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Abstract:
A number of recent arguments have suggested that baby universes in quantum gravity have a one-dimensional Hilbert space. |
will provide a new argument, based on work with E. Gesteau, in favor of this conclusion. The argument makes use of a standard

asymptotically AdS spacetime dual to a thermal state below the Hawking-Page transition. In particular, there is a low-energy,

low-complexity causal wedge operator whose expectation value in the dual CFT is only consistent with a one-dimensional Hilbert
space for baby universes.
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SoME CONCLUSIONS FROM EVAPORATING BrLack HOLEs

After the Page time, an evaporating black hole’s interior lives in the
entanglement Wedge Of the I‘adlatlon Almheiri, NE, Marolf, Maxfield; Penington
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The holographic bulk-to-boundary map acting on the black hole interior
V i Heg — Hfinag is non-isometric (many-to-one) after the Page time. axerenr,

Harlow, Penington, Vardhan
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SoME CONCLUSIONS FROM EVAPORATING BrLack HOLEs

As we approach evaporation, the length of a nice slice keeps increasing,
s0 [Hep| > 1; but [Heyng| — 1: almost all the states in H,y are null states.

7
’ !
A slice that ends at the evaporation point is very similar to a slice of a
baby universe. This analogy has been invoked to suggest that the

fundamental Hilbert space of a baby universe is one-dimensional. mneir

Mahajan, Maldacena, Zhao; PS5Y
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OTHER ARGUMENTS
The evaporating black hole involves a singular slice, which (to me) is
questionable.

There are now other arguments that use the Maldacena-Maoz wormhole
Usatyak, zhao 1O T€ach a similar conclusion, although it requires a
nontraditional application of the AdS/CFT dictionary to a system
without a Lorentzian AdS boundary.
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OTHER ARGUMENTS

Recently, I started getting worried there might be something to these
arguments.

Yes, worried.

A one-dimensional Hilbert space does not seem consistent with our local
observations, and we shouldn’t be able to tell if our universe is closed or
nOt based on loca]. ObSGI‘V&thIIS! recent work by Harlow, Usatyuk, Zhao; Abdalla, Antonini, Iliesiu, Levine

suggests that we could fix this with an observer — see Daniel’s talk this morning and Elliott’s talk next.

In an effort to prove that it is a fallacy, we seem to have found the
opposite.

Today, I'm going to begin by studying the baby universe using a
particular — and standard — AdS/CFT construction by Antonini-Rath
(AR).
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THE ANTONINI-RATH SETUP

Consider two CFTs in a thermal state below Hawking-Page, and insert a
heavy operator in Euclidean time antwnini, sasiets, swingle.

We have two boundary systems: A and B, and three bulk systems: g, b,
and i. a and b are the causal wedges of A and B.
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THE ANTONINI-RATH SETUP

The state prepared by the path integral is:

1 e -
‘lI;)AB . e z(ﬁﬂE”_FﬁBEm)Om,n ‘En> ‘E?J‘:‘.) )

VZ

m,n
where 84, 85 > BHawking—Page- AR truncate the tails so this lives in a large

but O(1) microcanonical window, and large but O(1) entropy.

Let |¢/("))_. be the bulk state corresponding to the path integral
preparation in the previous slide.

Sonll)] = SnlpM] = 0(1)

which is large but does not scale with N.
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Tue ENcopinG M AaPs

Define encoding maps of the causal wedges:

Wg 2 Ha — HA
Wb g Hb — Hp
V. ,Hab — HaB
sothatV =W, @ W,.
I a b b
AE | : N~ A
W, § W

Because a, b are just causal wedges of A, B, these are just the HKLL map
on various regions.
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THE ANTONINI-RATH SETUP

Now rewrite |V) , , in a different basis: for simplicity consider a bulk
theory with a single scalar ¢ dual to a single-trace operator ®. Then,
because | V) ,, lives in an O(1) energy microcanonical window:

[O)ap =Y can®a,®p 10041005 = Y cas A1) By,
AJB), A;B,’

But there is a bijection between |A;), |B;) and the states obtained by acting
With the IOCEﬂ bu1k ﬁEId (;b on the AdS vacuum. Banks, Douglas, Horowitz, Martinec
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THE ANTONINI-RATH SETUP

So we can write:

W) 4=V | ) cap, lai) [By)

I?;bl{

where V is the HKLL map on H, ® Hy.

Define the pure state on ab:

77D(Z) ZCW: a;) |b)

Then
D5 =V (19@,)

= The holographic dual to |¥) ,, is a pure state on H, @ Hy: [¢?)) ab
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THE ANTONINI-RATH PUuzZLE

Puzzle: Who is Holding the Baby?

The state |¥) ,5 is dual to a pure state on a U b by HKLL; but it is dual to a
state on a U b which is mixed (with 7) by a path integral preparation.

AR suggest the following possibilities:
1. Ensemble averaging (doesn’t make sense in higher dimensions);
2. AdS # CFT.

3. The baby universe is not semiclassical. Agrees with other
arguments that its Hilbert space is one-dimensional.

We'll give a new argument that (3) is correct.
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MaiNn TooL

The SWAP operator

Consider two copies of a quantum system with Hilbert space #. The
SWAP operator S on H ® H is a low complexity operator:

S(|) ®[¢) = o) @ [¢)

And similarly for density matrices.

If p is a density matrix:

(S)pgp =1tr (Pz)

When p is pure, (5) is always 1; when p is maximally mixed, (S) is
exponentially suppressed in S,n/[p].
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THE BuLk Swar OPERATOR

Now take our quantum system to be the two causal wedges a and b.

We double the system, so we have g, b, and a', b Ho @ Hy @ Hy @ Hy,
where g, @’ are identical and b, b’ are identical.

Pirsa: 25060028 Page 14/20



THE BuLk Swar OPERATOR
We define S to be the SWAP operator on H, @ Hy @ Hy @ Hyyr.

S has support exclusively in the causal wedge.

Compute S in "é?fé;) and zba(; ).

(S)

/ /
wah & ?f;”! L/

- 2] 21y (1)
= 1 S{ap,

=
<S>1/){f§)®'t/f(2) = tr (wfgl?)) | =1

a'b’!

Thus there exists an O(1) complexity bulk operator localized purely in the causal
wedge that can distinguish between wﬂgbl ) and wés).

Because S is localized to the causal wedge, there is no ambiguity: it
admits a boundary dual, and that boundary dual is given by the
encoding map on the causal wedge.
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BounDaRrYy DuAaL o S

Since S acts on two copies of H,; ® Hp, we can find the boundary operator
corresponding to S by two (tensored) applications of V:

Se(VaV)=(VeV)s

Now we remember that |¥) ,, can be written:

Uyp = V2 VT,
So:

<S(f) > WA RW 4rp/

<86 > V"‘;"'*‘n(bz) Vi® V"j"n(fz b)f Al
(

S) @@

ab Talp

1.
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SUMMARY OF SWAP ARGUMENT

» We found an O(1) complexity bulk operator S in the causal wedge
such that

(S>no baby universe — 1

_ —Swle]
<S>W/ baby universe — €

» Because operators localized purely in the causal wedge can be
mapped to the boundary using an isometric encoding map V, we
have a precise boundary dual to (S) that preserves expectation
values.

» The expectation of the boundary dual operator is always 1.

» Thus, for AdS# CFT to be the explanation for AR, it has to be at the
level of the extrapolate dictionary. That is, it has to be the case that
the extrapolate dictionary isn’t part of the AdS/CFT duality.
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HicH ENERGY STATES

Key Observation

Introducing a lot of matter to the AdS regions won't add states to the
baby universe.

’\p(c)m

—rmmmm -

For simple black holes, the construction goes through: this is not special
to O(1) energy.
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UpsHOT

» So what happens to the path integral preparation?
» The obvious resolution is that the baby universe is not semiclassical.

» Any entanglement between a U b and the baby universe is with its
state in its fundamental description.

» Any holographic description of the baby universe must then satisfy
1= eSS0 the entropy of qﬁfl) is bounded from above by 0.

» The holographic map throws out the baby with the bathwater.

» How can we fix it? (Observers?)
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Thank you!
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