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Motivation
• BH

'

information loss
'

is

associated with BH evaporation
-

• BH formation is a version of
'

information loss :

> o
- -

14) → ④ Pp mixed state
density matrix
⑧

• Dual process in Ads 1C FT
is

147 g→thermostat Pp
quantum quench
• Precise formulation t calculation in silk .



\

51¥ (Sachdei-Ye - Kitaer)

SY K is a
'

soluble
'

model

dual to 2-dim gravity
Kitaev

,
Malda cena

, Stanford ,Yang . . .(these are the first works + many others)
• low energy effective action :

Slf ] = It as I dt {f-HI,t}
Schwarz ian

• exhibits chaos : X
,
= 2T1B

• micro - States and low energy

pure States are easy to
construct

• dual to AdSz spacetime



SYK-contd→SY4

QM of N real fermions
with all- to - all random interactions

.

Ya
,
a =/ , . .

.
N {Ya

,
Yb} = Say

a ←
dtnabcd Ya Yb 4h Yd

Gabaa) = 0 ,( J}bad> =3 ! If}
-

H = Hot EthHia Tuench parameter-

Hm = - i J & Sr Yak-142k
( Kourkoul out MaldaCena

,
1707.02325 )

{Sk} = {Si , Sa , n . .

, Snk} , Skit I

specify a micro - state



Result-
The SYK Model provides the simplest
holographic model that enables
a .com#on of the process. of
BH formation in the bulk.

• We compute the evolution of pure
States through two quantum
quenches

• First quench of sufficient
strength extracts energy and
the spacetime horizon dissspears .

• second quench pumps in energy;
leads to BH formation with

TBH x (Ea - E)
'k
, Choptuik form



Microstatesofsyk

{ Ya
,
Yb } = Sab

,
Ya Vs

FL

Va are SO CN ) V-matrices
.

Tzu ,
= I XIX . - i -Ix X Tsx . . - XB
-- -

k- a k l- k

Kk = 1×1 X -
. - Ix × of X . . - X Eg
w

R

R-- I , . . . , N 12

- iVzriVk-1X1x-r.1X@3xrzx.r.xB
w

k

£ has eigenvalues Spf IL

Hence Hilbert space is spanned by
21412 orthonormal States .

IBS) = Is ,
> ④ Isd - - - - ④ Ism?

Sr = It



puvestatsatlow-energy-IB.cl)) = e-
l Hot Bs)

, l=fz 771

Over complete low energy stats .

The
'

E
'

Tz C so CN) ,

flips the sign of the even fermions :

Fr : #k→ - 42k
,
42k

. ,→ 42k -D
so you have operators which are

even and odd under FG .

In particular £-7 - 5k
and hence the entire Hilbert

space is an orbit ofthe Flip
group : g .

I -71-71+7 = F. It> EH> It)
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Thermalpropertiesgp#atBeD

Ii} CBs All 0^1 Bs (G) = trek
Hob

Definition

Lemma:_

If ① is flip invariant CFI)

tree Hof = 242 ( B, cell O l Bde))

for any micro - state 1 Bs>
.

FI operators cannot distinguish
between the micro- States { IBD)
and seem thermal zeal, e. g .

O Zp = 242L Bs (e) l B, Ce)) = tree
Ho

o GpG-z
'

) =L Bs 6) I Yak ) Yak 'll Bs 637
= C-

[¥3 Sing ]
'k



TimeevohrtionofIBH-H.IE#ttaq'uenchparameter-

Hm = - i J & Sr Yak-142k
The set {Sr} in Hn is the same

as in 1 Bs (e)) .

SYK Hamiltonian Ho is flip invariant

Hm is not
; Hn is a relevant operator

in the infrared .

To study its effect consider 2 States :

- Ht

14 Ct) > = e

"

113,67)
I Yott)) = e-

i Hot
l B, Ce))
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The main object of study is the
overlap of these two States :

As Ct , l) = (Yo A) 14h37

(Bst
= CBs (e) let

'
'

Hot
e-
i Https

G- l
#

µ ElHo eti t Ho
2=0.TT#kBsCeD
× - lH .

e

e

F-- l-
lbs) contour C in complex time plane

Resuttatlargcnlimitandlowenergy-Aslt.lt
=Jcdfg e isCf]

SHI = - Nfs feat Kf , t ) - I
'

ECHHTo]
"

I
Sy K



BulkDualGran#
In 2-dim there are 2 natural

possibilities ..

1) Poh8
I,

Spa = Tita, f. dk Fg [ RE R - 16in)
+4¥. ↳dtf@ER -1 k¥ K)
Arises from quantize

'

ng the co -adjoint
orbit of Diff 1/542 ,R) , I = {Is
(Mandal, Nayak,⇐, SRW : 1702.04266 )

The co-adjoint orbit construction

naturalis leads to a theory of
gravity in Itt dim . (Alekseev, Shatashnille)



2)

Jackiw-Teitelboimgran.ly#SJt--Et%4dk-FCRt2Dtfgdptfrk )
Tata

,

(Spd't Fg * (Rt 2Dt 2¥- Fr(K- D )
E is the dilator field
Arises from a S- wave reduction

of a near- extremal charged BH
4 dim → 5×44AdSz)
-

In both theories there are no

propagating degrees of freedom .

The only physical degrees of freedom
are

'

large diffeomorphisms
'
:

(c, z ) → (et Ce ,z) , Ztfe,z))
= ( fG) , z f

'

G)) near Zeo



Geometry
! In -- o
← fritz

⑤ f ¥.
[fee) y

tu =-¥2

Euclidean Ads
, Lorentzian Ad Sz

fete) E diff SYSLZ fft) c- diff R' Isla
#
In Poincare coordinates

,
near Zz O

,
where f- Ct ) is a large diff .

'¥.to#anaanoswnfcannot receive signals from the entire

poincerepatchtthereisahon.ge#

Solutions of eom :

te E) = ztanptz tntttpiztanhttpt



Geometryinthepresenc-e.gl)

EOW brane EOW brane

71↳

→
Euclidean KM
time

The presence of 1 Bs HD at P

leads to a geometry with an
EOW brane of large mess behind

the horizon , that is qualitatively
similar to the geometry we
discussed before .



Backtothesykmodeloo

As Ail) = (4. A) 14h37

(Bst
= CBs (e) let

'
'

Hot
e-
i Https

G- l
#

ElHo
E. it Ho

i.iie¥⇐- LH .
e

e

F-- l-
lbs) contour C in complex time plane

Resuttatlargcnlimitandlowenergy-Astt.lt=/# e
i SH]

SHI = -Ngtsfdtff , t ) - I'EASE 'T]"

I
SYK

(Detailed derivation in 1812.03979)



We evaluate the path integral along C
semi - classically as N → a

.

Since the initial state at t=o

describes a BH
,
in the

• Euclidean Section C-l,O]

fete) = pigs tan Ip T

• change variables f. (t ) = e
(t )

along all of C , use to G)
to arrive at

As It,e) = JOON et SE ,
t> o

Scott NI fat IE - VOD
V lol] = Iz

-

( eat - Ect) edt)



Thepotentialvco '' VCO)

#
C- SO

,
unbounded

motion
, of = ed → o as lot -a

Horizon

eow
brat EOW bum!It

← I -0

④



E >O

q
VClo)

- E>O

,

I
-•-ECO

Depending on the energy,
there is a bounded solution ,

including a static solution atthe

bottom of the potential . et Ito

Ito ,
no horizon

④



MAIN LESSON

by tuning the quench parameter E ,
we can pump energy
into the system
and

RQ or a horizon,
depending on whether the
classical solution exhibits

ftmf=o(honj@



TuriytheECt)tV#
Bounded motion →

5-to

= El- Ips
" unbounded motion

Ip → I

unbounded motion T
-

f

-

i -

^

supply
/

( energy ) •

Detailed solutions for Oct) for
OSTET ( oscillatory) t TE tu (unbounded)
are presented in JHEP 2019

,
67 (2019) .



Spaantimepicture

I =o

t -if
u→t t --T

p t -- o



AsymptoticsohutiontBHtemp.to
f- Ct) = eat #→ e

t ⇒a

C = J KE .
- pi )(G -¥ - ED)

"

E , > pig and Ez < Ei -

From this asymptotic formula are

Cen find the temperature of the
new BH :

#

TBH = II (Gi - pts)(G -pI, - Ea))
"
'

Im:c::-c::'m:*.. I
scaling law ,

with exponent 42 .

#



Conchesionsandongoingwork
Recall our starting point ..

As It,e) =Jfdfg e isCf]
ISHT = - Nff feat ({ t.pt ) - JIECHI

' ) ' ]

SYK

Tuning the quench parameter EH ,

we can pump energy into the system
to create a geometry with a horizon ,
a black hole with a temperature

that Cen be Cekulated -and

T x ( Ea - E)
'k



Question can one study BH eraform
-

'

on
,

in the SYK model by coupling it to a

bath
,
where Ect) is driven by dynamics ?

Anshe
''t

EIGHT
SYK

The SY K t Bath coupling term :

'12
-z'fIoG= of) f 'Ct) dt + Sba# LE ]
The

'bath is a CFT living in the

half plane rZo .



SHEATH⇒

I
-I
'

Jdt f
'

G)2 LE feat))
( OI (o=o , t ) ) = Jdt ' Glo,t; o,t'H'Ask
⇒ NL een for f-G)

In progress : (A. Gaikwad , A . Kaushal ,
G. Mandal AS RW )

Related work : Chen
,
Qi

, Zhang, 2003.13147
for eternal BH .

Thankyou
!

Wadia



