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All major approaches to resolving these problems based on
orthodox quantum mechanics.
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Quantum State: Ĥ|ψ⟩ = iℏ∂t |ψ⟩

Configuration: v⃗ = j
|ψ|2

Conceptual approach to key issues

1. The problem of time t parameterizes variation of the configuration.

2. The problem of non-normalizability locally conserved current.

3. The problem of classical limit quantum corrections in the guidance equation.

4. The problem of reality conditions implement at the level of guidance equation.

Laws of nature
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Pilot-wave non-perturbative quantum gravity

Pilot-wave non-perturbative quantum gravity

Total constraint for interacting gravitational-fermionic system1:∫
M

(ÑĤ+ NaV̂a)Ψ[A, ξ] = 0

1S. Alexander et al., Phys. Rev. D 2022, 106, 106012.
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Total constraint for interacting gravitational-fermionic system:∫
M

(ÑĤ+ NaV̂a)Ψ[A, ξ] = 0
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Ĥ =
1

2
ϵijk Ê
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b
k + (D̂aξ)B Π̂

B

Quantization scheme:
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δξA

Lapse function
Shift vector

Ashtekar connection

2-component Weyl Spinor
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Total constraint for interacting gravitational-fermionic system:∫
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defines absolute simultaneity

implicitly depends on Ψ[A, ξ]
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Pilot-wave non-perturbative quantum gravity

Continuity equation

∂(|Ψ|2Ω)

∂t
+∇aiJai +∇ai

Jai = 0

∇ai ≡
∫
M δ/δAai

Constraint on Ω:

−
[

δ2Ω

δAaiδAbj

i Ñϵijk

2
F k
ab + c.c

]
+

[
δ3Ω

δAaiδAbjδAck

i Ñϵijk

2

Λ

3
ϵabc + c.c

]

−
[
Nb

δΩ
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F b
ai

2
+ c.c

]
= 0
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Continuity equation

∂(|Ψ|2Ω)

∂t
+∇aiJai +∇ai

Jai = 0

∇ai ≡
∫
M δ/δAai

Ω[A,A] = 1
ΨkΨK

Implications for Unitarity:

ΨK naturally factored out → Φ[A, ξ] = Ψ[A,ξ]
ΨK [A,ξ]

may be normalizable.

Non-perturbative inner product.
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Guidance equation

δAai

δt
≡

Jai

|Ψ|2Ω
=
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2
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δAbj
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2F k
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3
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[
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δ ln Φ
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δ lnΨK
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+

1

Φ

δ2Φ

δAckδAbj
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Ȧai =
i Ñ
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i ΠB
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Classical limit is obtained when Φ = ΦSC [ξ].
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Classical limit is obtained when Φ = ΦSC [ξ].

Reality Conditions (Aai + Aai = 2Γai , Eai = E ai ) implemented at the level of guidance equation.
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i Ñℓ2Pl

2

δ lnΨK

δAbj
ϵijk

(
2F k

ab + ℓ2PlΛϵabc
δ lnΨK

δAck

)
− NbF

b
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Classical limit is obtained when Φ = ΦSC [ξ].

Reality Conditions (Aai + Aai = 2Γai , Eai = E ai ) implemented at the level of guidance equation.

Γai =
1
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ϵijkE

bk
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E j
a,b − E j

b,a + E c
j E

l
aE

l
c,b

)
+

1

4
ϵijkE

bk

(
2E j

a
E,b
E

− E j
b

E,a

E

)
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Pilot-wave non-perturbative quantum gravity

Continuity equation

∂(|Ψ|2Ω)

∂t
+∇aiJai +∇ai

Jai = 0

∇ai ≡
∫
M δ/δAai

Ω[A,A] = 1
ΨkΨK

Implications for Unitarity:

ΨK naturally factored out → Φ = Ψ
ΨK

may be normalizable.

Non-perturbative inner product.
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ΨK

may be normalizable.

Non-perturbative inner product.

PW Unitarity: ∂ρ
∂t

+∇ck (ρ δAck
δt

) +∇ck
(ρ δAck

δt
) +∇B(ρ

δξB

δt
) +∇B(ρ

δξ
B

δt
) = 0
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Continuity equation

∂(|Ψ|2Ω)

∂t
+∇aiJai +∇ai

Jai = 0

∇ai ≡
∫
M δ/δAai

Ω[A,A] = 1
ΨkΨK

Implications for Unitarity:

ΨK naturally factored out → Φ = Ψ
ΨK

may be normalizable.

Non-perturbative inner product.

PW Unitarity: ∂ρ
∂t

+∇ck (ρ δAck
δt

) +∇ck
(ρ δAck

δt
) +∇B(ρ

δξB

δt
) +∇B(ρ

δξ
B

δt
) = 0

Probabilities stay normalized in minisuperspace.
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T HANK YOU !
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ψ(y⃗ , t) = e−i Ĥ0t/ℏψK (y⃗)−
ie−i Ĥ0t/ℏ

ℏ

∫ t

0
dt′e i Ĥ0t

′/ℏδV (y⃗ , t′)e−i Ĥ0t
′/ℏψK (y⃗) +O(δV 2)

Indrajit Sen Pilot-wave approach to key issues in non-perturbative quantum gravity May 9, 2024



Pilot-wave non-perturbative quantum gravity

Experimental implications

Low-energy physics: Emergence of quantization in the early universe.

ψ(y⃗ , t) = e−i Ĥ0t/ℏψK (y⃗)−
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ℏ

∫ t

0
dt′e i Ĥ0t
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For realistic perturbations
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Experimental implications

Low-energy physics: Emergence of quantization in the early universe.

ψ(y⃗ , t) = e−i Ĥ0t/ℏψK (y⃗)−
ie−i Ĥ0t/ℏ

ℏ

∫ t

0
dt′e i Ĥ0t

′/ℏδV (y⃗ , t′)e−i Ĥ0t
′/ℏψK (y⃗) +O(δV 2)

For realistic perturbations

ψ(y⃗ , t) = e−iEK t/ℏψK (y⃗)−
ie−i Ĥ0t/ℏ

ℏ

∫ t

0
dt′

∑
j

e i(Ej−EK )t′/ℏcj (t
′)ψj (y⃗) +O(δV 2)

Quantization due to decoherence.

normalizable branches of the quantum state
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Equilibrium density?

Normalizable case: ρ −→ |ψ|2
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Non-normalizable case: ρ −→ ?
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“Clearly, there is no lower bound on H and so there is no physical equilibrium state.”2

2A. Valentini, arXiv:2104.07966 2021.
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Pilot-wave equilibrium

Hq ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

|ψ(y⃗)|2
dy⃗

Indrajit Sen Pilot-wave approach to key issues in non-perturbative quantum gravity May 9, 2024



Pilot-wave equilibrium

Pilot-wave equilibrium

Hq ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

|ψ(y⃗)|2
dy⃗

not a well-defined relative entropy

Indrajit Sen Pilot-wave approach to key issues in non-perturbative quantum gravity May 9, 2024



Pilot-wave equilibrium

Pilot-wave equilibrium

Hq ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

|ψ(y⃗)|2
dy⃗ Hpw ≡

∫
C
ρ(y⃗) ln

ρ(y⃗)

ρpw (y⃗)
dy⃗

not a well-defined relative entropy

Indrajit Sen Pilot-wave approach to key issues in non-perturbative quantum gravity May 9, 2024



Pilot-wave equilibrium

Pilot-wave equilibrium

Hq ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

|ψ(y⃗)|2
dy⃗

Hpw ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

ρpw (y⃗)
dy⃗

where,

ρpw (y⃗) ≡
{
|ψ(y⃗)|2/N , for y⃗ ∈ Ω

0 , for y⃗ ∈ C \ Ω

and N ≡
∫
Ω |ψ(y⃗)|2dy⃗ .

not a well-defined relative entropy

Indrajit Sen Pilot-wave approach to key issues in non-perturbative quantum gravity May 9, 2024



Pilot-wave equilibrium

Pilot-wave equilibrium

Hq ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

|ψ(y⃗)|2
dy⃗

Hpw ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

ρpw (y⃗)
dy⃗

where,

ρpw (y⃗) ≡
{
|ψ(y⃗)|2/N , for y⃗ ∈ Ω

0 , for y⃗ ∈ C \ Ω

and N ≡
∫
Ω |ψ(y⃗)|2dy⃗ .

not a well-defined relative entropy

compact support of ρ on C

Indrajit Sen Pilot-wave approach to key issues in non-perturbative quantum gravity May 9, 2024



Pilot-wave equilibrium

Pilot-wave equilibrium

Hq ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

|ψ(y⃗)|2
dy⃗

Hpw ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

ρpw (y⃗)
dy⃗

where,

ρpw (y⃗) ≡
{
|ψ(y⃗)|2/N , for y⃗ ∈ Ω

0 , for y⃗ ∈ C \ Ω

and N ≡
∫
Ω |ψ(y⃗)|2dy⃗ .

not a well-defined relative entropy

compact support of ρ on C

Indrajit Sen Pilot-wave approach to key issues in non-perturbative quantum gravity May 9, 2024



Pilot-wave equilibrium

Pilot-wave equilibrium

Hq ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

|ψ(y⃗)|2
dy⃗

Hpw (t) ≡
∫
C
ρ(y⃗ , t) ln

ρ(y⃗ , t)

ρpw (y⃗ , t)
dy⃗

where,

ρpw (y⃗) ≡
{
|ψ(y⃗)|2/N , for y⃗ ∈ Ω

0 , for y⃗ ∈ C \ Ω

and N ≡
∫
Ω |ψ(y⃗)|2dy⃗ .

not a well-defined relative entropy

compact support of ρ on C

Indrajit Sen Pilot-wave approach to key issues in non-perturbative quantum gravity May 9, 2024



Pilot-wave equilibrium

Pilot-wave equilibrium

Hq ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

|ψ(y⃗)|2
dy⃗

Hpw (t) ≡
∫
C
ρ(y⃗ , t) ln

ρ(y⃗ , t)

ρpw (y⃗ , t)
dy⃗

where,

ρpw (y⃗ , t) =

{
|ψ(y⃗ , t)|2/N (t) , for y⃗ ∈ Ωt

0 , for y⃗ ∈ C \ Ωt

and N (t) =
∫
Ωt

|ψ(y⃗ , t)|2dy⃗ .

not a well-defined relative entropy

compact time-dependent support of ρ on C

Indrajit Sen Pilot-wave approach to key issues in non-perturbative quantum gravity May 9, 2024



Pilot-wave equilibrium

Pilot-wave equilibrium

Hq ≡
∫
C
ρ(y⃗) ln

ρ(y⃗)

|ψ(y⃗)|2
dy⃗

Hpw (t) ≡
∫
C
ρ(y⃗ , t) ln

ρ(y⃗ , t)

ρpw (y⃗ , t)
dy⃗

where,

ρpw (y⃗ , t) =

{
|ψ(y⃗ , t)|2/N (t) , for y⃗ ∈ Ωt

0 , for y⃗ ∈ C \ Ωt

and N (t) =
∫
Ωt

|ψ(y⃗ , t)|2dy⃗ .

not a well-defined relative entropy

compact time-dependent support of ρ on C

Indrajit Sen Pilot-wave approach to key issues in non-perturbative quantum gravity May 9, 2024



Pilot-wave equilibrium

Pilot-wave equilibrium

Hq ≡
∫
C
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ρ(y⃗)

|ψ(y⃗)|2
dy⃗

Hpw (t) ≡
∫
C
ρ(y⃗ , t) ln

ρ(y⃗ , t)

ρpw (y⃗ , t)
dy⃗

where,

ρpw (y⃗ , t) =

{
|ψ(y⃗ , t)|2/N (t) , for y⃗ ∈ Ωt

0 , for y⃗ ∈ C \ Ωt

and N (t) =
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Ωt

|ψ(y⃗ , t)|2dy⃗ .
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not a well-defined relative entropy

compact time-dependent support of ρ on C
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N (t) =

∫
Ωt

|ψ(y⃗ , t)|2dy⃗ = N (0)
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