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Quantum Cosmology

Canonical Quantization

Diffeomorphism invariance =⇒ constraints:

H(x)Ψ[g ] = 0 invariance under time diffeo

Da(x)Ψ[g ] = 0 invariance under spatial diffeo

Algebra of constraints closes on physical space:

[H(x),H(y)] = iDa(x)∂
(x)
a δ(x − y)− (x ↔ y)

Ψ lives on a closed spatial slice Σ.



Cauchy Slice Holography in a Closed Universe

Quantum Cosmology

Canonical Quantization

Diffeomorphism invariance =⇒ constraints:

H(x)Ψ[g ] = 0 invariance under time diffeo

Da(x)Ψ[g ] = 0 invariance under spatial diffeo

Algebra of constraints closes on physical space:

[H(x),H(y)] = iDa(x)∂
(x)
a δ(x − y)− (x ↔ y)

Ψ lives on a closed spatial slice Σ.



Cauchy Slice Holography in a Closed Universe

Quantum Cosmology

Canonical Quantization

Diffeomorphism invariance =⇒ constraints:

H(x)Ψ[g ] = 0 invariance under time diffeo

Da(x)Ψ[g ] = 0 invariance under spatial diffeo

Algebra of constraints closes on physical space:

[H(x),H(y)] = iDa(x)∂
(x)
a δ(x − y)− (x ↔ y)

Ψ lives on a closed spatial slice Σ.



Cauchy Slice Holography in a Closed Universe

Quantum Cosmology

Canonical Quantization

Diffeomorphism invariance =⇒ constraints:

H(x)Ψ[g ] = 0 invariance under time diffeo

Da(x)Ψ[g ] = 0 invariance under spatial diffeo

Algebra of constraints closes on physical space:

[H(x),H(y)] = iDa(x)∂
(x)
a δ(x − y)− (x ↔ y)

Ψ lives on a closed spatial slice Σ.



Cauchy Slice Holography in a Closed Universe

Quantum Cosmology

No-Boundary Proposal

HH, Vilenkin, etc −→ gravitational path integral

no-boundary
proposal



Cauchy Slice Holography in a Closed Universe

Quantum Cosmology

No-Boundary Proposal

HH, Vilenkin, etc −→ gravitational path integral

no-boundary
proposal



Cauchy Slice Holography in a Closed Universe

Quantum Cosmology

Questions

Is there a holographic description of canonical quantization?

Can we recover known solutions in quantum cosmology?

How do we see the contour problem appear holographically?

What are some of the implications of such a definition of quantum
gravity?
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The Deformation

Basic idea

emergent bulk time dimension

configuration space
variables

field theory sources

Weyl “invariance” is recovered in the large volume limit.
From now on Σ will be closed.
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The Deformation

Two Field Theory Branches

All solutions to H(x)Ψ[g ] = 0 can be written as:

Branch Superposition

Ψ[g ] = A+Z+[g ] + A−Z−[g ] =: Z [g ]

where

Z±[g ] = eCT±[g ]

(
P exp

∫ µ

0

dλ

λ
O±(λ)

)
Z

(CFT)
± [g ]

are CFT partition functions deformed by a T 2-deformation.
(µ is the deformation scale)
They both live on the SAME spatial slice! The one on which the
state Ψ is defined.
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QG is dual to an RG flow line!
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The Deformation

Deformation Operator

Given a constraint system (H,Da), the RG flow line is uniquely
fixed:

(H,Da) + closure =⇒ O±(λ) + CT

O±(λ) is quadratic in the stress-tensor (T 2 operator) =⇒
irrelevant.

So recover CFT behaviour in the IR limit ⇐⇒ large volume limit
of quantum gravity.
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Some Comments

Boundary Information

Open Cosmology

QFT

Ψ[g ] = Z [g ;ψQFT]

Closed Cosmology

Ψ[g ] = Z [g ]
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Unique QG State

Holographic Conjecture

Given a dual field theory Z [g ], there is a UNIQUE quantum gravity
state on a closed slice.

If we want to include matter, we should just turn on more sources
on the field theory:

Ψ[g , ϕ, ...] = Z [g , ϕ, ...]

But there is still only one state satisfying the full Hamiltonian
constraint.
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Some Comments

Unique QG State

Weyl factor corresponds to a timelike direction in the
∞-dimensional configuration space.

So not too surprising: specifying “late-time initial” conditions in
configuration space (Z (CFT)[g ]) determines a solution to the
Hamiltonian constraint (hyperbolic equation).

But does it really make sense to add two such solutions? What
does

Z
(CFT)
1 [g ] + Z

(CFT)
2 [g ] mean?

Should it not be the case that there is a single holographic dual to
a given quantum gravity theory?



Cauchy Slice Holography in a Closed Universe

Some Comments

Unique QG State

Weyl factor corresponds to a timelike direction in the
∞-dimensional configuration space.

So not too surprising: specifying “late-time initial” conditions in
configuration space (Z (CFT)[g ]) determines a solution to the
Hamiltonian constraint (hyperbolic equation).

But does it really make sense to add two such solutions? What
does

Z
(CFT)
1 [g ] + Z

(CFT)
2 [g ] mean?

Should it not be the case that there is a single holographic dual to
a given quantum gravity theory?



Cauchy Slice Holography in a Closed Universe

Some Comments

Unique QG State

Weyl factor corresponds to a timelike direction in the
∞-dimensional configuration space.

So not too surprising: specifying “late-time initial” conditions in
configuration space (Z (CFT)[g ]) determines a solution to the
Hamiltonian constraint (hyperbolic equation).

But does it really make sense to add two such solutions? What
does

Z
(CFT)
1 [g ] + Z

(CFT)
2 [g ] mean?

Should it not be the case that there is a single holographic dual to
a given quantum gravity theory?



Cauchy Slice Holography in a Closed Universe

Some Comments

Unique QG State

Weyl factor corresponds to a timelike direction in the
∞-dimensional configuration space.

So not too surprising: specifying “late-time initial” conditions in
configuration space (Z (CFT)[g ]) determines a solution to the
Hamiltonian constraint (hyperbolic equation).

But does it really make sense to add two such solutions? What
does

Z
(CFT)
1 [g ] + Z

(CFT)
2 [g ] mean?

Should it not be the case that there is a single holographic dual to
a given quantum gravity theory?



Cauchy Slice Holography in a Closed Universe

Some Comments

Spontaneous CPT Breaking

How can the branch superposition make sense from the field theory
side?

There is a discrete symmetry relating the two:

CPT : Z+[g ]←→ Z−[g ]

If we start with a CPT-invariant partition function, we could obtain
a sum if the system underwent a phase transition that
spontaneously broke the symmetry.

Phase Transition

ZUV[g ] −→ e iφZ+[g ] + e−iφZ−[g ] in the IR limit
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Some Comments

Spontaneous CPT Breaking
Bulk picture suggests this is exactly what happens:

time-symmetric sliceEuclidean regime

Lorentzian regime

related by time reversal
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Path Integral Contour

Transition Amplitude

The gravitational path integral gives a transition amplitude
between two “metric eigenstates”:

⟨g1|g2⟩dyn :=
∑
M

∫
{g∈C: g|Σ1

=g1,g|Σ2
=g2}/∼

D[g] e+iI [g]

where we sum over a class of geometries: C.

Different C =⇒ different overlaps =⇒ different physical
predictions.

Different C =⇒ different QG theory!

How is this encoded in Z [g ]?
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Path Integral Contour

No-boundary State

The no-boundary state is of the form:

Ψ[g ] = ⟨g |b.c.⟩dyn

for a boundary condition |b.c.⟩ = |∅⟩, representing a spatial slice of
zero volume.

Thus it should use the same class C we used to define the QG
theory we are working with.
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No-boundary State - Minisuperspace

C = lapse contour

Different proposals use different contours:
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Contour - Superposition Correspondence

Minisuperspace identifications:

C1 ↔ ΨHH =
Z+ + Z−

2

C2 ↔ ΨHH =
Z+ − Z−

2i

C3 ↔ ΨHH −ΨHH =
1 + i

2
Z+ +

1− i

2
Z−

This leads us to conjecture that:

Conjecture

The class of histories C is in correspondence with the superposition
of branches Z±.

This is in agreement with a given dual partition function, Z [g ],
providing a definition of a given QG theory.
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Concluding Remarks

Summary

We solved the Wheeler-DeWitt equation for Λ > 0.

Solutions come in CPT-dual pairs of T 2-deformed CFT
partition functions.

Branch superposition fixes lapse contour in the bulk.

Branching can be understood as coming from the
spontaneous breaking of CPT of the UV field theory.

Holography suggests unique state of the Universe.
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Concluding Remarks

Some Questions

can the superposition of partition functions be interpreted as
the partition function of a local field theory?

(cluster
decomposition, OPE...)

what is the correct prescription for computing correlation
functions in a superposition of branches of partition functions?
(Born rule in the bulk, adding matter...)

does quantum gravity come in holographic sectors?
(uniqueness of QG state, how to get the many states we
“observe” in the world...)

how do we write a holographic description for a subregion of
the Universe? (like the one accessible to an observer...)
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Thank you for listening!
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Pure Gravity in 2 + 1 dimensions

We take Σ ∼= S2.

The two CFT branches have opposite imaginary central charge:
c± = ±i 3LdS2GN

.

O±(λ) =
1

2

∫
Σ

{
− c±
24π

√
gR +

24π

c±
λ

1
√
g
:
(
ΠabΠ

ab − Π2
)
:

}
CT±[g ] =

c±
12πµ

∫
Σ

√
g

where Πab = −i δ
δgab

.
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Take two particular superpositions:

ΨHH(q) =
Z+(q) + Z−(q)
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Familiar Solutions
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