when Tﬁ ~ T thermal fluctuations become large

Fixed classical background breaks down near horizon: fluctuations governed by

effective couplin .. G Quantum gravity relevant at low curvature.
pling ¢ a7 g y
oLt H

Much activity over the past decade based on AdS,, Schwarzian QM, etc. Not
immediately applicable to full asymptotically flat collapse scenario.
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Here | consider this problem using “old school” methods. Goal is to compute scalar

field correlatorson 7™



JT and Schwarzian

Progress over past decade based on near—horizon Schwarzian QM

Strong coupling effects confined to AdS2 region.
Solve theory in this region and then match to
external world

ds; = ds5 + ®2(t,7)dQ* , @ =r(1+ ¢)
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Action: S=Sp+ -2 /dzw‘\/g_qu(Rz —Ag) + T—O/ dto Ko
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Euclidean action: s = C/duSch[T(u)]

Questions: role of dilaton as Lagrange multiplier; Euclidean versus Lorentzian; ...



Collapse problem

Consider no incoming radiation (Unruh state).

Want in-in expectation values of observables at future null infinity.

m D = 3+1 Einstein-Maxwell + charged shell + massless neutral scalar field
m Restrict to s-wave (captures strong coupling effects)
m Treat scalar as free in flat region inside shell

m Do not quantize shell: use it to set initial data for scalar field outside shell



s-wave Hamiltonian

Build on earlier work [Berger, Chitre, Moncrief, Nutku; Unruh]

s-wave reduction: ds* = —N2(t,r)dt* + L(t,r) (dr + N"(t,7)dt)* + R%(t,r)dQ>
A=A(t,r)dt, o¢=o(t,r)

Action: S-= /d2:1: (Wb + 7L +nrR — NH, — NTHT) - f dt Hapm
bndy

constraints: HZ+HE =0, HZ+HE=0.
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t =5\ LRr2 + 7 o, . = TP rom Gau;s law constraint
GLr% Grpm 1 |/RR\ R? L Q?L
G L LR G / /
= - — - - = R'rg — L
=R R G ( L ) or " 32| Tog M TRT L

Strategy: choose gauge; solve constraints; substitute back into action after deriving

expression for Mapm by demanding good variational principle  [regge Teitelboim]

No use of equations of motion! Metric variables determined by (74, ¢)



Choose gauge, solve constraints

Only need to cover region outside horizon, so we can choose Schwarzschild

type gauge :
\ ds® = —N2(t,r)dt? + L%(t,r) (dr + N (t,r)dt)* + R*(t,r)dQ>
Cauge choice: mp =0, R=r
. . . 1 2G [T r o 1 2GR(r")
Constraints can be solved explicitly: oy = ) - T/TS dr' f (') b () e~ S a2
fr)=1- 2CiM G?if h(r) % (7;;5 I 2¢12)
ADM energy: Hapm = lim M(r) MZGW%JFR 1-— i,2+Q—2_>L1_ 12+Q_2
8Y: r—s 0 2R ' 2G L 2R ' 2G L o

0 o 1 2GR (7"
Hapwm = M‘l‘f dr'f (r')h(r')e= 7 dr )
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Constraint solution gives:




Reduced action

Reduced scalar action capturing s-wave gravity interactions

5= [[a [ ar (rod— Sy ISR ) a2 EE o= (7

Integrate out Tg: S = fdt/ dr [57"2 Géz —f¢’2) —2Gf(r)h(r) foo dr' =3 ] +0(G?)

Nonlocal in space, but local in time

Can use standard perturbative methods to compute correlations in outgoing
Hawking radiation

Vertices can be anywhere, but enhanced effects occur in near-horizon region



Near-horizon interactions

Examine interactions near horizon in near-extremal regime

Near-extremal scaling: 7+ =roxApr A —0 ry = GM +\/GZM? — GQ?

Near-horizon region: r = rg + A\pp coth z

. . _A+2 2
After rescaling other variables: ds® — rg( at }j;dz +d92) +...=AdS, x §?
Sin Z
ry —T_—
THI + ~ Ph A.

47r‘ri 27r'r§

Near-horizon action: ¢— /dtf dz{ 5o % (72 + §72) emdo s as'nh? = (7544 )]

2G G
Dimensionless coupling: 9=, 3~ 37, Lowtemperature -> strong coupling

Large flucs in(#, 7y) translate via constraints to large flucs in L = throat length



Free field case

inside shell: (U, V)

outside shell: (u, v)

2r

2 2
. B 1 v — U 2rs ve — U
Matching at shell: ”—U‘n_r_l“( 2 _T+)+r+—r_ln< 2 """—)
v=V

State emerging from shell is (U,v) vacuum (Unruh vacuum)

In free field theory, ignoring greybody factors: (aUq'B(Ul,vl)aUq% (Ug,vz)> _ L L .
4 (Ul — U2 —7:6)
_ .. 1 1
O0p® (U1, v1) Oy (Us, = ——
< ¢ (Ur,v1) 0ud (U2 U2)> 17 (0 — 0y — i2)?
1 (%%3%1‘)_ 1 1 (o7 (rp —r_)®  w2T%
> (Tw) =—5 lim (Us — Uy —ie)®  (us — us — ie)? _E<8—U1) Seh (un, Th) & 964 g MUTX

standard result



Perturbation theory
h (r')

Perturbative action: Sz/dt/mdr B'rz (%dv?—fcb’?) — 2Gf(r)h(r) foo dr' =3 }+0(G2)

'

Full computation “straightforward” but messy due to non-universal early time

behavior, grey-body factors.
Focus on late-time correlators: restrict vertices to near-horizon region, and include

grey-body factors at the end.

Near-horizon action (dropping tildes) S[¢] = %fdtfooo dz (céz —qb’z) +g[dt/:o dzj: dz' sinh? 2/ Ty, (2) Ty (')
+0(g%)

Ty = %(4752 + ¢"%)

Compute correlators at boundary of near-horizon (AdS2) region, then use free field

equations to propagate them to null infinity
10



Correlator computations

. . i) o(ta)  dlts)  (t2)  d(t1)
Need to compute in-in expectationvalue: >~ " =7 " ] 1%in) = Unruh vacuum

Insertions are at boundary of AdS2 region.
At low frequency Unruh and Hartle-Hawking vacua are equivalent near horizon

So in AdS2 region Unruh vacuum correlators become equivalent to thermal correlators,
which can be computed in imaginary t and then continued back to Lorentzian:

) W(ts) W(ts) V(t2) V(1) Wts) W(ts) V(t2) V(1) to
|

(| | W(ts)
W(ts)
V(ta)
Vt)

to —iB
ty — i

11



Thermal correlators

2 2
For Euclidean AdS2 in coordinates  ds* = dT_ ;Z;iz , TET+2m
S1I1

. . 1 27 [ee) . . 29 ,
reduced scalar action is: I[¢]=§f0 dr/o dz(¢2+¢2 f drf dzf dz' sinh® 2/ T} (

Compute boundary correlators from Witten diagrams as usual

Bulk-boundary propagator: K(z,7;m) = Z o~ Inlz—in(r—m)

n——oo

Bulk-bulk propagator: G (1,27, 7) + Z —smh (nz<

Bilocal quartic vertex: T, (2)Tr-(2')

Bulk integrals are easy since only exponentials occur

2)T;
T, = (#-4?)

#2cos(n(t—1))

- (2') +0(g%)
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Four-point function

Ga () = (V () V() W (1) W (14)) =

J (Tla 7_2 (T37 T4)
K2 (k2 —1)

29
Integrals are all trivial exponentials, giving  Gi(n) = @ Z
k|>

;] «—— M1Ng > 0
Vv _ in1T1+ine T
Jy (11,72) = E nynge™ TR0, 4 ks

ni,n2

!/
%74 _ iMn3T3+inaT
J 7 (13,74) = E nang€ AT g —k

n3,ng

Propagator comes from (quadratic part of) Schwarzian action: Iseh = — Z k* (k ) €xe—k
|k|>1

Gy (Tz) = /[DE]G_ISChCV (7'177-2) CW (7_377_4) C (Tz',Tj) = —% Z Sgn(k Jk (’T?;,Tj) €_kL
|k|>1

Reproduces dressed bilocals coupled to Schwarzian  [vaidacena stanford vang]
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Four-point function on 7%

(27 Ty)* —2 _
' 6uV auV auW 8uW _ ™ H) g ( + 27Ty uq9 coth (ﬂ'THulz)) ( 2 + 27Ty us4 coth (TFTHU34)) .
/ < (u1) (u2) (us3) (ua)). 16 43 (2sinh (7TxHu12))” (2sinh (1Txuzs))”

T3 1%
4sinh? (1T uy2) 4sinh? (7 THuss)

Compare to free (disconnected) 4pt function

Comments

G .
3T becomes large as Ty — 0 at fixed Tru;;

Connected part has relative factor of 9=

—2 infrared effect
Fluctuations in canonical ensemble controlled by heat capacity ¢, = LR Y N o
Q

Indeed: (9.V (u1) 8V (uz) BW (us) 0uW (us)), = g (Tugg, @ oV () (T g @ (w) 237 (ua)) )

Co Ty e <
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Two-point function on 7+

2-point function Other diagrams either vanish identically or by renorm.

/ prescription setting scale free integrals to zero as in dim reg

(_1+ x ) _1+:z:—|—i7r
tanh x tanh z

T%g [—2$2 — 2miz + 1 — cosh(2x) + (i + 2z)sinh(2z)
8sinh® z 4sinh® z

(0ut (u1) Buth (U2))1 _100p =

r = 7TTHu12.

Correction to energy flux: T, '°°® =2r Jim (0u¢ (u1) Bud (u2))1 - 100p = %QTI%I ~ gToe

Can be interpreted as c(c;)gection to mass-cz)nerg%/ relation __ 1100p correction
T = Tard B=M- 2 = ?ﬂ-TH +0(g°)

Write T1—loop — f;rg 1-loop computation gives J0E = g%ﬂgngﬁr = gTH

3
From standard thermo relations InZ(Tg)=InZ, (Ty) + 5 In Ty

Reproduces 1-loop correction to Schwarzian path integral  [stanford,witten]
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Comments

Hamiltonian form of action in AdS2 agrees on-shell with Schwarzian+bilocals -> all
tree level correlators will agree. Loops more subtle

OTOCs can be computed and usual Lyapunov growth obtained

A different gauge choice allows for eternal two-sided black hole

Bulk-boundary and bulk-bulk correlators can be computed

In AdS3 case s-wave assumption can be dropped, and one gets a theory of bulk
matter coupled to boundary gravitons

* Scattering
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