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Abstract: The near horizon region of any black hole looks like flat space and displays an approximate Poincare symmetry. We study the ws

symmetries are realized for near extremal black holes.

We construct SL(2) generators that move matter fields relative to the boundaries. The construction is exact to all orders in the gravitational cc
We also display an approximate realization of these generators in terms of simple operators defined at the boundary. These can also be re
the boundary quantum mechanical theory. We also discuss the realization of these in the SYK model.
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Black holes and quantum systems

irsa: 19040126 Page 3/61



Basic Assumption

(central dogma)

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

B Area
4G N
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One reason is AdS/CFT...

Hot fluid made out of
very strongly
Interacting particles.

Black hole

irsa: 19040126 Page 5/61



More recent toy models

* SYK model = N interacting Majorana fermions

Sachdev-Ye-Kitaev

e = many properties in common with nearly
extremal charged black holes.

* Nearly-CFT,/Nearly-AdS,
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Geometry of a Black Hole made from

collapse
Singularit
el Oppenheimer Snyder 1939
interior
star One exterior, one interior.
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Full Schwarzschild solution

singularity

Eddington, Lemaitre, Einstein,
Rosen, Finkelstein,
Kruskal

Right
exterior

exterior

Vacuum solution. No exotic matter.
Two exteriors, sharing the interior.
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If one black hole = guantum system,
What do these two connected black holes

correspond to ?
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Wormhole and entangled states

/
\ / \ / / Connected through the interior
_
\ [ \ f

W. Israel
J.M.

i,
A 0

In a particular entangled state
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The near horizon region

Left exterior _ _
Right exterior

TFD) =Y e PE/2|E,) L |Ey) R

n

Boost = exact symmetry = %(Hr — H;)

¢

(No simple bulk lattice discretizations in gravity)
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Two other approximate symmetries

e

X1
Left exterior . .
Right exterior

E = global time translation symmetry X% - X° + constant

P = Spatial translation X1 - X! 4 constant
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This talk will be about these two other
(approximate) symmetries

Y XO They move us behind the horizon

They move us from one side to the other

Left exterior . _
Right exterior
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* We will discuss this for near extremal black
holes.

* These are described by Nearly-AdS, gravity.
* Asimilar structure appears in the SYK model.

* We will now review both cases.
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Near extremal black holes

horizon
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Nearly-AdS, gravity

Jackiw-Teitelboim
Almbheiri-Polchinski

S = ¢ [/R+2/K] +/¢(R+2)+2¢Sb/K+Sm[gW,x]

Fixes

Only extermal entropy S, Metric to AdS,

Matter moves in a rigid
AdS, spacetime

Boundary becomes dynamical = boundary graviton = only
physical degree of freedom for gravity
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The surprisingly simple gravitational
dynamics of N-AdS,

NAdS, = AdS, + location of boundary

S — . 2
Sln O

Dynamics of the boundary is SL(2) invariant.

Proper time along the boundary = time of the
asymptotically flat region = time of the quantum
system
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§° = 5
Sl O

Simplest case = Boundaries are infinitely far away.
Matter moves effectively in all of AdS, 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:

(Hl X Hm X HT)/SL(Z)Q‘_——- Common motion of the three

of them is not physical
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* Each of the three systems is described by an
SL(2), invariant action.

* The matter moves in a rigid AdS,

* Each boundary is like a massive particle with
spin (or in an electric field in AdS,)

nabyayb —
X (u) , X-X=0 X - X=-1

t

Proper time along the boundary = time of the dual quantum system.

Pirsa: 19040126 Page 19/61



Pirsa: 19040126

SL(2) gauge constraint:

Q? Q?n Qg — 0 a = gauge index

Now one would be tempted to say that the symmetries we want are Q2 , the
matter generators, since they are the ones that move the matter in AdS, .

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.
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Short review of SYK
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SYK

Sachdev-Ye-Kitaev

* 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:
G(ul, ’U,Q)

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

* At low energies, it develops an approximate
conformal symmetry.
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* Scaling solution.

G(uq, ug) X |ug — ug| ™24

* [nthe IR there is a family of solutions that are
obtained by applying a time reparametrization
to the above one, u 2 f(u).

* Thisis only an approximate symmetry and it is
explicitly broken.

Kitaev
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Low energy SYK action

S = —Nex [{fi(u),u} — &= [{fr(w),u} + Scont[61C]

{f ?1} . f,l”l' 3 Ji, 12
’ 2 2 X% = %(l,coshf,sinhf)

Same as the action of the boundaries in the gravity theory

Analogous to the action of

(Hl X Hm X HT)/SL(Z)Q matter for the gravity theory.

Independent of f(u).
Q+Q,+Qr=0

Becomes exact in the limit:

N — o0, (BT) — o0, ﬁﬂj fixed Sy — 00
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Construction of gauge invariant
generators
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Momentum generator

_ a a
Vectors: [ X‘r

Construct gauge invariant generators. First

Px (X; x X;).Qm

Translation along the geodesics joining the left and right points

"\'L % X R

XL Xr
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Two others:

Boost

1"“ + XL
vV—2Xp-Xp

Xl-Qm y

Xr

Linear combinations give

Xr-Qm

Energy

JY[{
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These are expressions for three gauge invariant
SL(2) generators,
b G4 = ef (X1, Xr) Q2

They act on the physical Hilbert space.
- Hilbert space is infinite dimensional

Do not confuse them with the SL(2), constraints.

They include quantum gravity corrections (finite
Schwarzian coupling).

Do not include effects of other topologies (S, =2
oo )

The X dependence can be viewed as a
gravitational dressing.
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* They do not commute with the Hamiltonian
since X|(u,) , X,(u,) depend on time.

* Only depend on time due to the boundary
positions. G (uy, u,)

 To the extent that we can solve for the
boundary positions = we can write

GA (0, 0) — Aé GB (Ul y Urp) Conserved charges
t

Operator in the boundary theory (Schwarzian)
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Expressions purely in terms of
boundary quantities.

* Use the gauge constraints to write

Qn = —(QF +Q7)

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

P~

P = (04, — 0y,) log|—2X;.X,.] = (Ou, — Ou, )

e Similar expression for the other two.

* |t involves the distance between the two
boundaries.
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Distance between the two boundaries
(—2X11.X,,.)/—‘- X W?W)

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

¢ =log[-2X;.X,] = — % log[ty] .4p!]

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

* |s OK in the scaling limit we defined before.

N — oo, (BT) — oo, %:ﬁxed

* |tis a quantity that is well defined only around

this “wormhole” phase. Like the phase of a
superconductor.

* Previously thought of in terms of “complexity” susskind et al
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* 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.
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Semiclassical limit

3T

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

* Boundaries follow classical
trajectories + small fluctuations.

27w

tr = u; + El(ﬂ,l) ; t, = u, + ET(‘&T-) ;

U = 3
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* We can now calculate the distance in terms of
classical solutions + small fluctuations.

* The generators G* have a simple
approximation in terms of €

D / 17l / 11

EENET_GT _(EZ_EZ )
17, 17,

Pl ¢

E ~ _(em - e;//)

lr'

All evaluated at u,=u,=0
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* We can also expand correlators in € and, as
long as we get the same combination =2 we
are getting these generators.

t,t A
l*r
cosh?( % )
TTU

t = + (W) , tr = Uy + €r(Ur) 3

[\

&
1l

* The gauge constraints set these combinations
of € equal to the matter charges. (In the

appropriate gauge).
PRICPIRIEBUEE.  Qr + @+ Q2 =0
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Global energy

IM, Qi

* Two identical coupled SYK models
Hcoupled — H’!‘ + H?" + Zﬂwlj ’LD:,Z

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

E ~ % [Hcoupled — <Hcoupled>0]

1 B dependent through .

Redshift factor, makes it equal to unit normalized global AdS, energy
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* We can now calculate the distance in terms of
classical solutions + small fluctuations.

* The generators G* have a simple
approximation in terms of €

D / 17l / 11

EENET_GT _(EZ_EZ )
17, 17,

Pl ¢

E ~ _(em - e;//)

lr'

All evaluated at u,=u,=0
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Global energy

IM, Qi

* Two identical coupled SYK models
Hcoupled — H’!‘ + H?" + Zﬂwlj ’LD:,Z

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

E ~ % [Hcoupled — <Hcoupled>0]

1 B dependent through .

Redshift factor, makes it equal to unit normalized global AdS, energy
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o~

E ~ —(6,’,,” — EEH) ™~ Llcoupled — (Hcoupled>0




Hcoupled = H, + Hr + WWW

/

Involves a coupling between the left and right systems

Related to the traversable wormhole construction

Gao, Jafferis, Wall
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Side Comment

Rindler coordinates.

Global energy is

E = / T = E+ E, + E o0y E = / Too
J Sphere é «/ |—Hemisphere

Similar to:

Hcouplcd =H.+ H, + ’Lﬂﬂ,bf?,bg
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Operator-State map in NCFT,

Operators are mapped to states of the two sided system.
Vacuum => TFD.

Matrix elements of correlators = Related to OTOC

(O(p0)|GA (7, 0)|O(s))

|O(s))

(b) (c)

(a)
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