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CrossMark
Abstract

Unitarity is a difficult concept to implement in canonical quantum gravity
because of state non-normalisability and the problem of time. We take a real-
ist approach based on pilot-wave theory to address this issue in the Ashtekar
formulation of the Wheeler—DeWitt equation. We use the postulate of a def-
inite configuration in the theory to define a global time for the gravitational-
fermionic system recently discussed in Alexander et al (2022 Phys. Rev. D
106 106012), by parameterising a variation of a Weyl-spinor that depends on
the Kodama state. The total Hamiltonian constraint yields a time-dependent
Schrodinger equation, without semi-classical approximations, which we use
to derive a local continuity equation over the configuration space. We imple-
ment the reality conditions at the level of the guidance equation, and obtain
a real spin-connection, extrinsic curvature and triad along the system traject-
ory. We obtain quantum corrections to deSitter spacetime from the guidance
equation. The non-normalisable Kodama state is naturally factored out of the
full quantum state in the conserved current density, opening the possibility
for quantum-mechanical unitarity. We also give a pilot-wave generalisation
of the notion of unitarity applicable to non-normalisable states, and show the
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existence of equilibrium density for our system. Lastly, we find unitary states
in mini-superspace by finding an approximate solution to the Hamiltonian
constraint.

Keywords: problem of time, normalisability, unitarity, pilot-wave theory,
de Broglie-Bohm, Ashtekar variables

1. Introduction

Quantum gravity effects may become important in regimes where quantum fluctuations of the
gravitational field and high curvature coincide, such as close to the classical big bang and
black hole singularities. In such situations and given the perturbative non-renormalisability of
quantum gravity, a non-perturbative treatment is a desired option. A conservative approach to
quantisation is a Schrodinger quantisation, such as the Wheeler-DeWitt (WDW) equation [1].
The WDW equation is non-polynomial in the metric variables and is difficult to solve. Progress
was made with the Ashtekar variables which rendered the WDW equation polynomial in the
configuration variables [2].

A major leap in progress was found by Kodama by solving the WDW equation of general
relativity in terms of the Ashtekar connection [3]. This solution, called the Chern—Simons—
Kodama (CSK) is an exact wavefunction that solves the quantum WDW equation for a positive
cosmological constant. It was shown that this CSK state consistently reduces to the Hartle—
Hawking—Vilenkin state of deSitter space, and contains a multitude of other solutions, includ-
ing black-hole quantum spacetimes [4, 5]. Recently, an exact CSK state was found with the
inclusion of fermions [6].

Despite this success, the CSK state as well as other formulations of the WDW equation, is
fraught with conceptual and technical problems that all approaches to the WDW suffer [7-9].
Since time evolution is a gauge redundancy, the CSK state is timeless. Also, the Lorentzian
CSK state is non-normalisable for the naive-inner product, although a recent proposal for
a new non-perturbative inner product was proposed [10]. The twin problems of time and
non-normalisability make the definition of unitarity murky. Another issue is that the non-
normalisable part of the Kodama state, when linearised yields gravitons with negative energy
in its spectrum. These problems are to be expected since the CSK state is background inde-
pendent and a proposed ground state. In this work, we address the interconnected problems of
time, normalisability and unitarity by recasting the WDW equation in the Ashtekar formalism
using pilot-wave theory [11-15], which is a realist formulation of quantum mechanics.

Our approach introduces three new ideas to attack these problems. First, we use the pos-
tulate of a definite configuration in pilot-wave to define for the first time a real, relational
time in terms of variation of massless fermionic field. This allows us to discuss time evolu-
tion of the quantum state, which is shown to follow a Schrodinger equation, without using
semi-classical approximations. Second, we approach the question of unitarity by deriving a
continuity equation over the configuration space, instead of using operator valued reality con-
ditions. This enables us to find a locally conserved current density on the configuration space
and thereby discuss unitarity from quantum-mechanical perspective. Third, we also general-
ise the notion of unitarity from pilot-wave perspective, which allows us to discuss unitarity
without imposing normalisability.

The article is structured as follows. In section 2 we give an introduction to the Ashtekar
formalism and the Kodama state. We give an introduction to field-theoretic pilot-wave theory
with a brief discussion of complex massive scalar field in section 3. In section 4, we develop
a pilot-wave formulation of the gravitational-fermionic system in section [6], making use of
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some of the ideas developed in section [16]. We first introduce a global time that parameterises
a particular variation of the fermionic field and then derive the continuity equation and corres-
ponding current density in section 4.1. We discuss the physical interpretation in section 4.2,
including normalisability in section 4.2.1, guidance equation for the Ashtekar connection in
section 4.2.2, and reality conditions in section 4.2.3. We discuss the notion of unitarity in our
approach in section 5. We discuss quantum-mechanical unitarity using our continuity equation
in section 5.1, a generalised notion of unitarity using pilot-wave in section 5.2, and the exist-
ence of pilot-wave unitary states in mini-superspace in section 5.3.2. We discuss our results
and future directions in section 6.

2. The Ashtekar formalism and the CSK state

In pursuit of a WDW quantisation of gravity, it is instructive to understand how the Ashtekar
connection and the resulting Hamiltonian, diffeomorphism, and gauge constraints emerge from
a manifestly covariant four-dimensional (4D) theory of gravity. In what follows we closely
follow the derivation of the Ashtekar variables in the work of [6]. In the Ashtekar formalism
[2, 17], gravitational dynamics on a 4D manifold My is not described by a metric g,,,, but?,
rather, a real-valued gravitational field EL (x), mapping a vector v* in the tangent space of My
at the point x into Minkowski spacetime My (with metric 7;; = diag(—1,1, 1, 1)). Locally,
the metric on My is g,,, = nyefte{,.

The Lorentz connection wy,/” is w/ = w,//dx*, dw/ = d,w,/ dx* Adx” is the exterior
derivative, and the curvature of w is R/ = dw;’ + w;X A wg’. The action of self-dual gravity is
(up to the gravitational constant 87 G)

1
$= 327G

A
/ [* (e’/\ej) ARy +iel N’ ARy — EGUKLeI/\eJ/\eK/\eL , )]
My

where * is the Hodge dual, the first term is the Hilbert—Palatini action and the second is the
Holst term (proportional to the first Bianchi identities in the absence of torsion).

Here we are interested in the Hamiltonian formulation in Ashtekar variables [2, 19]. In the
gauge choice €, = 0, it is convenient to define the densitised triad E{ = €;ze**e, ef, which is
conjugate to the self-dual connection

Al (x) = —Eegwajk — g 2)
As the Lorentz connection (and, in particular, the spin connection I, = —%ef{wajk) is real, A
is complex-valued and obeys the reality conditions (for a discussion, see e.g. [20])

A, +Al =21 [E], E, =E, 3)

where X denotes complex conjugate of X and the spin connection solves the equation de +
T[E]Ae=0.

3 We use the mostly plus metric signature, i.e. Nuv = (—,+,+,+) in units of c=1. We use boldface letters x to
indicate three-vectors, and we use x to denote four-vectors. Conventions for curvature tensors, covariant and Lie
derivatives are all taken from Carroll [18]. Greek indices (p1,v, . ..) denote spacetime indices, Latin indices (a, b, ...)
denote spatial indices, and Latin indices (1,J,...) and (i,j,...) denote indices for the internal space ranging from 0,
... 3 for the former and 1, ... 3 for the latter.
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The Poisson bracket of the elementary variables A and E is

{AL (x,0))} E} (y,1) = i87 G5,016 (x —y). “4)
Introducing the ‘magnetic’ field and the gauge field strength
. 1 .
BY = 5EathtbC , (5)
F, = 0,A% — 0,A% + (87 G) e, ALA), . (6)

Now, let us construct the CSK state by solving the WDW equation. Given the Hamiltonian
1i 1bj k A ck
Hwpw = € E“E” | F*yp + geabcE ; (7

which acts on some wave function ¢)[A], and we want to find the form of ¥)[A] that is annihilated
by (7). Applying the regular canonical quantisation procedure, i.e.

. 5
B —
— 8m Gh ™" ®)

the annihilation of the quantum state becomes

5 5<k 8TGhA O
ab

mm 6abc) p [A] =0. 9)

Hwowt [A] = (87 Gh)’ e = e

Putting the expression inside the brackets to zero, we get

5 3

abe =— Ff 0 [A]. 10
sa = "gnonal @V (10)
Contracting both sides with e%* gives us
o 3 oY 3 -
280 —— = ——— e F Al & —— =— e FiLp [A], (11)
OAck A 0Ai 203 A

where (3, = 87 Gh is the Planck length. Recognising the term multiplying the wave function to
be the Chern—Simons functional, we can write down the exact solution to the WDW equation
as being

3
Al = —— [ Yes|A 12
wK[ } Nexp(zglzbl/\/ CS[ })a ( )
where N is some normalisation constant independent of the gauge field and
2 1 | o
Yes[A] =Tr [A NdA + §A ANA /\A] =—3 ( 'dA" + 3€ijkAlA‘IAk> 13)

is the Chern—Simons functional, with the trace taken in the Lie algebra. It can be said that the
Wentzel-Kramers—Brillouin (WKB) semiclassical limit of the CSK state is deSitter spacetime
[21]*, with

A %ex/%;, Be— oV E g (14)

4 See [22] for criticisms of this view.
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Now that we have the CSK state solely in terms of the gravitational connection and the
cosmological constant, we would like to explore a full nonperturbative state that also includes
the fermionic Hamiltonian.

3. Pilot-wave formulation of massive complex scalar field

It is helpful to begin with a discussion of pilot-wave theory with field ontology as an example
(for further discussion, see [11, 14, 23, 24]). Consider a massive complex scalar field ¢(X,¢) on
flat space-time with the Lagrangian density £ = 9" ¢0,,¢ — m*$, where m labels the mass, ¢
labels the complex conjugate of ¢ and the space-time metric is n = (1,—1,—1,—1). The con-
jugate momenta are 7 = 6L /50y = 0°¢ and T = 5L /60y = 9°p. The Hamiltonian density
isH=7m¢+7p—L="7r +6$-6¢ +m2gp.

To quantise the system, the canonical commutation relations are imposed [25]. Working in
the ¢, ¢ representation, the conjugate momenta are represented by the operators = — —ihd /66,
T—ihé /86 and the Schrodinger equation becomes

/ AU = lh— (15)
N O B
¢/M {h 053 (w.w +m ¢>¢>) \If} = ih (16)

where M labels the spatial manifold and ¥|¢, ¢, 1] is a functional of ¢ and ¢. Using (16) and
its complex conjugate, we can prove the following continuity equation

ol
- a7
where V, = [, ,6/d¢ and
_n [\p‘” _\p‘”’] _ % (18)
2i| 69 5¢ o¢

Here U = RelS/" and R, S are real time-dependent functionals of ¢, $ The evolution of the
field is given by the guidance equation

0¢(F) _ I _08[0,6,1]
o PP 65m

19)

Equation (19) implies that the evolution of the scalar field is spatially nonlocal (over M). This
is because S[¢, ¢, 1] is a functional of ¢(X), (%), and thus depends on values of ¢(¥), ¢(¥) at
all X in M in general. Also note that (19) is a local guidance equation in the configuration
space (¢, ). That is, the evolution of a particular field ¢(¥) does not depend on other field

configurations as S[¢, ¢,] in (19) is evaluated at a particular point on the configuration space.

4. Schrodinger equation of the gravitational-fermionic system

We wish to quantise general relativity with a positive cosmological constant and a two-
component Weyl spinor. As we will see, the corresponding total Hamiltonian constraint, which

5
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was discovered in [6], becomes equivalent to a time dependent Schrodinger equation, where
the first order spinor Hamiltonian will play exactly the role of a relational clock. This approach
has advantages over scalar-field relational clocks since the latter may introduce negative norm
states due to being second order in time derivative, as opposed to the Dirac equation, which is
first order.

The gravitational-spinor action is:

SHiD = —/d“xe e e”R" —A+iVye'D,V — iD#\I/fylefllf) (20)
where the covariant derivative is:
1
D,V =09,V — ZAUWJ\IJ 21
_ _ 1_
D,V =0,7+ Z\IIWJA;{ (22)

upon performing a 3 + 1 decomposition as discussed in section 2, the total Hamiltonian density
for the combined fermionic gravitational system [6] is x~! (NH + N“V,) where

o A ~ P, _
H= el B <F" b+ e > n (Dag) B FeiTly 4 i (Da§> B, (23)
3 A A

Vo= 5-Frakl+ (Dg) T 24)
and N >0, N are the lapse function and shift vectors respectively. Here £4(¥) is a two-
component Weyl spinor and the corresponding conjugate momentum is labelled by IT2(¥)
(A,B € {+,—1}) [6]. We have chosen the Ashtekar ordering [2, 3, 21, 26] for the purely grav-
itation part of the constraints. For the interaction terms between gravity and fermion, we have
Weyl ordered E,; and ordered Il to directly operate on the quantum state. We remove diver-
gent terms throughout in our calculations.
The total Hamiltonian constraint is

/ j! (Nﬁ +N”1>a) A, =0 (25)
M

where M labels the spatial manifold. We use the quantisation scheme (using commutators
(27, 28])

iy O Ty — —i

)
Ay 5en (20)

where we have used natural units. Equation (25) implies
-0 [ex O A 1 ~ 6
N b F*, . —2 (Da ) o8 A
/M A, [ 3 5Ab_[ ( b+ = 6ab 5Ack) f 553 [ 5]

+ / iNp &fm [F;“’\I/[Aﬂ] = /MNb (@bs) i 5 VA€ 27)

Let us define

OVIAL] 5¢B 5
o= S 28)
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where

2w (D). (29)

That is, we choose a particular variation of the fermionic field £, suggested by the form of
the Hamiltonian, to implicitly define a real, formal time variable #' that parameterises this
variation. Note that equation (29) is not a semi-classical background as ¢ is piloted by WA, €]
via its dependence on A,; (see equation (43) below). Equation (29) is naturally consistent with
a pilot-wave interpretation as the latter posits a definite system configuration (4,¢). It is also
consistent with any other interpretation where a definite configuration of the quantum system
is physically meaningful.
We can use (29) to rewrite equation (27) as

6 [ep 6 A ) = 0
N L Frap+ Seae—— ) —2 (D 4B | U[A
/M (5Aa,~[2 5Ab,-< b 5Ack) ( §>AU’ ’653} 4.¢]

6 Fbai a\Ij [Aag]
+ / iN [
M OA

5 \P[Aﬂ] =i (30)
which resembles the time-dependent Schrodinger equation.

or’

4.1. Continuity equation and current density

Using the complex conjugates of equations (28) and (30), we define (suppressing the labels A,
& in ¥ for brevity)

OUV [ 6£B 5T _ 668 50
o —/M(w(;gs“/f(ww' Gl

We know from [16] that the current density is generally of the form |¥|?€), where 2 depends
on the configuration variables and their conjugates, is independent of time, and is real and
positive semi-definite. We define 2 = Q[A, A] as we have used £ to define our time variable #'.
We can then show that

8 (|02 _ (iNe; o
()+/ [ 0 <Q@{1N€”" 0 (Fka;,+Aea;,C 0 )\I/+2N(Da§) o8 0 g
M 3 A

ot’ 0A i 2 5Abj O0A ck ! (SfB
Flu 5Q [iNey o A6
— N, al\Ij . = v 2 LA, Fka = Cabe T g
) })”C} /M| | LMM{ 20 5Ab,-< b3 6Ack)
2N 3 B 6 Fbai
+ i (Daf)AU? @\I} +Nb ) } +C.C:| (32)

where c.c denotes complex conjugate of the term in square bracket, and we have used
0V /5A,; = 6V /5A, = OVa,i as W is a holomorphic functional of A. The right-hand side of
equation (32) can be written as
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' ) 60 lNe,k A 1) lNe,k A
— (T / al abc v I - €abe
/ " [5A,,j ( ) ( bt g Cab 5ALk) ) te C} { < 5A,”5Ah] 2 3 )

+c.c} + [i ( 02 2@\1151(@[,5) > +c¢] +|\Il| { { RY lNeUkF ah+C.C:|

368 \ 5Aq SAw0A, 2
Q  iNew A 50 Fby
+ {5Aa,-5Ah_,-5Ack 3 3laetec| =N e g (33)

We require that €2 be such that all the source-like terms vanish. This will be true if

5Q  iNej Pyl 4 SQ  iNew A N
— a c.c = €abc c.c
5Aai6Abj 2 b 5Aai6Abj§ACk 23 ’
5Q Fby
- [Nb L c.c] —o. (34)

Equation (34) supplies the €2 needed to define the current density. We observe that

(35)

Al = g T

solves (34), where WUk[A] is the Kodama state. As the weight factor €2 is unique and does not
depend on the Hamiltonian or the state [29], we take (35) henceforth. Equation (32) can then
be written as

a(|v Q)
ot’

where V¥ = [ 6/6A4, V= [,,0/06" and

IR LY SR vy IR v L VR vy L (36)

[T [ iNC, ¢ [dIn¥  SInWg]  ZA 1 820  §InTsnTg
Joi = — €ijk Fop | ———+ —  €abc +
WUy | 2 6Ay  OAy 3 U 6A40Ay  0Aq  OAy

2 . 2
_L 5 \IIK +2(51I1\IJK 5111\I/K:|> —|—2N€12)] (Daf) O,AB(SIH\I/ —N gPl Fbal}

\I/K 6Ack5Abj 6Ack (5Ahj Al (553 2 h
(37)
pr o BIEEINTK (5,6) pam (38)
B \IJK\I/K SAqi Clat

Note that equation (36) is not yet a satisfactory continuity equation, as there are ‘temporal

_ . —B . .
flux’ terms JB, 7 corresponding to &5, £ . We can absorb them into the current density term
by redefining the time parameter ¢’ — ¢ such that

og?

= :N”(ﬁbg) Y- RLLIS ( [,g) (39)

5Auz

Equation (36) can then be written as the continuity equation

(LR J—
o+ Vi + Vi =0 (40)

where J,; is given by (37).
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4.2. Physical interpretation

Let us consider the physical interpretation given the weight factor (35) and the continuity
equation (40). Let us first take the question of normalisability of the quantum state.

4.2.1. Normalisability. It was shown by the authors of [6], that U[A,£] = Uk[A]D[A,£] is a
good ansatz for the gravitational-fermionic WDW equation. The continuity equation (40) can
be rewritten as

d|®[*
ot

VT + VT =0 (41)

which makes it evident that the non-normalisable CSK state Wk is factored out of the current
density. Therefore, to interpret (41) as a probability conservation equation, the normalisability
condition is imposed on ®[A, £]—not the full quantum state ¥[A, £]. Using (30), we can show
that ®[A, £] follows the Schrodinger equation

19 ~ €k 0 A 5 Fb .
Tk NEE o (Frap+ S eaemy— | +iNy—" | Uk [A
M\I,K(SAui{[ 2 6Abj< b+3€b5Ack>+l b 2 ] K [ ag]}
O [am(Be) ol _ 00
+ /./\/l 6Aai |: 2N (DQS)A 05 ! 5§B (I) [Aa f]:| =1 81 (42)

with respect to the time parameter ¢ in (39). We further discuss probabilities in section (5).

4.2.2. Guidance equations.  The conceptual role of the continuity equation derived from
the quantum state, in pilot-wave theory, is to define the guidance equation. Using (37) and the
standard pilot-wave prescription for the ansatz W[A, £] = Uk[A]D[A, &], the guidance equation

6Ag  Ju  iNGE 5InWg )
—r =t =0 — Ny T F
5t | 2 Ay 2kh
iNC3, , 0ln® A Sln®slnvx 1 §%@
— Pl (2F P e |2 —
L T e 7 W WLl L W VW % W

- ~ olnd
+ 286, (Dug) o 527

Slnw 5
€ijk <2Fkab + ElzqueabcnK> .

(43)

determines the evolution of the Ashtekar connection with respect to the fermionic time 7. We
note that the first line of (43) is the classical equation of motion for the connection with E% sub-
stituted by §1n Wy /8Ap;. This form of E% can be shown to give the classical de Sitter solution
[21]. The first term in the second line of (43) contains the quantum corrections to the de Sitter
solution, whereas the second term contains the quantum contribution from the fermionic inter-
action with I1p given by §In®/3£2. Also note that equation (43) is nonlocal in the sense that
the evolution of the connection at a particular point in physical space generally depends upon
the value of the connection at other points in physical space, similar to equation (19).

The guidance equation for the fermion is given by equation (39). We note that (39)
resembles the classical equation of motion with E® substituted by dIn Uk /0A,;. However, as
Ay is guided by the full quantum state ¥[A, £] in (43), the evolution of the fermion is implicitly
state dependent and shows quantum behaviour.

9
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4.2.3. Reality conditions. =~ We impose the reality conditions at the level of the guidance
equation (43). We first note that, in the Ashtekar formulation of classical general relativity,
the following conditions

Agi +Zai = 2Fai (44)
Eai = 7ai (45)

have to be imposed to recover the real sector (with real metric), where I',; is the 3D spin
connection. In the orthodox quantum formulation of canonical quantum gravity, the reality
conditions are generalised to the operator conditions

Aai +

>

=Ty (46)
Eq=E. (47)

We pursue here an approach based on pilot-wave theory to generalising the classical reality
conditions (44) and (45). We demand that these conditions be met for the configuration-space
trajectory determined by the guidance equation (43). This allows us to extract the real sector
for an arbitrary solution to the Schrodinger-like equation (30), regardless of normalisability
issues.

It is clear from (43) that the first reality condition (44) will be trivially satisfied for any
arbitrary solution ¥ if we define

oL 4 (I) 1 —

2 5 E&(Aa,-(t)—&—Aa,-(t)) (48)

at all points of the system trajectory. Let us next consider the second reality condition (45).
Using the definition

1 i i 1 ;
Fai = EéijkEbk (Eil,b - E%La +E§E2Ei,b) + ZEijkEbk (2Ey

Ev j E;a
a;%E)(@)

where E = det(E), we can solve for E,;(t) given I';;(7) along the system trajectory from (48).
Since the I'; is real, (49) admits real solutions and the second reality condition (45) is thereby
satisfied.

Lastly, we can obtain the extrinsic curvature

1 ON, aNa agai
Ki=—=|=— - — 50
2N<8x“+ o 8t> 0)
along the system trajectory from the imaginary part of the connection as
Ay =T4—iK,. (5D

5. Probabilities, unitarity and mini-superspace

5.1. Quantum-mechanical unitarity

Let us first consider whether the quantum-mechanical notion of unitarity is applicable. We
note that since the non-normalisable Wk[A] is factored out of the current density in (41), it
is possible that ®[A,£] = V[A,&]/Pk[A] can be appropriately normalised. In that case, the

10
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continuity equation (41) may be interpreted as a statement of local probability conservation,
analogous to the continuity equation in orthodox quantum mechanics. In addition, if the current
JU% — 0 at large |A,;|, then probabilities remain normalised® with respect to the fermionic time
and our system may be said to be quantum-mechanical unitary. We leave it to future work to
determine whether such ®[A, &] exist.

In the following, we also explore a generalised notion of unitarity that agrees with quantum-
mechanical unitarity and, further, is applicable to non-normalisable ®[A, £].

5.2. Pilot-wave unitarity

The key idea here is that pilot-wave theory posits a probability continuity equation that is
logically independent [11, 12, 30-33] of the continuity equation derived from the quantum
state (41), whose role is only to define the guidance equation (43) for a single configuration.
We may, therefore, consider an initial normalised density of configurations p[A,A,&,£,0] for a
theoretical ensemble® regardless of the normalisability of ®[A,&] [34]. The time evolution of
the density is given by

I[AAEEL] = 1 0AL) | =k — o Ay
ot +V (P [AaAagagvt] &) +V <p [AaA7€a§7t] &)
WB(p[A,A,s,f,r]‘sgf +V3(p[A,A,5,£7t]§f =0. (52)
Equations (41) and (52) imply that
d p[A;Z’§;g7t:| -
@ [eagr ey

where

d 9 SAy O 0Ay O 5eB 5 5 5
—=— — —_ — 4
ar aﬁ/M 51 5Aa,-+/M 5t 6Aa,»+/M 5t 5§B+/M or 527 OV

denotes the total time derivative operator. The relation (53) implies that the ratio of
plA,A,E,€,1] to |P[A,€]|? remains constant along the system trajectories on configuration
space. A density p[A,A, ¢, €, 1] that is equal to |®[A,£]|? over an evolving compact support
of the configuration space has been defined to be in pilot-wave equilibrium [34], which is a
generalisation of the notion of quantum equilibrium [30-33]. For example, an initial density

(up to normalisation factor)

ra _ |(I>[A7€] ‘27 (Aa€> EQ0

0, (A.€) €C\ O 4

5 In general, the normalisation of a density p(X, 7) evolving via the continuity equation 9 4 7. (p¥) = Ois preserved

if the current pv — 0 as |x| — oo. o

6 Since pilot-wave theory has a single-world ontology, probabilities here can only refer to a single universe. For
example, we can consider agents having incomplete knowledge about the universe. Such agents may assign probab-
ilities to the possible initial configurations of the universe for a theoretical ensemble.

1
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where Qo = {(A,)[p[A,A,&,€,0] > 0} is a compact support on the configuration space C, will
evolve to

[@[AE]P, (A, e

0, (A6 ec\a, 0)

0 [A,Zf,g, t] = {

where Q, = {(A,¢)|p[A,A,&,&,1] > 0} is the time evolved support on the configuration space.
The behaviour of such densities has been explored for the case of harmonic oscillators in [34].

Let us next consider the notion of unitarity from a pilot-wave perspective. We define ®[A, ]
to be a unitary state if and only if

. - = 6Ack
1 AAEE T
\Adﬁfmp[ ALEE ] 5

=0 Yo,k (57)

for any initially normalised p[A,A,¢,€,0] evolving via (52) at any finite # >0, and where
5Ac /0t is determined from (43). As 6¢8/6t o< &8 from (39), the condition (57) implies that
plA,A, €, €, f] remains normalised with time. Clearly, the pilot-wave notion of unitarity (57) is
applicable regardless of the normalisability of ®[A,£]. Note that a unitary non-normalisable
state is not identical to a bound non-normalisable state [34].

We now explore the behaviour of solutions to the Hamiltonian constraint in the context of
this discussion. This is a technically challenging question to investigate in full generality, so
we address this here in the mini-superspace (Friedmann—Robertson—Walker or FRW) approx-
imation, which is relevant for quantum cosmology.

5.3. Mini-superspace
Assuming homogeneity and isotropy, we take A (¥) = iAd. and £8(X) = £. This implies that
Fk = —kA%E, (58)
(ﬁ,é)A = kiATSEc. (59)

The Hamiltonian constraint H¥ = 0 simplifies to

@) v,
3ZT+BA@+2ATLJA

0 ov ov
Sco™ o gen TTatcr ™ aE =0 (©60)

As such, equation (60) does not have separable solutions in A, &.

5.3.1. Approximately separable solutions.  Let us make the simplifying assumption that the
last term in (60) is small, which we will justify later. We then look for separable solutions
U(A,€) = x(A)p(&). For such solutions, (60) implies

3ip d* (A%X)  hAp dPy

d
I dr Tagams T ZTaié‘co‘”‘B% =0. 61)

Clearly, the first two terms depend only on A whereas the third term depends only on . Let us
introduce a separation constant £ (in general complex) such that
3i d*(A? hA &
l/ ( ZX) X _¢ (62)
Ay’ dA Ax' dA3
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ZTHiﬁcoaAB% =—E¢. (63)

The differential equation for ¢ can be written as

do

— = —i& 64

a i&o¢ (64)
where & = 2€/(0},04% + 0,0t + ot 0™ +0,0“7) and we have used T = —io /2.

The general solution to (64) is ¢(¢) = ce ™% "¢, where c is an arbitrary constant. We note
the resemblance of this solution to the time-dependent part e ~'#/" of an energy eigenstate
corresponding to energy E.

The approximate solution to (62) for x is

9+V9+18iE—E24Ei 994 18iE—E24Ei
6 6

X(A)=clA~ + A (65)

where we have neglected the third-derivative term multiplied by ZA. Note that we can select
£ in (65) such that the last term in (60) is indeed small, as assumed.

5.3.2. Unitarity and torsion.  The current (37) can be rewritten as

N 2 A 1 2y - ~ InW 2
Jai = |¢|2 { INKPI €ijk (gpl d ) +2N£1231 (Daé.) O'AB(S - —N, gPlFbai} .
A

2 3 Y 5AL0AY i TaeB o
(66)
The guidance equation (43) can be shown to reduce to
dA N d (A d .
| —=——— | =—— 2ihNEA 67
Car Y A\ 3 aa)X T (©7)

for separable solution Y (A)#(¢) corresponding to €. Suppose that y(A) = A4, where d =
—(94+V9+ 18i€ — E2 + &£i) /6, then (67) becomes

dA o (BAd(d—1) "

Clearly, for large A, dA /dr increases approximately linearly and, using (57), x(A) (&) is pilot-
wave unitary.

Equation (68) also implies that, in general, A(#) will have both real and imaginary parts.
This implies the presence of both normal and parity-violating torsion [35, 36].

5.3.3. Evolution of the fermionic field.  Lastly, the evolution of the fermionic field (39)
becomes

et | o A(7iC) ofP BC
o e 9N/£f+N“ATa . (69)

Equation (69) implies that & and £~ will quickly differ, even if ¢8 = ¢ at t=0.
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6. Discussion

We have described an interacting gravitational-fermionic system in Ashtekar formulation using
the language of pilot-wave theory. We summarise here the key results of our work and potential
directions for future research.

We have obtained a real time variable for the combined system, without semiclassical
assumptions, by parameterising variation of the fermionic field that depends on the Kodama
state. In both classical and quantum canonical gravity, time disappears and the Hamiltonian
becomes a constraint. Various approaches to define a natural time variable using a matter field
as a clock have been discussed in the literature [37—40]. Our approach analogously uses a fer-
mionic field to define time, but also supplements it with the pilot-wave postulate of a definite
joint configuration for both the clock and the Ashtekar connection. Time is then defined to be a
real variable that naturally parameterises the variation of the definite fermionic field configur-
ation. Both the fermionic field and the Ashtekar connection are quantised in our approach, and
the time variable is well-defined for general solutions to the constraints. The total constraint
is expressed as a Schrodinger equation with respect to the fermionic time. In the future, it will
be interesting to explore the relationship between our approach and the previous approaches
to defining time. Furthermore, our work suggests that the problem of time in quantum gravity
and the problem of preferred global time required to define pilot-wave dynamics are intim-
ately linked. Both are solved simultaneously in our approach, obviating the criticism that the
preferred global time is necessarily ad hoc in pilot-wave theory. For future work, it will be
interesting to apply this approach to the problem of time to scenarios with additional matter
fields coupled to gravity. A straightforward application would be to vary each matter field
and then sum over all to define a partial time derivative of the quantum state, in analogy with
summing over the different spinor components in equation (39).

We have derived a local continuity equation over the configuration space and discussed
unitarity from both quantum-mechanical and pilot-wave perspective. It is interesting that in
the context of the tunnelling wavefunction of the Universe, Vilenkin was able to define a con-
served current for configurations in mini-superspace and it would be interesting to explore the
relationship between our conserved current and his [41, 42]. In our conserved current density,
the non-normalisable Kodama state is found to naturally factor out from the full quantum state.
A natural question that arises for future work is whether the remaining part of the quantum state
can be appropriately normalised, thereby proving quantum-mechanical unitarity. We have also
given a pilot-wave generalisation of the notion of unitarity, which reduces to the quantum-
mechanical notion for normalisable states but is also applicable to non-normalisable states.
We have shown the existence of approximate pilot-wave unitary states in mini-superspace. We
leave for future work whether pilot-wave unitary states exist in general.

We have explored pilot-wave dynamics for the physically relevant quantities in our system.
We have retrieved real spin connection, triad and extrinsic curvature along the system trajectory
in configuration space by imposing the reality conditions at the level of the guidance equation
for the connection. Interestingly, the guidance equation for the connection naturally resolves
into the classical equation of motion, giving us deSitter spacetime as a solution, plus quantum
corrections. We have also shown the existence of pilot-wave equilibrium densities [34], which
lead to Born-rule-like probabilities. It is interesting that we have used commutators to quantise
the fermionic field [27, 28], and this leads to considerable simplicity in interpretation for the
guidance equations. It will be interesting to explore the violation of spin-statistics theorem in
quantum gravity in the future, as this is closely related to the long-standing question of particle
versus field ontology for fermions in pilot-wave theory [23, 24, 43].
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It is important to extract testable cosmological predictions from our approach. We know
that the connection in FRW is the co-moving Horizon, A ~ Ha [35, 36], so that the evolution
of the Horizon may be obtained from the guidance equation and this may yield predictions
in light of the Hubble tension. Such a link would connect non-local dynamics in pilot-wave
theory to the evolution of the Hubble parameter, but this is still speculative.
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