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Abstract: In the 1980&€™s, work by Coleman and by Giddings and Strominger linked the physics of spacetime wormholes to & baby
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Motivation: Recent progress on black hole information

e As shown in arxiv:1905.08255 (G. Penington) and arxiv:1905.08762 (A. Almheiri et al) , computing
Sgen ON quantum extremal surfaces in an evaporating black hole spacetime gives a Page curve
consistent with “unitarity” and the emission of information in Hawking radiation.

* It was then shown in arxiv:1911.12333 (A. Almheiri et al, aka “the East Coast paper”) and
arxiv:1911.11977 (G Penington et al, aka “the West Coast paper”) that the above apparently-
holographic recipe in fact follows from performing the bulk gravitational path integral.

A lamp post in the dark: This suggests that non-
perturbative — but still geometric! -- effects in the
gravitational path integral are responsible for getting
information out of black holes.

Our goal: Tear open the above calculation to understand
better how it works, and what it means.

At least within a simple model, we will indeed be able to
do so.
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Spacetime (Euclidean)
Wormholes

* Connected geometries with a disconnected boundary
(need not be a solution!)

* Critical role in recent study of JT-gravity/random matrix dualities by Stanford
group (including features related to BH info)

* Also played a prominent role in West Coast BH info paper.
* Ensemble story from 1980’s (Coleman, Giddings & Strominger, etc.)

Our work returns to such issues, addressing them in general and in a simple
exactly-solvable model.

Motto: Do the gravitational path integral. Sum over all topologies (including
disconnected spacetimes)!

This talk: The simple, solvable model with brief comments
about general arguments.
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Ba s kg roun d Intended to model Euclidean 2d asymptotically-AdS gravity
fO F'm Od el . (i.e., a JT-like system, perhaps with EOW branes)

Reduce to togolo§¥ only; remove metric from model.

Take our grav path integral to compute the inner product.

This is precisely the way one treats a field theory path integral, but is *not*
the way one treats a ”worTIine path integral” associated with Feynmann diagrams.

= < blue|red > NOT a “Green’s function”
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Background
for model:

Intended to model Euclidean 2d asymptotically-AdS gravity

(i.e., a JT-like system, perhaps with EOW branes)

Reduce to topology only; remove metric from model.
A“__—_——-

Take our grav path integral to compute the inner product.

This is precisely the way one treats a field theory path integral, but is *not*
the way one treats a “worldline path integral” associated with Feynmann diagrams.

Path Integral: Wditionié C

= = ncircles = Z"
Example: O Z
Simplest “Z-only” Model allowed BCs: OQ " O

Define Pl by summing e > over all 2-manifolds with n boundaries with topological
action R

S
Se=Ng o Mgp “OM s d

T components
\____—-,
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Define Pl by summing e~ over all 2-manifolds with n boundaries with topologica
action

5~—50;(_—— U R-I—LM) Z (_2—_29)_

components
Fine Points:
; ; 1
/D(I)(—SH’] — Z (M) o—SIM] (M) = .
) Surfaces M Hq Iy

where M has components of genus g.

’\
v\
/

S= =S =-Sr+m == » @-29)

components

Could have given n-term an arbitrary coefficient Sy, but take Sy= Syfor simplicity and later

convenience. Corresponds to coupling the more naive model with an additional “boundary
sector” (and perhaps integrating out the boundary sector). Note: effectively rescales Z by e®o
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Define Pl by summing e~ over all 2-manifolds with n boundaries with topological

577—50;(_—— U R-I—LM )

Fine Points:
Do Ei= Y (M) P,
,"/“"—" Surfaces M
where M has Components of genus g.
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nald M: lf

Define Pl by summing e~ over all 2-manifolds with n boundaries with topological
action

5~—50;(_—— U R-I—LM) Z (_2—_29)_

components
Fine Points:
| . 1
/ Dee = N  uM)e™M, (M) = 1
: Surfaces M H‘/ ,”

where M has components of genus g.

’\
v\
/

S= =S =-Sr+m =-S5 » (@-29)

components

Could have given n-term an arbitrary coefficient Sy, but take Sy= Syfor simplicity and later

convenience. Corresponds to coupling the more naive model with an additional “boundary
sector” (and perhaps integrating out the boundary sector). Note: effectively rescales Z by e®o

Pirsa: 20040091 Page 10/32



nald Mar olf

Define Pl by summing e~ over all 2-manifolds with n boundaries with topological

action
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Define Pl by summing e~ over all 2-manifolds with n boundaries with topological

action
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What physics will we study?

As previously advertised, we will be interested in Euclidean wormholes:

Alternate Interpretation: A Euclidean Cosmology!
\—

VA 4

C v i
O - ;
el =2 v 1t
: Ld‘-ef‘
- \
Cw = g
z
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What physics will we study?

As previously advertised, we will be interested in Euclidean wormholes:

Alternate Interpretation: A Euclidean Cosmology!
\—

@ So Z is also a “source” that creates a closed universe (aka “baby universe”) state.

— s
Suggests that we define more general states |Z™ > € Hgy as whatever is

created by the source Z™ forn > 0; i.e., include |HH >=|Z° > = |1 >.

@ We will then use our path integral to compute

< ZMZM > =:< 2T >,
i.e., result of path integral with m+n boundaries.
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What physics will we study?

As previously advertised, we will be interested in Euclidean wormholes:

Alternate Interpretation: A Euclideanﬂggsmology!
7 Cte 0 O
- 0= |22

So Zis also a “source” that creates a closed universe (aka “baby universe”) state.

Suggests that we define more general states |Z™ > € Hgy as whatever is
created by the source Z™ forn > 0; i.e., include |HH >=|Z° > = |1 >.

&

7 Note: Suppose we (tentatively) define an operator Z that adds another
circle; i.e. such that Z|Z" > = |Z"t1 >,

Then(Z™) = < 1|Z" > =< 1|Z™|1 >=< HH|Z"|HH >.
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What physics will we study?

As previously advertised, we will be interested in Euclidean wormholes:

ZO Oz

A
Alternate Interpretation: A Euclideanﬂggsmology! /\/’\""\/
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As previously advertised, we will be interested in Euclidean wormholes:
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What physics will we study?

As previously advertised, we will be interested in Euclidean wormholes:

10 () D72

Alternate Interpretation: A Euclidean Cosmology!
Z e

-

So Z is also a “source” that creates a closed universe (aka “baby universe”) state.

Suggests that we define more general states [Z" > € Hgy as whatever is
created by the source Z™ forn > 0; i.e., include |HH >=|Z° > = |1 >.
O oy
7 We will then use our path integral to compute 0070
< ZWZE > =: < ZTHT >,

. . —_ . _# .
i.e., result of path integral with m+n boundaries. 75 s

n &
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What physics does the operator£ encode? (heuristics

boundary would be interpreted as an AdS2 partition function Tr e PH_ Here the theory is
topological, and H=0 (nothing depends on boundary length), so might expect
Z ~ dimension of Hilbert space.

@ Well, in more familiar contexts the path integral with a single asymptotically AdS2 circular
e SCRGE

Here we find that the above BC gives (Z) = < HHlZ!HH >. So it is tempting to (
think that 1) there is a new class of states in the theory which are asymptotically 5
AdS2 in the usual sense (i.e., where space is infinite but approaches the

asymptotically AdS2 boundary) and 2) the dimension of the associated Hilbert space

is semehow-not a fixed number, but is somehow an operatar Z an the Hilbert space

of closed universes. l.e., that the dime’srmTﬁm;I?T Hilbert space depeﬁnﬁ

on the state of the closed universes.

P
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What physics does the operator£ encode? (heuristics

Well, in more familiar contexts the path integral with a single asymptotically AdS2 circular
e boundary would be interpreted as an AdS2 partition function Tr e PH_ Here the theory is

topological, and H=0 (nothing depends on boundary length), so might expect

Z ~ dimension of Hilbert space.

Here we find that the above BC gives (Z) = < HHlZ!HH >. So it is tempting to
think that 1) there is a new class of states in the theory which are asymptotically
AdS2 in the usual sense (i.e., where space is infinite but approaches the
asymptotically AdS2 boundary) and 2) the dimension of the associated Hilbert space

is semehow-rota fixed number, but is,s@fv_vwar 7 on the Hilbert space Source for <BU |
of closed universes. l.e., that the dimension of the dual CFT H|Ibert space depends O

on the state 0 e closed universes.
N S AR Operator 2
perator Z
In par, c,ﬁr Hn@d different expectation \m%ms forZ wh %et rn on sources O

for the-BU states— @rﬁ\

——————

We will see below that this is the case, and what this all means. — Q

Source for |BU> "
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<1>=<Z9> = ¢4
4

Now introduce boundaries and compute
=

Note: For <1>, we found that the full sum over disconnected diagrams is the exponential of the sum over
connected diagrams. This is a familiar result from e.g. bosonic QFT. And indeed, it happened there
because the symmetry factors are identical to those in bosonic QFT. So this result is general, and we also

find:

n

- !
- U™ o
J o oul\ Sox (M)
log <( > = E E ] ¢ :

n=0 Connected M
n boundaries

o0 o

(T u'"
log <(-“Z> = E eSox (M) g = = Ae”.
n!

g=0 n=>0

(Z™) _ AL Poisson distribution with mean A!

00 = =
1y Zd=0 d"pa(2), w/ pa(l) =e a Supported on positive integers!

Suggests that Z is a self-adjoint operator with spectrum {0,1,2,....}
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(f(2)

. . . . ( ) n - i)
And it is! Fine points below. fn - Thodpg@) ) L= 12.fc o/ (DD
p=== =
1) Note: We defined some states |Z™ >. But it remains to take linear

superpositions and then to also complete the Hilbert space. Doing so can
create a space SV ofnull states

W2 = Idgig> W

—

<gb|N>—OforaII|qb>

Q. n 211+L
/i <1 2n+1
2) The spacez\fls not empty! E.g., |sin(7 Z 2’? I /sy
—_— . i
< Z"|sin(nZ) > =< Z"sin(nZ) > = X.)- d“sm(nd) pg(1) =0
% . —

—

3) So we need to quotient by W Nevertheless, Z really is well-defined on the
quotient (i.e., it preserves

Proof: We can show that Z|N > € ¥ since

— T C—

dm = (< ¢|2)IN >= 0
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iat)
(1y

(D)) o Donald Maralf,
= T3 f(dpa()

And itis! Fine points below.
1) Note: We defined some states |Z™ >. But it remains to take linear

superpositions and then to also complete the Hilbert space. Doing so can
create a space SV ofnull states

W2 = dgig> W

|

Z?:ofw

< ¢|N >=0forall |¢p >.
—— —_—

oo B! o G (_1)‘”7T2‘”+1 2n+1
2) The spacez\fls not empty! E.g., [sin(nZ)) = z;l O+ 1)) ’Z >
R n==~u 3
< Z"'|sin(mZ) >=< Z"sin(nZ) > = Y ;_,d"sin(nd A)=0
E| (nZ) ( )4 2.d=0 (md) pa(A) |

—

3) So we need to quotient by ¥ Nevertheless,_Z_reaIIy is well-defined on the
quotient (i.e., it preserves X).

Proof: We ca

wthat Z|N > € A sin
SIS NI
\4 ,

/[\
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So, Z is a well-defined operator. Self-adjoint? Spectrum?
Recall: [sin(mZ) > =0. Similarly, for any function f that vanishes at non-negative integers,

m— .. T

—

n=0

So equivalence classes of statei é(Z) >? are defined by the values of f at non-negative
integers. Indeed, we can introduce a basi for the non-trivial states by

choosing functions that vanish at all non-negative integers except some one value d; e.g.,

z-d)- (5)" (Ziz=a>

We have thus @a/gp,mlizediand found its full spectrum (non-negative integers,
consistent with in.m_mr\e’caEiBn as the dimension of some [dual] Hilbert space).
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sin(wZ)
m(Z —d)

Here the coefficient is for normalization:




Summary thusfar o » 2 T

J Euclidean wormholes lead to a baby universe Hilbert space with arbitrary
umbers of (perhaps) disconnected closed universe.

* Hgy has a non-trivial inner product and its construction involves a quotient
by a vast null space.

 Partition-function-like quantities (Z) that one expects to be associated
with asymptotically AdS states (i.e., NOT with closed universes) define
operators on Hy, with a spectrum that must be computed. In our simple
model (with S3=S,), where Z should be the dimension of a dual CFT
Hilbert space, the spectrum is non-negative integers.

* However, the model thus far is too trivial to actually create interesting
asymptotically AdS states. Need more allowed BCs!
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EOW branes

In a dual CFT, this would be a Cuttmg open
such path integrals will define new asymptotlcally AdS2 states w EOW branes.

But neté: When|cut open the PI, there is implicitly a choice of baby universe state as well!

j o l.e., this inner product depends on BU state.

| Like Z, the BC (;,3;) defines an operator (1;,1);) on Hg,
— now also with EOW branes!
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Results

_ 7>\
Story for Zis unchanged. With genera ( :

However, if any eigenvalue of Z is not a on—negative integer, the Hilbert space IP fails to
be positive definite on that sector. So only non-negative integers are allowed.

The Hy, operators Z, (wj,gbi) all commute with each other. The same is true for matrix

elements of operators on the asympt. AdS2 states. Simultaneous eigenstates on Hy,
define superselection sectors for asympt AdS2 op algebra in full theory.

In sector with Z = d, find “random” inner product on asympt AdS2 states with
Rank (wj,wi) <d
l.e., if many flavors k of EOW branes, IP is massively degenerate for d «< k.

This actually follows from a general argument, independent of the details of the
particular model.

This large null space (gauge invariance) seems to be driving the solution of the BH info problem.
Bndy Renyis S, are like Pl BCs like Z and become operators on Hg,.

In our model (and also more generally) (§; ) = (HH|§; |HH) computes an average over BU-sectors,
and S, is bounded by the Rank in each sector.
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Results A \L

» Story fo_‘%ts unchanged. With generalf

However, if any elgenvalue of Z is not a non negative integer, the Hilbert space IP falls to
be positive definite on «\-..“ So only non-negative integers are allowed. —

M .

The Hg, operators Z ( 41l commute with each other. The same is true for matrix
elements of operator sympt AdS2 states. Simultaneous eigenstates on Hg,
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. Th|s actually follows from a general argument, independexr
particular model. _

This large null space (gauge invariance) seems to be driving the-splution of the BH info prlem.
Bndy Renyis\S,)are like Pl BCs like Z and become operators o ST

In our model (and also more generally) (§; ) = (HH|§; |HH) computes an average over BU-sectors,
. . ., e ——— =
and S, is bounded by the Rank in each sector. T
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Results 3

e Story for Z is unchanged. With general Sj , find e S~ 50 times non-negative integers.

« However, if any eigenvalue of Z is not a non-negative integer, the Hilbert space IP fails to
be positive definite on that sector. So only non-negative integers are allowed.
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Results £

e Story for Z is unchanged. With general Sj , find e S~ 50 times non-negative integers.

« However, if any eigenvalue of Z is not a non-negative integer, the Hilbert space IP fails to
be positive definite on that sector. So only non-negative integers are allowed.
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