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Motivation

— Understanding quantum gravity in closed universes has long been of interest, as our
Universe could very well be closed. Many conceptual problems:

No rigid spatial boundary, no obvious way to formulate microscopic holography.
No absolute time.
Isolated quantum labs: everything is inside the global wavefunction.

Hilbert space of closed universes is one-dimensional. (?)

— Today: gather “data” from AdS/CFT or simpler models. Rather than focusing on

phenomenology (e.g. inflation), first study closeness.
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— Semiclassical baby universes with a negative cosmological constant can be obtained
by analytically continuing Euclidean AdS wormhole saddle points of the GPI. In AdSg
these exist in pure gravity (and with heavy particles).

ds% = d72 + cosh?(1)d¥? = ds2 = —dt? + cos(t)*dx?

, [ Chandra, Collier, et al. '22]
[ Maldacena, Maoz '04 |
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— Even though these wormholes prepare gravitational states of the closed universe, they
arise from an (implicit or explicit) ensemble average of CFT correlation functions.

| O|* ~ ZEpr

— It is unclear whether the closed universe wavefunction ¥ has a non-perturbative

definition in terms of the microscopic Zcpr. It clearly emerges through their collective
statistics.

— This seems very different from the bulk emergence in AdS/CFT, where (i) CFT states
at large-IV encode the geometry of the bulk space, and (ii) no average is necessary.

... [Saad, Shenker, Stanford '18 ][ Saad '19][ Marolf, Maxfield '20][ Pollack et al. '20][ Stanford '20 ][ Chandra,
Callier, et al. '22] 5 . ,
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Baby universes from the black hole interior

— In [Antonini, Sasieta, Swingle '23] we made a connection between baby universe physics and
conventional AdS/CFT. The connection comes from the fact that the black hole interior

is a cosmological spacetime. The interior becomes spatially closed if the black hole fully

evaporates. Instead of dynamical evaporation, use the Hawking-Page phase transition.
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e.g. PETS [Goel et al. '19]

[ Chandra, Hartman '23 ][ Balasubramanian et al. '24 ]
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— The semiclassical dual below Hawking-Page contains two AdS regions (Ir) and a baby

universe (c) disconnected from these regions.

Big Crunch

4@

— The baby universe is disconnected, but the state of the quantum fields in the AdS

regions and the baby universe |¢), . is entangled. This entanglement can be very large.

ler

— Preparing different bulk states defines a holographic code V : H., — H|r similar to
the case of the black hole interior. [Akers et al. '24]
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Baby universes in SYK

— We will build a simpler model with the same features in SYK
.4
Hsvk =12 Y Jiy.iy Yir-ig
’i1<...<’iq

The infrared of the SYK model describes the universal gravitational mode of

near-extremal black holes (Schwarzian).
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Baby universes in SYK

— We will build a simpler model with the same features in SYK

w4 -
N N e =
i1 <. <iq 2¢%(,)

The infrared of the SYK model describes the universal gravitational mode of

near-extremal black holes (Schwarzian). We need:

= A heavy operator to support the baby universe = O = 11...4, with r = O(N).

= A first order thermal phase transition between a “black hole” phase and an “empty
AdS" phase — Use bi-local coupling between two SYK models [ Maldacena, Qi '18]

H = HsykL + Héykr — it Y o
g
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Maldacena-Qi phase transition

— At large-N, for small y, the MQ Hamiltonian H has a unique ground state |0)
described semiclassically as a spatial wormhole in AdSs. Its low-lying spectrum is gapped

and it corresponds to the gravitational and matter excitations of the wormhole.

B>/8* 6<6*

— The wormhole becomes traversable from negative null energy induced by the coupling.
8/19
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— The gravitational system is described by the renormalized geodesic length £ degree of

freedom. lts Euclidean action is [Maldacena, Qi '18]

1= g /d'u, (%62 S V(f)) V(€) = 2e™% — pe~t

V(f)

r 3
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Thermal pure states in SYK

— We consider a thermal pure state of the MQ Hamiltonian

_B _B
\\Ifﬁ)oce 22 |Oa) =Y e 77, |B,)

where ¢, = (E,|OA). 5/2
<

— Above the MQ transition 8 < 2 its wavefunction is dominated by a dense spectrum.
Below the transition 3 > 52 it is dominated by the ground state and excitations.

— Evaluate the norm of the state N’ﬁA = (Oa]| e PH |O,) semiclassically using the GPI.

10/19
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Semiclassical dual

— For § < 63, the norm is dominated semiclassically by the Euclidean disk. The saddle
prepares a state of a long wormhole with the heavy matter particle. The Lorentzian

continuation is a two-sided black hole with a large interior, as for PETS.

IS
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— The matter particle inserts a lowest weight state under the PSL(2, R) isometries of
dimension A. Assuming A/N > p it lifts the potential:

V() =2 — pue 1+ %E_E/Q

V(£)

N
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— For 8 > 82, dominant contribution comes from the disk with a handle. The saddle

sk

prepares an entangled state of an empty wormhole (a) and a semiclassical baby universe
(c). Under Lorentzian evolution, the closed universe crunches.

O(N)
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— The handle is stabilized by the heavy particle and by the MQ interaction. It can be

deconstructed in two pieces: bounce in the MQ potential (A = 0) and wormhole arising

in the squared thermal one-point function of Q. [Stanford '20][ Usatyuk, Wang, Zhao '24]
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Holographic map

— The bulk state prepared by this saddle is a highly entangled TFD.

vg) = \/7 ZB_BE”*/Q |En), |©n)c (Q =0 mod 4)

— The holographic map |¢3) — |¥g) consists of a projection to a single baby universe
state. This is a manifestation of the intrinsic one-dimensionality of the Hilbert space of
the closed universe.

(Yol : He — C

Vg

d

j SYK

Pirsa: 26030061 Page 17/22



— A nice property of this model is that we can study the baby universe state |1p)
microscopically as a function of the SYK couplings. The ground state component
co = (0|v)o) looks like a real Gaussian random variable.

N — 1.0 15 p = 0:2

 (a) p=01.6 =137 _ N = 10,6 = 0.853
g —_— =026 =085 i N =12,6 =0.855 |
- T p=0486=031 ]

..
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Discussion: entanglement and observers

— AS? has led to recent discussion because the AdS space appears entangled with a
closed universe, yet the CFT state is pure. Alternative description in the bulk as a
random-looking pure state of a gas in AdS without a baby universe. [Antonini, Rath '24]

P N

a

|{5>a _ ZefﬁEn/zcn En).

[ Engelhardt, Gesteau '25][ Higginbotham '25][ Antonini, Rath, et al. '25][ Liu '25][ Kudler-Flam,
Witten '25][ Mori, Yoshida '25]. ..

— The entanglement to the baby universe is a coarse-grained entropy. In AS? and
[ Antonini, Rath, et al. '25] it was defined in terms of coarse-graining over Oa.
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— An intrinsic Hilbert space “grows” once we assign degrees of freedom to a system

which keeps track of the microscopic heavy operator (the observer).

— In this model we can define the observer instead as the reference system that keeps
track of the microscopic SYK couplings

1 K
PK = K Z p[Ja] & (lJa} (JaDref

— The entanglement entropy between the observer and the holographic system is the
entanglement to the closed universe

S(K) = min{log K, S(8)} .

— When log K > S(f3) the closed universe is in the entanglement wedge of the
reference system. [Almheiri, Lin '22]

Page 20/22



— The operator Oa plays the role of the observer in recent proposals [ Abdalla
et al. '25][Harlow, Usatyuk, Zhao '25]. What constitutes a “good” observer?

5/2
: UF) o< e=27|P)|P)

The pure state |P) is the GS of the N/2 Dirac fermions of a single SYK model. In the
bulk, boundary condition for end-of-the-world brane [ Kourkoulou, Maldacena '17].

— The low temperature phase of the TPS does not include a semiclassical baby universe.

— The state |P) | P) has Schmidt rank 1, so zero entropy and not pseudo-random.
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Thank youl
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