
We	start	with	a	simple	remark	about	
amplitudes



The	1à 1	amplitude	in	String	Theory



The	1à 1	amplitude	in	String	Theory

Energy	is	automatically	conserved	 if	we	have	on	shell	operators	V.	
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Similar	story	for	two	point	 functions	 in	AdS.	



Now	to	the	topic	of	the	talk
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Black	holes	and	quantum	systems



Basic	Assumption
(central	dogma)

• A	black	hole	seen	from	the	outside can	be	
described	as	a	quantum	system	with	order		S	
degrees	of	freedom	(qubits)			(coupled	 to	the	rest	of	spacetime)

=

S =
Area

4GN
THawking



Geometry	of	a	Black	Hole	made	from	
collapse

interior

star

Singularity
Oppenheimer	 Snyder	1939

horizon

One	exterior,	one	interior.	



Full	Schwarzschild	solution

Figure 2: Maximally extended Schwarzschild spacetime. There are two asymptotic regions.
The blue spatial slice contains the Einstein-Rosen bridge connecting the two regions.

not in causal contact and information cannot be transmitted across the bridge. This can

easily seen from the Penrose diagram, and is consistent with the fact that entanglement

does not imply non-local signal propagation.

(a)
(b)

Figure 3: (a) Another representation of the blue spatial slice of figure 2. It contains a neck
connecting two asymptotically flat regions. (b) Here we have two distant entangled black
holes in the same space. The horizons are identified as indicated. This is not an exact
solution of the equations but an approximate solution where we can ignore the small force
between the black holes.

All of this is well known, but what may be less familiar is a third interpretation of the

eternal Schwarzschild black hole. Instead of black holes on two disconnected sheets, we

can consider two very distant black holes in the same space. If the black holes were not

entangled we would not connect them by a Einstein-Rosen bridge. But if they are somehow

created at t = 0 in the entangled state (2.1), then the bridge between them represents the

entanglement. See figure 3(b). Of course, in this case, the dynamical decoupling is not
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Eddington,	 Lemaitre,	Einstein,	
Rosen,	Finkelstein,	
Kruskal

Vacuum	solution.	 		No	exotic	matter.	
Two	exteriors,	sharing	 the	interior.	

Right	
exterior

Left	
exterior

singularity



If	one	black	hole	=	quantum	system,	

What	do	these	two	connected	black	holes	

correspond	to	?



Wormhole	and	entangled	states

Figure 2: Maximally extended Schwarzschild spacetime. There are two asymptotic regions.
The blue spatial slice contains the Einstein-Rosen bridge connecting the two regions.
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solution of the equations but an approximate solution where we can ignore the small force
between the black holes.
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eternal Schwarzschild black hole. Instead of black holes on two disconnected sheets, we

can consider two very distant black holes in the same space. If the black holes were not

entangled we would not connect them by a Einstein-Rosen bridge. But if they are somehow

created at t = 0 in the entangled state (2.1), then the bridge between them represents the

entanglement. See figure 3(b). Of course, in this case, the dynamical decoupling is not
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Connected	through	the	interior

Entangled

= W.	Israel
J.M.

In	a	particular	entangled	state



The	near	horizon	region

Right	exterior
Left		exterior

Boost	 =	exact symmetry	=		 �
2⇡ (Hr �Hl)
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(No	simple	bulk	lattice	discretizations in	gravity)

|TFDi =
X

n
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Two	other	approximate	symmetries

Right	exterior
Left		exterior

X0

X1

E	=	global	time	translation	symmetry

P	=	Spatial	translation

X0 ! X0 + constant

X1 ! X1 + constant
<latexit sha1_base64="VRNju2j0WUridAdq3knxDqE6MGk="></latexit>



This	talk	will	be	about		these	two	other	
(approximate)	symmetries

Right	exterior
Left		exterior

X0

X1
They	move	us	behind	 the	horizon

They	move	us	from	one	side	to	the	other



• We	will	discuss	this	for	near	extremal	black	
holes.	

• These	are	described	by	Nearly-AdS2	gravity.	
• A	similar	structure	appears	in	the	SYK	model.	

• We	will	now	review	both	cases.	



Review	of	nearly	AdS2	gravity



N-AdS2	x	S2

horizon

Near	extremal	black	holes

M � Q

M ⇠ Q



Nearly-AdS2 gravity

S = �0

Z
R+ 2

Z
K

�
+

Z
�(R+ 2) + 2�b

Z
K + Sm[gµ⌫ ,�]

<latexit sha1_base64="TM2gil7N0TNGD4nmOYLp06B0vqU="></latexit>

Only	extermal entropy	S0
Fixes	
Metric	to	AdS2

Boundary	becomes	dynamical	=	boundary	graviton	=	only	
physical	degree	of	freedom	for	gravity	

Matter	moves	in	a	rigid
AdS2	spacetime

Jackiw-Teitelboim
Almheiri-Polchinski



The	surprisingly	simple	gravitational	
dynamics	of	N-AdS2

matter

AdS2
NAdS2		=	AdS2	 +	location	of	boundary

Dynamics	of	the	boundary	is	SL(2)	invariant.

Proper	time	along	the	boundary	=	time	of	the	
asymptotically	flat	region	=	time	of	the	quantum	
system

ds2 =
�d⌧2 + d�2

sin2 �



matter

AdS2
ds2 =

�d⌧2 + d�2

sin2 �

Simplest	case	=		Boundaries	are	infinitely	 far	away.	
Matter	moves	effectively	in	all	of	AdS2	and	is	not	
affected	by	the	motion	 of	the	boundary.	

The	boundary	 is	still	dynamical	and	tells	us	how	to
translate	to	the	physical	boundary	 time	=	time	of
the	dual	quantum	system.	

Then	the	Hilbert	space	splits	as:	

Common	motion	of	the	three	
of	them	is	not	physical

(Hl ⇥Hm ⇥Hr)/SL(2)g
<latexit sha1_base64="9KaCP4Ku/Gh4UEqlb86oj5/isRk="></latexit>



• Each	of	the	three	systems	is	described	by	an	
SL(2)g invariant	action.	

• The	matter	moves	in	a	rigid	AdS2	
• Each	boundary	is	like	a	massive	particle	with	
spin	(or	in	an	electric	field	in	AdS2)
⌘abY

aY b = �1
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Proper	 time	along	 the	boundary	 =	time	of	the	dual	quantum	system.	

Xa(u) , X ·X = 0 Ẋ · Ẋ = �1
<latexit sha1_base64="iVP3wu5qDp/mt4VolGE+1EXF098="></latexit>

Embedding	 coordinates

Rescaled	embedding	 coordinates



Qa
l +Qa

m +Qa
r = 0
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SL(2)	gauge	constraint:	

a = gauge index
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Now	one	would	be	tempted	to	say	that	the	symmetries	we	want	are	Qa
m ,	the	

matter	generators,	since	they	are	the	ones	that	move	the	matter	in	AdS2	.
But	these	do	not	have	a	translations	to	the	boundary	 theory	since	they	are	not	
gauge	invariant.	
So,	we	will	write	gauge	invariant	ones	by	“gravitationally	dressing”	them.	



Short	review	of	SYK



SYK

• SYK:			N	Majorana fermions	with	all	to	all	
interactions.	

• The	theory	has	a	simple	large	N	limit,	with	an	
effective	action	which	is	a	function	of	two	times:

• This	becomes	the	fermion	two	point	function	
when	we	impose	the	equations	of	motion.	

• At	low	energies,	it	develops	an	approximate	
conformal	symmetry.	

G(u1, u2)
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Sachdev-Ye-Kitaev



• Scaling	solution.	

• In	the	IR	there	is	a	family	of	solutions	that	are	
obtained	by	applying	a	time	reparametrization to	
the	above	one,	u	à f(u).	

• This	is	only	an	approximate	symmetry	and	it	is	
explicitly	broken.	

Kitaev

Gc = |t1 � t2|�2�
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Gf = [f 0(u1)f 0(u2)]�Gc(f(u1)� f(u2)) =
h

f 0(u1)f
0(u2)

(f(u1)�f(u2))2

i�
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G = Gf +G? = [f 0(u1)f 0(u2)]�
h

1
|f1�f2|2� +G?(f(u1), f(u2))
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Low	energy	SYK	action

S = �N↵s
J

R
{fl(u), u}� N↵s

J
R
{fr(u), u}+ Sconf [�?G]
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{f, u} = f 000

f 0 � 3
2
f 002

f 02
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Same	as	the	action	of	the	boundaries	 in	the	gravity	theory

Analogous	 to	the	action	of	
matter	for	the	gravity	theory.	
Independent	 of	f(u).

(Hl ⇥Hm ⇥Hr)/SL(2)g
<latexit sha1_base64="9KaCP4Ku/Gh4UEqlb86oj5/isRk="></latexit>

Qa
l +Qa

m +Qa
r = 0
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N ! 1, (�J ) ! 1 , N
�J = fixed
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Becomes	exact	in	the	limit:

Xa = 1
f 0 (1, cosh f, sinh f)
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S0 ! 1
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Construction	of	gauge	invariant	
generators



Vectors:	 Xa
l , Xa

r
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Construct	gauge	invariant	generators.	First	

Translation	along	 the	geodesics	 joining	 the	left	and	right	points

P̃ / (Xl ⇥Xr).Qm
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Momentum	generator



Linear	combinations	give	

Two	others:	 Xl.Qm , Xr.Qm
<latexit sha1_base64="9khdOesh0mgTQOCxihQCYnkRrh8=">AAACEXicbVDLSsNAFJ3UV62vqEtFBlvRhYSkLnRZdOOyBdsG2hAm02k7dCYJMxOhlHbn0pWf4qaCgrh16cpv8CecPgRtPXDhcM693HtPEDMqlW1/GqmFxaXllfRqZm19Y3PL3N6pyCgRmJRxxCLhBkgSRkNSVlQx4saCIB4wUg06VyO/ekuEpFF4o7ox8ThqhbRJMVJa8s1jCHM5CF2fQQuWfA4Hp4MfuL6Yirmcb2Ztyx4DzhNnSrKF/WHp6+5gWPTNj3ojwgknocIMSVlz7Fh5PSQUxYz0M/VEkhjhDmqRmqYh4kR6vfFDfXiklQZsRkJXqOBY/T3RQ1zKLg90J0eqLWe9kfifV0tU88Lr0TBOFAnxZFEzYVBFcJQObFBBsGJdTRAWVN8KcRsJhJXOMJPRKTizP8+TSt5yzqx8ScdxCSZIgz1wCE6AA85BAVyDIigDDO7BI3gGL8aD8WS8Gm+T1pQxndkFf2C8fwNccJ22</latexit>

Boost Energy



• These	are	expressions	for	three	gauge	invariant	
SL(2)	generators,		

• They	act	on	the	physical	Hilbert	space.	
• à Hilbert	space	is	infinite	dimensional	
• Do	not	confuse	them	with	the	SL(2)g	constraints.	
• They	include	quantum	gravity	corrections	(finite	
Schwarzian coupling).	

• Do	not	include	effects	of	other	topologies	(S0		à
∞	)

• The	X	dependence	can	be	viewed	as	a	
gravitational	dressing.	

GA = eAa(Xl, Xr)Qa
m

<latexit sha1_base64="zJJv/KNBo1AlwjsZiWzr9tKT8Cc="></latexit>



• They	do	not	commute	with	the	Hamiltonian	
since	Xl(ul)	,	Xr(ur)	depend	on	time.	

• Only	depend	on	time	due	to	the	boundary	
positions.	

• To	the	extent	that	we	can	solve	for	the	
boundary	positions	à we	can	write	

GA(ul, ur)
<latexit sha1_base64="YEcD2o0Hr5jeEa3e3AYxotwvGw8=">AAACAXicbVDLSsNAFJ3UV42vqAsXboa2QkUpSV3osupClxXsA9oYJtNJO3TyYGYihNCVv+AfuBIUxK2f4ap/46TtQlsPXDiccy/33uNGjAppmmMtt7S8srqWX9c3Nre2d4zdvaYIY45JA4cs5G0XCcJoQBqSSkbaESfIdxlpucPrzG89Ei5oGNzLJCK2j/oB9ShGUkmOcQBhqQThzcNlOXbYKYwdfpxJjlE0K+YEcJFYM1KsFbonz+NaUneM724vxLFPAokZEqJjmZG0U8QlxYyM9G4sSITwEPVJR9EA+UTY6eSBETxSSg96IVcVSDhRf0+kyBci8V3V6SM5EPNeJv7ndWLpXdgpDaJYkgBPF3kxgzKEWRqwRznBkiWKIMypuhXiAeIIS5WZrqsUrPmfF0mzWrHOKtU7FccVmCIPDkEBlIEFzkEN3II6aAAMRuAFvIF37Ul71T60z2lrTpvN7IM/0L5+ANEqlgk=</latexit>

GA(0, 0) = ⇤A
BG

B(ul, ur)
<latexit sha1_base64="k+52D4sjdNbWsURyFgmzMWe/Vp8="></latexit>

Operator	in	the	boundary	 theory	(Schwarzian)

Conserved	charges



Expressions	purely	in	terms	of	
boundary	quantities.	

• Use	the	gauge	constraints	to	write

• Rewrite	them	all	in	terms	of	boundary	quantities,	
and	their	derivatives.	

• Similar	expression	for	the	other	two.	
• It	involves	the	distance	between	the	two	
boundaries.	

Qa
m = �(Qa

l +Qa
r)

<latexit sha1_base64="s9mhPXrmWGV9rIBbxghmjRtvfqo=">AAACDHicbVDJSgNBEO2JW4zbqEcvTRIhIoaZeNCLEBXEYwJmgSxDTadjmvQsdPcIIeTuyT/wFzwJCiJ48gc8+Qee/QI7y0ETHxQ83quiqp4bciaVZX0asbn5hcWl+HJiZXVtfcPc3CrLIBKElkjAA1F1QVLOfFpSTHFaDQUFz+W04nbPh37lhgrJAv9K9ULa8ODaZ21GQGnJMZMYp9O46HhNwPgEH+BMsQkOx/taE03Y065jpqysNQKeJfaEpPLpt4uv7/vTgmN+1FsBiTzqK8JBypptharRB6EY4XSQqEeShkC6cE1rmvrgUdnoj34Z4F2ttHA7ELp8hUfq74k+eFL2PFd3eqA6ctobiv95tUi1jxt95oeRoj4ZL2pHHKsAD4PBLSYoUbynCRDB9K2YdEAAUTq+REKnYE//PEvKuax9mM0VdRxnaIw42kFJlEE2OkJ5dIkKqIQIukUP6Ak9G3fGo/FivI5bY8ZkZhv9gfH+A6h+mn8=</latexit>

P̃ = (@ul � @ur ) log[�2Xl.Xr] = (@ul � @ur )`
<latexit sha1_base64="WChyu+/eGiLP+m26VbmClATq5ls="></latexit>

0 = ẋl + pm + ẋr ! pm = �ẋr � ẋl = (@ul � @ur )(xr(ur)� xl(ul))
<latexit sha1_base64="cX5SEcXtudOURaKpJ6UoMBOMb8I="></latexit>



Distance	between	the	two	boundaries

• Could	be	extracted	by	taking	the	logarithm	of	the	
correlator.	

• Well	defined	as	long	as	the	operator	does	not	
vanish.	

• Is	OK	in	the	scaling	limit	we	defined	before.

• It	is	a	quantity	that	is	well	defined	only	around	
this	“wormhole”	phase.	Like	the	phase	of	a	
superconductor.	

• Previously	thought	of	in	terms	of	“complexity”	

1
(�2Xl.Xr)�

/ h j
l  

j
ri

<latexit sha1_base64="IyiwMiFNO2S7yq7DeHNed7U99Ng="></latexit>

N ! 1, (�J ) ! 1 , N
�J = fixed

<latexit sha1_base64="YhAWQLfDnYES8hOEsRQAfQkbvvs="></latexit>

` = log[�2Xl.Xr] = � 1
� log[ j

l . 
j
r ]

<latexit sha1_base64="ccp/1KjmYcGN1zeI+WjzWgaLQq0="></latexit>

Susskind	et	al



• Now	we	will	now	work	to	get	more	explicit,	
but	approximate,		forms	for	the	generators.	

• These	will	have	the	advantage	of	being	well	
defined	in	the	finite	N	theory.	



Semiclassical	limit

• Gravity	(Schwarzian)	is	weakly	
coupled	and	close	to	classical.	

• Boundaries	follow	classical	
trajectories	+	small	fluctuations.	

S � S0 ⇠ r3eT
GN

⇠ N
�J � 1

<latexit sha1_base64="O79AZIduSYnW4nQnQccEPhTkNCc="></latexit>

matter

AdS2

tl = ũl + ✏l(ũl) , tr = ũr + ✏r(ũr) , ũ ⌘ 2⇡u
�

<latexit sha1_base64="2Q/gb/u0g3D3dgS/AWvwqBNqwNg="></latexit>



• We	can	now	calculate	the	distance	in	terms	of	
classical	solutions	+	small	fluctuations.	

• The	generators	GA	 have	a	simple	
approximation	in	terms	of	ε

B̃ ⇠ ✏0r � ✏000r � (✏0l � ✏000l )
P̃ ⇠ ✏00r � ✏00l
Ẽ ⇠ �(✏000r � ✏000l )

<latexit sha1_base64="zn7AsEqAwsKgkwVzrjqQ9BA7tdA="></latexit>

All	evaluated	at		ul =ur=0



• We	can	also	expand	correlators	in	ε and,	as	
long	as	we	get	the	same	combination	à we	
are	getting	these	generators.	

• The	gauge	constraints	set	these	combinations	
of	ε equal	to	the	matter	charges.	(In	the	
appropriate	gauge).	

Qa
l +Qa

m +Qa
r = 0

<latexit sha1_base64="7yExsB9BrJ8eOfzN2sYuOy9bSGQ=">AAACCnicbVDLSsNAFJ34rPUVdelmsBEEoSR1oRuh6MZlC/YBbRom00k7dCYJMxOhhG5d+SmuBAVx6x+48m+cpFlo64HhHs65lzv3+DGjUtn2t7Gyura+sVnaKm/v7O7tmweHbRklApMWjlgkuj6ShNGQtBRVjHRjQRD3Gen4k9vM7zwQIWkU3qtpTFyORiENKEZKS54JoWVB2Bwgj8Fz2PT4AOVV6HptW1bZMyt21c4Bl4lTkAoo0PDMr/4wwgknocIMSdlz7Fi5KRKKYkZm5X4iSYzwBI1IT9MQcSLdNL9kBk+1MoRBJPQLFczV3xMp4lJOua87OVJjuehl4n9eL1HBlZvSME4UCfF8UZAwqCKYxQKHVBCs2FQThAXVf4V4jATCSodXzlJwFm9eJu1a1bmo1pq1Sv2myKMEjsEJOAMOuAR1cAcaoAUweATP4BW8GU/Gi/FufMxbV4xi5gj8gfH5AzzflfI=</latexit>


t0lt

0
r

cosh2(
tl�tr

2 )

��

<latexit sha1_base64="eG2nPlDSUtjUxRtnJjcX2XqdzVA="></latexit>

tl = ũl + ✏l(ũl) , tr = ũr + ✏r(ũr) , ũ ⌘ 2⇡u
�

<latexit sha1_base64="2Q/gb/u0g3D3dgS/AWvwqBNqwNg="></latexit>



Global	energy

• Two	identical	coupled	SYK	models

• Ground	state	is	very	close	to	the	thermofield	
double	state	at	some	temperature	given	by	a	
combination	of	μ and	J.	

Hcoupled = Hr +Hr + iµ 
j
l  

j
r

<latexit sha1_base64="wkGgBEuK2cp2xvBZm6DQlWUxIB0="></latexit>

JM,	Qi

Ẽ ⇠ �
2⇡ [Hcoupled � hHcoupledi0]

<latexit sha1_base64="/JwGw8rUaIvRKaoN+VNzcxKtH4U="></latexit>

Redshift	factor,	makes	it	equal	to	unit	normalized	global	AdS2	energy

β	dependent	 through	 μ . Empty	wormhole



Ẽ ⇠ �(✏000r � ✏
000
l ) ⇠ Hcoupled � hHcoupledi0

<latexit sha1_base64="4QYaOy7rtWS8F+8W/wS0SLXosL8="></latexit>



Hcoupled = Hr +Hr + iµ 
j
l  

j
r

<latexit sha1_base64="wkGgBEuK2cp2xvBZm6DQlWUxIB0="></latexit>

Involves	a	coupling	between	the	left	and	right	 systems

Related	to	the	traversable	wormhole	construction
Gao,	Jafferis,	Wall



Side	Comment

Rindler coordinates.	

Global	energy	 is	

Hcoupled = Hr +Hr + iµ 
j
l  

j
r

<latexit sha1_base64="wkGgBEuK2cp2xvBZm6DQlWUxIB0="></latexit>

Similar	to:	



End	of	side	comment



Operator-State	map	in	NCFT1
Operators		are	mapped	 to	states	of	the	two	sided	system.

Vacuum	à TFD.	

Matrix	elements	of	correlators		à Related	to	OTOC



Related	to	out	of	time	order	
correlators	or	OTOC

Bulk	matter

Measuring	distance	via	correlators

OTOC	à simple	bulk	displacements.	

Here	we	simply	 invert	the	logic.	



Relation	to	“size”
Some	papers	have	been	proposing	 a	relation	between	the	momentum	 of	bulk	particles	
to	“size”.	It	was	proposed	 as	a	conjecture,	or	``experimental’’	 relationship,	with	some	
rescaling	factors,	etc.	

Size	is	the	number	of	operators	that	we	have	to	apply	to	the	infinite	temperature	TFD	to	
create	the	state	we	care	about.	
The	infinite	 temperature	TFD	is	a	very	simple	state	consisting	of	essentially	Bell	pairs	
of	fermions

Size	can	be	measured	by	the	left-right	correlator.	

Ŝ = i l r
<latexit sha1_base64="lk9j7Chk+VAFa1JbMK0ARKHXAE8=">AAACCnicbVDLSsNAFJ3UV42vqEtFBlvBVUnqQjdC0Y3LFu0DmhAm00k7dPJgZiKU0KWu/BRXglJx6x+48hv8CSeNC209cLmHc+5l5h4vZlRI0/zUCguLS8srxVV9bX1jc8vY3mmJKOGYNHHEIt7xkCCMhqQpqWSkE3OCAo+Rtje8zPz2LeGCRuGNHMXECVA/pD7FSCrJNSAsl6E9QBJew3NIoR0L6rK88cx0jZJZMaeA88T6IaXa/qTxdXcwqbvGh92LcBKQUGKGhOhaZiydFHFJMSNj3U4EiREeoj7pKhqigAgnnV4yhkdK6UE/4qpCCafq740UBUKMAk9NBkgOxKyXif953UT6Z05KwziRJMT5Q37CoIxgFgvsUU6wZCNFEOZU/RXiAeIISxWerqsUrNmb50mrWrFOKtWGiuMC5CiCPXAIjoEFTkENXIE6aAIM7sEjeAYv2oP2pL1qb/loQfvZ2QV/oL1/AxajmtQ=</latexit>

Roberts,	Stanford,	Streicher;	
Susskind;	Brown,	Gharibyan,	Streicher,	Susskind,	 Thorlacius,	Zhao;	Qi,	Streicher

Hcoupled = Hr +Hr + iµ 
j
l  

j
r

<latexit sha1_base64="wkGgBEuK2cp2xvBZm6DQlWUxIB0="></latexit>

Gives	a	precise	relation



Bulk	momentum	 is	related	to	the	time	derivative	of	size	

P / [B,E] / [Hr �Hr, Hr +Hl + µS] / Ṡ
<latexit sha1_base64="n/UrXuln1eJs1g24i7ZdINZ2wFQ="></latexit>

This	relates	̀ `size’’	 to	symmetry	generators	and	``explains’’	 	its	
previously	observed	properties.	



Order	from	Chaos

Hcoupled = Hr +Hr + iµ 
j
l  

j
r

<latexit sha1_base64="wkGgBEuK2cp2xvBZm6DQlWUxIB0="></latexit>

Only	this	term	grows



Comments	about	exploring	the	
interior



Interactions	behind	the	horizon



Evolve	the	TFD,	backwards,	insert	some	
excitations	with	unitary	operators.	

H = HL +HR



We	expect	that	the	initial	state	is	describing	the	
Wheeler	de	Wit	patch



We	can	evolve	it	with	the
decoupled	hamiltonian

H = HL +HR

From	the	boundary	theory	they	should	NOT	
Interact	in	any	way.	

Fortunately,	their	interaction	is	behind	the	
horizon	so	we	cannot	see	it	from	either
boundary.	



We	can	evolve	it	with	the
coupled	hamiltonian

We	can	now	see	the	interaction.	

It	is	OK	because	the	underlying	Hamiltonian
has	an	interaction	between	the	two	sides.

Make	that	interaction	behind	the	horizon
more	real.	But	always	through	the	lens	of
a	particular	evolution.		

H = HL +HR +Hint

Acting	with	two	sided	operators	we	can	see	the	interior
create



A	black	hole	is	not	a	``state’’.	It	is	a	
state	+	a	particular	time	evolution.

It	is	a	space-time	after	all



Bulk	near	inner	horizon?

1)	We	do	not	know	the	boundary	 conditions	 for	the	bulk	matter	beyond	 the	
region	covered	by	the	physical	boundaries.	

2)	Similar	to	Coleman	de	Luccia decays	to	AdS.		We	expect	that	corrections	due	to	
irrelevant	operators	give	a	divergence	at	the	inner	horizon.	



Some	more	conceptual	comments



Analogy	between	two	coupled	SYK	
models	and	``superconductors’’.	

• ``Superconductor’’	=		System	with	a	
spontaneously	broken	U(1)	global	symmetry.	

SYK	model	 for	charged	fermions.	

H =
P

ij;kl  
i
 
j
 ̄
k
 ̄
l

<latexit sha1_base64="xApy4XZ/DCPOP9j7S/dtDVOxLGk="></latexit>

Sachdev

Two	copies	plus	boundary	 interaction.		(q	>4	is	simpler)	

Hcoupled = Hl +Hr + ⌘ 
i
l  ̄

i
r ̄

j
l  

j
r

<latexit sha1_base64="ClC9OWveyMTiQPNF8dxw1vmceJk="></latexit>

Preserves	U(1)lxU(1)r



Wormhole	 solution	 	or	TFD		à breaks	spontaneously	 U(1)l	– U(1)r	 	.
But	preserves	U(1)l	 +	U(1)r

Goldstone	mode

' =
R
A

<latexit sha1_base64="7nMEywLYHxbsNpE/3SC4/BPG8A4=">AAACAHicbVC7TsMwFHXKq4RXAImFxaIFMVVJGWBBKrB0LBJ9SE1UHNdprTpOZDuVqtCFma9gQgIJsfILjEx8Bz+A+xig5UiWjs65V/f4+DGjUtn2l5FZWFxaXsmummvrG5tb1vZOTUaJwKSKIxaJho8kYZSTqqKKkUYsCAp9Rup+72rk1/tESBrxGzWIiReiDqcBxUhpqWXt5fPQ7SMRdyk8hy7lCl7AfL5l5eyCPQacJ86U5EpHbvnh9uO70rI+3XaEk5BwhRmSsunYsfJSJBTFjAxNN5EkRriHOqSpKUchkV46zj+Eh1ppwyAS+ukAY/X3RopCKQehrydDpLpy1huJ/3nNRAVnXkp5nCjC8eRQkDCoIjgqA7apIFixgSYIC6qzQtxFAmGlKzNN3YIz++d5UisWnJNC8VrXcQkmyIJ9cACOgQNOQQmUQQVUAQZ34BE8gxfj3ngyXo23yWjGmO7sgj8w3n8A7HuXhg==</latexit>

AdS2

' =
R
A

<latexit sha1_base64="7nMEywLYHxbsNpE/3SC4/BPG8A4=">AAACAHicbVC7TsMwFHXKq4RXAImFxaIFMVVJGWBBKrB0LBJ9SE1UHNdprTpOZDuVqtCFma9gQgIJsfILjEx8Bz+A+xig5UiWjs65V/f4+DGjUtn2l5FZWFxaXsmummvrG5tb1vZOTUaJwKSKIxaJho8kYZSTqqKKkUYsCAp9Rup+72rk1/tESBrxGzWIiReiDqcBxUhpqWXt5fPQ7SMRdyk8hy7lCl7AfL5l5eyCPQacJ86U5EpHbvnh9uO70rI+3XaEk5BwhRmSsunYsfJSJBTFjAxNN5EkRriHOqSpKUchkV46zj+Eh1ppwyAS+ukAY/X3RopCKQehrydDpLpy1huJ/3nNRAVnXkp5nCjC8eRQkDCoIjgqA7apIFixgSYIC6qzQtxFAmGlKzNN3YIz++d5UisWnJNC8VrXcQkmyIJ9cACOgQNOQQmUQQVUAQZ34BE8gxfj3ngyXo23yWjGmO7sgj8w3n8A7HuXhg==</latexit>

If	instead	we	had	the	interaction:	

Hl +Hr + iµ( j
l  ̄

j
r +  ̄

j
l  

j
r)

<latexit sha1_base64="YRjexwH2VbAVP3rZPaAQJpgaR+o="></latexit>

Symmetry	would	also	be	explicitly	broken,	 and	one	value	of
would	be	selected.		

' =
R
A

<latexit sha1_base64="7nMEywLYHxbsNpE/3SC4/BPG8A4=">AAACAHicbVC7TsMwFHXKq4RXAImFxaIFMVVJGWBBKrB0LBJ9SE1UHNdprTpOZDuVqtCFma9gQgIJsfILjEx8Bz+A+xig5UiWjs65V/f4+DGjUtn2l5FZWFxaXsmummvrG5tb1vZOTUaJwKSKIxaJho8kYZSTqqKKkUYsCAp9Rup+72rk1/tESBrxGzWIiReiDqcBxUhpqWXt5fPQ7SMRdyk8hy7lCl7AfL5l5eyCPQacJ86U5EpHbvnh9uO70rI+3XaEk5BwhRmSsunYsfJSJBTFjAxNN5EkRriHOqSpKUchkV46zj+Eh1ppwyAS+ukAY/X3RopCKQehrydDpLpy1huJ/3nNRAVnXkp5nCjC8eRQkDCoIjgqA7apIFixgSYIC6qzQtxFAmGlKzNN3YIz++d5UisWnJNC8VrXcQkmyIJ9cACOgQNOQQmUQQVUAQZ34BE8gxfj3ngyXo23yWjGmO7sgj8w3n8A7HuXhg==</latexit>

State	displays	spontaneous	 	+	explicit	breaking	of	this	symmetry.	



Time	superfluids

• We	start	with	two	time	translation	
symmetries:	Hl and	Hr

• The	wormhole,	or	the	TFD		state	break	
spontaneously	Hl	+	Hr .	But	preserves	Hl - Hr

• The	Goldstone	mode	is	the	relative	time	shift	
between	the	two	sides.	This	is	one	of	the	
physical	modes	of	the	wormhole	(the	other	is	
the	mass	of	both	black	holes).	

|�ui = e�iHl�u|TFDi /
P

n
e�i�uEn��En/2|Ēni|Eni

<latexit sha1_base64="QN6/T3kgfTyhLIRs2YHmmT3QfDE="></latexit>



AdS2 AdS2

Time	shifted	one.	

Ordinary	evolution	 is	just	a	simple	motion	 in	the	space	of	time	shifted	wormhole:	

Goldstone	 is	linear	in	time	because	the	Hamiltonian	is
the	broken	symmetry.	

�u = ur + ul
<latexit sha1_base64="mEKZWW+WsnR21YSqr7E8Zp7tc+4=">AAACBnicbVC7SgNBFJ2Nr7i+VgUbLQazgiCE3VhoI4RoYZmAeUCyLLOTSTJkdnaZmRXCksbKT7FRUBBbC//AysZvcfIoNPHAvRzOuZeZe4KYUakc58vILCwuLa9kV8219Y3NLWt7pyajRGBSxRGLRCNAkjDKSVVRxUgjFgSFASP1oH858uu3REga8Rs1iIkXoi6nHYqR0pJvHdg2bF0RphBM4AVMfAFPdGcQQtv2rZyTd8aA88Sdklxxr/JNH0sfZd/6bLUjnISEK8yQlE3XiZWXIqEoZmRothJJYoT7qEuamnIUEuml4yuG8EgrbdiJhC6u4Fj9vZGiUMpBGOjJEKmenPVG4n9eM1Gdcy+lPE4U4XjyUCdhUEVwFAlsU0GwYgNNEBZU/xXiHhIIKx2caeoU3Nmb50mtkHdP84WKjqMEJsiCfXAIjoELzkARXIMyqAIM7sADeAYvxr3xZLwab5PRjDHd2QV/YLz/AIojmM0=</latexit>



Space-time	superfluids

The	time-superfluid	 picture	is	valid	for	any	wormhole	or	TFD.	

When	the	wormhole	or	TFD	are	those	of	a	Nearly	AdS2	 	 or	CFT1	

Then	on	each	side	we	have	more	symmetries,	 including	 and	approximate	SL(2)	
conformal	 symmetry.	

The	TFD	is	breaking	this	to	a	common	SL(2)	symmetry.	

The	Goldstones	 are:		The	mass	and	the	time	shift.	

In	addition	 the	symmetries	are	explicitly	broken	by	the	Hamiltonian.	



Conclusions

• We	explored	the	symmetries	of	the	near	
horizon	region	of	near	extremal	black	holes	or	
SYK	modes.	

• Constructed	̀ `exact’’	SL(2)	generators.	
• Discussed	approximate	expression	in	the	
semiclassical	limit.	

• Explained	why	and	how	̀ `size’’	is	connected	to	
energy	and	momentum.			



Slogans

• Order	from	chaos.	

• Time	superfluids

• Spacetime	superfluids.	


