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|. Introduction

Large black hole: curvature remains
weak well inside the horizon.

1. Infalling observer (B) remains semiclassical
until it reaches the singularity.

2. External observer (A) sees black hole

evaporate via long-wavelength, thermal,
Hawking radiation. Infalling observer is

OcookedO near the horizon and re-emitted as
Hawking radiation.

OBlack hole complementarityO:
Ot Hooft, Susskind

Unitarity of BH evaporation implies
that these two pictures are
equivalent (dual).

If so, what is the map?



Black holes in AdS/CFT

AdSs black hole! 4d gauge theory a
temperature T = T(M)

Gauge theory time! Schwarzschild time

"#$%&H9

(Time experienced by observer at bxed
distance from BH).

Bulk: infalling objects approach horizon ast ! "
Gauge theory: excitations spread and thermaliz

Gauge theory description of semiclassical physics behind the horizon?

Gauge theory description of singularity?



Il. A singularity with a gauge theory dual

Green, Lawrence, McGreevy, Morrison, and Silverstein

HLS

Poincare coordinates

2 1

H A
dsz = o1 df? + dk3 + "ZT—; (! is AdS radius
P

12

constant rp
Patch of R31:

_ 2 4 1241 2
singularity ds; = ! dtp T tpd! Hs constant £
Orbifold: ! = H3/"
tp ! O° becomes singule tp 1"

constant tj,
constant t,

patch
coverec
by tp, !

Final bulk metric:
2 _ o A2 4 1241 2 4 w2drp
dst = ;5 | dtp+tpd.! + 7

patch covered by
cosmological coordinate

Dual gauge theory lives on dsg = ! dtg + tgd! 2
Ocollapsing coneO metric: | 5



1. Similar in spirit to other time-dependent QFTs

Das et. al.

Awad et. al.
Craps, Sethi, et. al.
Martinec et. al.

2. Distinct from example of unstable QFTs

Horowitz and Hertog
Craps, Hertog, and Turok

¥ D3 branes at constantr, are solutions of e.o.m. ,
Bernamonti and Craps

¥ Stretched W bosons have massy constant in time.
¥ Momentum mggk along! grows with t, ! 0' .

¥ Dimensionless ratiomy /mgkk ! O.

Singularity associated with IR of QFT

3. Unclear if QFT Is well debPned ast, ! O



Static coordinate system

R

dsZz = | f(r)dt? + fd(rr) + r2d 2

f(ry= 1 1

A constant t

OM=0 tOpOlogicaI black holeO: Emparan constant r
5d version of BTZ black hole

<— constant t,

r!

¥ Negatively curved horizon atr = /.

¥ Temperature T ! 1/ /. Shaded patch covered by, rp

¥ Horizon area! ¢3; entropy ! N?2.

Dual: gauge theoryon! | Rat T =1/R,



Conformal transformation:

—_ | |
tp=11e V"
dsgone ! dsgyl = 2l 'dS(Z:one transformation

Seems to map QFT variables describing Scwharzschild obserw
to QFT variables describing infalling observer:

e How does the map act on bulk probes

e Can this be generalized to other BHs"



lll. Gauge theory vs. spacetime coordinate transformations
A.N =4SYMon! ! R,T=1/R,

Consider D3-brane wrapping! and moving in r,t

String theory: D3-brane probe dynamics described by DBI actiol

— 1 P gyqEe 7 | (4)
Spg| = (N2 di d det#| X K X G (X) A
t = |
l r = r(t)
" 1 - 11 | one" to" one
Sstatic = ! gty dt 13 f(r)1 fE
static — - gs(!!)z f( g T

f(r)= 51 1



Gauge theory:

¥ ¢t = gauge theory time.

¥ Take adjoint scalar out on Coulomb branch,! =" r.

¥ Integrate out W-bosons charged underU(1) ! U(N " 1).

¥ Sqiatic IS resulting € ective action for !
10



Sstatic = | gs(\?!)z. dt I’3 f(r)! fil '

1. nf <f (r)?: Oscalar speed limit

Silverstein and Tong

r!l lastl!”

constant t

2. Letr = ro(t)+ !r(t):

¥ ro(t) solves classical e.o.r

¥ Expand Sgiaiic In!'r

Expansion in!'r breaks down asf ! 0.

Semiclassical physics in (t, r) breaks down at horizon

11



B. N =4 SYM on collapsing cone

Consider D3-brane wrapping! and moving In ry, t,
String theory:

-

= Lo did® T det#h XAE XPGu(X)! AW
Spel = 9. N2 - et# " u#(X) ! ARg
'p = Mp(tp)
. "o 111 one" to" one
.. I ; 4.3 -
- r2 2 rt
Scosmo — I gs(\?|)2 dtp tgrg %I lz%l ??410
Gauge theory:
¥ t, = gauge theory time.
¥ Take adjoint scalar out on Coulomb branch,! = "'rp.

¥ Integrate out W-bosons charged underU(1)! U(N" 1).

12



_ Y : 1%
Scosmo = ! grmz dtp tory w1275

1. Horizon at rpt, = !4, singularity as t, ! O .

Horizon reached In Pnite time

¥ rpo(ty) solves classical e.o.r

¥ Expand Sstatic In 'rp

Expansion in!ry
¥ regular at horizon

¥ breaks down at singularity

constant tp,

<*—

Patch coverec
by tp, Ip




C. Transformation of QM variables of probes

1. Conformal transformation of QFT
to=1 1€ 7
maps collapsing cone td ! R

2 2 - t7 | 2
ds?,.. ! ds?, = e 'ds? ..

cyl
| = /" dimension-1 Pelc

r,= e 'e
tEEtr

Conformal transformation: Scosmo !" Setatic

I 11 s
4

: ) . Hexl )2k
Scosmo = $= 1 oz df B2 1 12En

14



This Is not surprising:

(a) Coordinate transformations
tp=11¢e %'

rp = +al ! constant t,

*—

do not change equal-time slices in bul

. Patch coverec
(b) Bulk metric: by tp, Fp

dsZ = ! f (#)dt® + +2d! # + Zdtde+ -—d|=2 fR)= 51 1

SpelI = W! dl d*" det#. X Hit X #Gpu(X) ! A(4)
I =
" o= ()
L
S=1 ¥ g 3 2 20

gs (! 7)* R 2
15



2. Bulk coordinate transformations in dual QFT

ot
r =1 2P
, . (202 2 map OcosmologicalO to OstaticO coordiné
t = | Eln p!2pr2
P
In QFT:
¥ Lty are QFT times Map (rp,tp) ! (r,t) includes a Peld

¥ r,r, are quantum beld dependent time reparametrization

constant )

Generic to any nontrivial change
of bulk equal-time slicings

Seems exotic In QFT constant r

constant ty
(but remember gauge transformation:

for quantum inf3aton f3uctuations)




Solution: add gauge invarianc
Let tp = tp(!),rp = rp(!).

! P ' -

[ 1 ) ) rzt'l} 11 11 ] 1 t3r4
Scosmo ! Spel = gs(!\?)z--s d! tgrg 5 2% % —
Invariant under reparametrizations of !
Reduces t0S¢osmo If We gauge Pxt, = |
r =1 @ is now a simple Peld redepnitio
;2.2 14
_ rptp! !
Fix t=1:
S ] | ‘@ : . n ru2 n 4! nd N
Spei ! Ssaic = " gz dt =2 )" o —

(Up to boundary term/RR gauge transformation)
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Conformal transformationto ! ! R

ds2 = | f(F)dt2 + +2dl 2 + Zdtde+ L de?

I FF— OO

2 ¢ - ] .2
ds2! 5 " dt?+ di 2 + 24

Field theory dual seems to live on! | R

Nonsingular Peld theory on nonsingular spacet, !

t, & extend behind horizon.
S[e] well behaved at horizor

Better variables to see behind horizol

Which action arises as
QFT effective action?

0 mapped tot!"

18



Transformation of quantum observables

Conjugate momenta:
| AL

Pt i N

Hamiltonians:
He=1p s He= 1 pe
Equal up to a constant

rt* T El"

Equal-t slices asymptotically
identical to equal-tslices

19



D. Transformation of full QFT

Puzzles

1. Yang-Mills action invariant under conformal transformation
2. Scosmo " Setatic  under conformal transformation
3. Scosmo s Setatic € ective actions for SYM?

4. Is Sqiaiic Or S el ective action for SYM on " # R?

20



Gauge theory:
¥ ¢t = gauge theory time.

¥ Take adjoint scalar out on Coulomb branch,! = " ‘r.

¥ Integrate out W-bosons charged underU(1) ! U(N " 1).

¥ Sqatic IS resulting € ective action for !

Hidden step: must Px gaugebefore integrating out W bosons

Functional form of el ective action depends on gauge choic

21



Standard gauge for computing DBI actions

Background Peld gauge: expand arour

Ay

Ao 1A, =%+ "

0 _ (This Is the gauge implicit in
G = Dp A+ |['ﬂ, "] string theory computations)

Under conformal transformation:
G! G=DJ1Ax+i[8!" ]+ 2A;

¥ Background beld gauge not conformally invariant

¥ G breakst=reversal invariance
: ' . 2 | 2
¥ S!  dtF 5" 0+ [)2+ Sgg is not t-reversal invariant

22



Proposal

1. Sqatic IS € ective action for SYM on" ! R In background beld gauge.
2. Sis € ective action for SYMon" ! R in gaugeG = 0.

3. Full 5d coordinate transformations " Yang-Mills gauge transformations

Related story: special conformal
transformations in SYM vs. DBI

Jevicki, Kazama, and Yoneya

23



V. Gauge theory dynamics and black hole formation

A. Phases of gauge theory dynamics
Lagrangian for adjoint scalars
Lt Tr DUVRE (@02 RO )2+
Consider N D3-branes smeared over transvers&®

Coincident radial position: dual to scalar zero mode! (t)

l I R has negative curvature

¥ Zero modes ofl are unstable

¥ Small number of momentum modes unstable
Cornish, Spergel, and Starkman

¥ " = H/# exist such that only zero modes unstabl

24



Quantum mechanics of! (t)
Lagrangian for large! (no corrections from W loops)
LI (") + "2

upside-down SHC

¥ Classically! '" in inPnite time.
¥ Continuous spectrum, no ground state

¥ Quantum mechanics nonsingular.

25



Quantum corrections to SHO action

1. Loops of W bosons when ,'—l; 1

2. W bosons produced When!!—g 1.
3. Loops and production of

¥ KK modes

¥ Wilson lines on X
¥ Flux tubes

¥ ...

As ! evolves inwards, (1) becomes important br:

26



Quantum corrections

Eext = —F(lf);t

(A) Scalar bounces before "Y"21 1

(B) 1"/"21 1 before bounce

¥r=1"1 rnorizon for M = E black hole

¥ Expect W loops to slow down evolution (as with probe

(C) ''Y"21 1 beforer " 0 reache
¥ Uncorrected motion describes a ObounceO
¥ Expect W loops to slow evolution nearrnorizon ! ! "

¥ As" " 0, production of QFT modes thermalizes system, traps brane

27



B. Topological black holes Emparan

Solutions to 5d SUGRA with negative c.c.

_ dr 2 41 2
ds® = | f (r)dt? + W+r d 7
2
f(r)—T—z+k' f—z;k:(),il L= GyM

'« 3-manifold of constant curvature:
¥ | ; = S3: AdS-Schwarzschild
¥ | 5 = R3: near horizon limit of black D3-brane

¥ 1, 1= Hs/": OtopologicalO black hole

M | Egauge

28



C. Gauge theory phases and spacetime causal structure

I I$I#

origin Timelike

boundary

¥ Shell of D3-branes screens.

¥ Outside of shell with energy E, spacetime idM = E black hole
¥ Trajectory (A) removes singularity a la enhancon mechanism.
¥ Trajectory (B) unknown: recall instability of inner horizon.

¥ Trajectory (C) stalls near origin.
Thermal e" ective potential traps D3-branes.

AS



D. Late time behavior

Shell with E ! 0O thermalizes gauge theory agd " O
Thermal e! ects modify € ective potential for " '
¥ Eigenvalues trapped near origin by W-bosons

¥ W e! ects small for large! : instability dominates

Nonperturbative instability to brane emission

DBI action S! cN for single brane

cN
lemission ! €

¥ Shorter than recurrence time for AdS-Schwarzschild eN°

¥ Longer than lifetime of OsmallO BHs ilAdS: teygp ! M'.

Branes emitted incoherently over time scale! NecV .
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Candidate spacetimes

) (b)

nongeometric
region

(a) Unitarity: should not continue past singularity

(b) Not a simple bounce: branes re-emitted one by one quantum-mechanical

(Are (a) and (b) physically distinct?)
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A. Lessons

1. Bulk coordinate transformations ~ boundary gauge transformations

2. Schwarzschild and infalling observers described by same
Hamiltonian in different variables: dual descriptions

3. Singularity associated with origin of beld space; physics well-debned

vs. Horowitz and Hertog; Craps, Hertog, and Turok

vs. Daset. al.
4. Singularity accessible in static QFT Awad et. al.
Craps, Sethi, et. al.

_ _ Martinec et. al.
5. No sign of cosmological bounce

32



B. Future work

1. Relation to work using TFD correlators to probe singularity

Kraus, Ooguri, and Shenker;

Fidkowski, Hubeny, Kleban, and Shenker
Liu and Festuccia

2. Distinction between horizon in (t,r) and singularity in ()
3. Understand transformation of full gauge theory (study other probes?

Horowitz, AL, Shenker, Silverstein

4. Better understand M < 0 black hole:

5. Source ofO(N 2) ground state entropy?~
6. Coordinate transformation for other black holes

¥uz0

¥k=0,1

33
Use ingoing Eddington-Finkelstein coordinates?



