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Motivation

» Time»-—depenclence in AdS/CFT

7S F‘luicl/ Gravitg corresponclence far from (locab

equilibrium

® Hologral:)lﬂic clescription of entro[og N

clgnamical setting




Fluid/ gravity corresponclence

® Long-wavelengt]ﬂ clgnamics of interacting S
(ﬂuid dgnamics) = gravitational clgnamics of
asyml:). AAS blBC‘( hOlé [L’)hattachargga, Vi Minwa”a) Rangamani]

{ geometrﬂ settles clown, = regular event

1 , , .
norizon; & its area ~- entropy current i Gl

[Bhattachargga) VH, Loganayagam, Mandal, Minwalla, Morita, Rangamani, Reall]

o Whatif the geometrﬂ does not settle down?




OUTLINE

* Motivation & [‘Sackgrouncl
o Conformal soliton flow (=CS)

* (S construction & geometrg
* CSevent horizon

LGS aPParent horizon

& Boost-invariant (Bjorken) flow

° Open IssUes: entropq dual?
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Conformal Soliton flow

A S geometrg = Folilcahc Patch’ of Schw-AdS

blaCk hOlC [Friess, Gubser, Michalogiorgakis, Pufu]

& cp b constructed bg applging the coord.
transt. (global AdS ~ Poincare AdS)
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o bulk coord transt ~ conformal transf. on bclg

* resultant metric T Gs e looks Aynamical.




Contormal Soliton geometrg

* Black hole enters through
Past Poincare edge

* ancﬂ |ea\/es through Future

Poincare ecﬂge

* but geometry s time-~

reversal invariant.




Contormal Soliton on !Dclg

Static Schwarzschild-Ads black hole
corresponcls a static ideal fluid in the bd9 el

whereas the CS flow describes dgnamica”g
contracting & exl:)ancling Plasma.

Ideal ﬂuicl, no entropy Procluction

s Total entropy is invariant under conformal

transtormation (ancl given by the area of the event

horizon of the BH in globa coordinates)




CS event horizon

Recall: event horizon H™ is defined as the bounc ary of
the past of the future null irnqnitg, Hi= =gl

hence itis generated bg null geodcsics.

For the CS spacetime, It isasubsetof IT.
Hence the CS event horizon H ¢ does NOT

coincide with the global event horizon H™T.

Itis easy to find HZ explicitlg...
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Note: H/q interpolates between global event horizon

at earlg times and Poincare horizon at late times.
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Area oF CS event horizon

CS event horizon H/ ¢ grows in time.
HE o touches the bounclary el — (I

Proper area at constant Poincare time slice

diverges e

Hence event horizon area does NOT correctly

repro&uce the CFT entropgl




APParent horizon

+ Recall: given a foliation of a spacetime, a trapl:)ecl
surface S is a closed surface with negative divergence 0

for both outgoing and ingoing null congruence normal

to §.

The apparent horizon is defined as the bounclarg of the
traPPecl sumcaces) or outermost margina”g traPPecl

surface.
We will consider this as co-dim. 1 tube e\/olving, N time

Technica Ig sPeaking, this tube is called isolated horizon

it itis null, and clgnamical horizon it spacelike.




f‘oliatiomclepenclence of AH

* In general cignamical space‘cime acimitting traPPecJ

sumcaces, the location of aPParent horizon clepencls on

the choice of foliations. [<f. Wald & lyer]

On the other hand, if the space‘cime admits a Ki”ing
Norizon, then this Ki”ing horizon is an apparent horizon

for any foliation which contains full slices of the horizon.

Proof:

+ Null normals to any cross-sectional slice Sof the horizon
coincide with horizon genera’tors.

Expansion vanishes ~ Sis margina”g tral:)[:)ecl surface

Since no traPPecl surfaces outside event horizon, S is the
outer-most margina”g trapl:)ecl surface — aPParent horizon.




5 aPParent horizon

o CS geometry admits a Ki”ing horizon: requisite
Ki”ingﬁelcl IS simplg (5%)@ with 7 :global time
(hence same as global Schw-AdS event horizon)

— for any foliation this Ki”ing horizonat © =1

IS an aPParent horizon

lehee &S apparent horizon has area which
stays constant in time, and does correctlg

reprocluce Cals entropg.




Summarg for CS geometrg

& Poincare Patch of Schw-Ads: looks highlg
dgnamical (even though secretlg static”

« Event horizon of CS does not coincide with
global event horizon, and its area cliverges at
finite time.

* APParent horizon of CS does coincide with

global event horizon, and has constant area.
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Motivation & Backgrouncl
Conformal Soliton flow (=°CS)

Boost-invariant (Bjorken') flow EanlE)

OPcn ISsSUES: entropg dual?




Iijorken flow geometry

> Proposecl to describe QGP at RHIC [Bjorken]

fluid on R* ds? = —dr? + 72 dy? + da?

o Boostinvariance along collision direction

all Phgsical quantities clel:)erﬁ onlyon T.

]

e Exact dual geomet:y not known; but can

exPancl around late proper times (metric
gUﬂCtiOﬂS O‘F e é’ raClial COOrCl T) [Danik & Peschanski]

* Describes a Agnamica”g recec]ing black hole in

bu”e whose temperature B nb il




Horizons 1in BF sPacetime

)

Apparent horizon (for constant 7 foliation)

FOU ﬂCl PFCViOUSIH : [Kinoshita, Mukohgama, Nakamura, Odal]

Event horizon can be obtained bg analgsing
radial null geodesics (find the outer-most one

which reaches 71 at late time 7 — o0)

This is carried out bg sgstematic exl:)ansion:

| 12—|—37T72—4 ln27__% +O(7__7/3>




Horizons in BF spacetime

Domain where the expansion is to be trusted

N~ Apparent horizon at zeroth order

~
~,

Event horizon at second order
Event horizon at zeroth order

Apparent horizon at second

Event horizon at first order

Apparent horizon at first order




Summarg for BF geometrg

o At2nd order, EH lies gust) outside AH

® metricis regular e\/ergwhere on & outside EH

* Curiositg @ Oth order metric: AH is outside EH

(But does not solve Einstein eqns at niglﬁer orders

and violates energy conditions.)
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Motivation & Backgrouncl
Conformal Soliton flow (=°CS)

Boost-invariant (Bjorken') flow (=BF)

5ummarg & open ISSUES: entropg dual?




Dual of CFT entropg?

o We'lve seen:

* N original ﬂuicl/gravitg Framework, and for the BF
geom, CIT entropy is gjven bg area of EH =~ AH

SIEES geom, entropg given 139 area of AH # EH
Cojes); entropy s NOT alwags reProclucecl bﬂ ELhare s

* In retrospect, EH 1s too teleological to give

Gﬂ’tl‘OPﬂ (since Sis defined indep. of future evolution)

° Natural guess: entrol:)g given bg Allareas??




Dual of CFT entropg?

+ BUT: this cannot hold universa lg!

b N e alwags well-defined: it canjump % iscontinuous|9

* AH s Foliatiomcﬂépenclent for general clynamical backgrouncls

+ Possible resolution: entropg is well-defined onlg

when temporal evolution is sugicientlg slow.

* Note: contrast Witl"l entanglement entrop_q...

+ Under such conditions AH evolves smootl’xlg.




Dual of CFT entropg?

o BUT: thereis still a Problem with foliation cleP.:

* Consider co”apsed star in AdS which settles down at late times.
] Naively: CEE entrol:)g @ late times given bﬂ late time EH area.

o BUT: 3 bulk foliations aclmitting no trappecl surfaces even at

arbitrarilg late times!

o Other Possible resolutions:

G EBIE Prescribes a natural /A Prmcerrecl foliation (but no real evidence)

* Onlg in static (equilibrium) conﬁgurations does the bulk dual of CFT
entropg corresponcl o s geometrical object in the bulk.
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CS event horizon - details

* gCOCICSiC equations (= ang.mom./energg, )= affine Parameter):

g miL i IS e dp _ ¢
d\ r2 ’ N S d\  r?

o surface of event horizon Hé g 1S Parameterized by:
e D
AOLE f_”

1
A m — — arccoth
LAE
it
o(A, ) = —— arccoth
ik
+ induced metric on horizon:




event horizon area ~ details

® CSevent horizon area in terms 01[ ang.mom.

V4

max dé

A =2 / = atctanhds e
0 1 — /2

o ’nax is determined bg Position of caustics

rsinh(7wry)

Emax =

ri 1 2 sinh? (77y)

& Area cliverges when horizon touches bc:l9 r — 00

AL Dsarctih ( e )

re +r2 Sinh2(7r7“+)




Trapl:)ecl surface

o Foraclosed surface S the Aivergence 0. of outgoing 7
ingoing null congruence is defined as the fractional
change N area along wavefronts of outgoing /ingoing

null geoclesics emanating Perpen&icularlg to S:

Forarea A along ‘Wavegronts’ at

constant \ | expansion 0 is given bg

1 dA

e dEr

* TraPPed surface has both 6_ < 0 and e}

i g — - s — - = — ——




