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We study the Hartle-Hawking no-boundary proposal in the framework of Horava-Lifshitz gravity. The
former is a prominent hypothesis that describes the quantum creation of the universe, while the latter is a
potential theory of quantum gravity that ensures renormalizability and unitarity, at least in the so-called
projectable version. For simplicity, we focus on a global universe composed of a set of local universes
each of which is closed, homogeneous, and isotropic. Although applying the no-boundary proposal to
Horava-Lifshitz gravity is not straightforward, we demonstrate that the proposal can be formulated within
the Horava-Lifshitz gravity utilizing the Lorentzian path integral formulation of quantum gravity. In
projectable Horava-Lifshitz gravity, the no-boundary wave function of the global universe inevitably
contains entanglement between different local universes induced by “dark matter as integration constant.”
On the other hand, in the nonprojectable version, the no-boundary wave function of the global universe is
simply the direct product of wave functions of each local universe. We then discuss how the no-boundary
wave function is formulated under Dirichlet and Robin boundary conditions. For the Dirichlet boundary
condition, we point out that its on-shell action diverges due to higher-dimensional operators, but this
problem can in principle be ameliorated by taking into account the renormalization group flow. However,
utilizing the Picard-Lefschetz theory to identify the relevant critical points and performing the complex
lapse integration, we find that only the tunneling wave function can be obtained, as in the case of general
relativity. On the other hand, for the Robin boundary condition with a particular imaginary Hubble
expansion rate at the initial hypersurface, the no-boundary wave function can be achieved in the

Horava-Lifshitz gravity.
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I. INTRODUCTION

Given that quantum theory is universally applicable, the
entire universe is also regarded as requiring a quantum
approach. For late-time cosmology, the classical theory
may be appropriate because the universe is sufficiently
large and the expansion rate is sufficiently low. However, in
the early days of the universe, quantum effects are believed
to have played a central role. Considering the quantum
fluctuations inherent to the universe, it is plausible that the
universe originated from nothing devoid of any spacetime.
This idea is a cornerstone of quantum cosmology, with a
long history dating back to Lemaitre [1]. The most robust
formulations of this idea, such as the no-boundary proposal
[2], the tunneling proposal [3], and DeWitt’s proposal [4]
are given by imposing certain boundary conditions on the
wave functional of quantum gravity, called the wave
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function of the universe. In quantum cosmology, a conven-
tional approach to describing the wave function of the
universe utilizes the path integral of quantum gravity over
specific four-dimensional geometry, represented as W[g| =
[ DgeiSlsV/h Here, the four-dimensional metric g is
restricted to those inducing the spatial metric g on the
three-geometry, and the diffeomorphism invariance is
properly treated. Conversely, an alternative approach to
formulating the wave function of the universe involves
the canonical quantization of quantum gravity, and
seeks solutions to the Wheeler-DeWitt (WDW) equation,
H[g]¥[g] =0 with boundary conditions where HJ[g]
denotes the Hamiltonian operator.

Historically, the Hartle-Hawking no-boundary proposal
postulated that the wave function of the universe is char-
acterized by a path integral over all compact Euclidean
geometries that possess solely a three-dimensional boun-
dary [2]. However, in more contemporary interpretations,
this path integral is evaluated from a three-geometry
that is essentially of null volume or nothing, to a finite
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three-geometry [5]. Notably, recent progress has been
achieved in the rigorous analyses of the Lorentzian path
integral for both the no-boundary and tunneling proposals,
elucidating that these are, in fact, identical [6] and pertur-
bations around the background geometry are unstable [7,8].
Although there have been numerous studies and discus-
sions on this issue [7-23], the only solution that seems
plausible is to change the boundary conditions or the
boundary terms of the background geometry at the price
of abandoning the Dirichlet boundary condition, i.e., the
notion of a sum over compact and regular geometries in the
no-boundary proposal [18,19].! Consequently, it is consid-
ered that alterations to the framework of the no-boundary
proposal, such as the modification of boundary conditions
or the boundary terms of the background geometry, are
inevitable. There has been some work on Lorentzian
quantum cosmology based on these different boundary
conditions [18,19,24-26].

On the other hand, these consequences of quantum
cosmology are usually discussed only in the framework
of general relativity (GR) and may need to be verified in the
framework of the ultraviolet (UV) completion of quantum
gravity. As is well known, the pursuit of the quantum field
theory of gravity has encountered numerous challenges.
One of the most enduring issues is the nonrenormalizability
of GR. This nonrenormalizability induces uncontrolled
UV divergences, causing the theory to break down pertur-
batively. Although it is possible to achieve renormaliz-
ability [27], or even super-renormalizability [28], by
introducing higher curvature operators into the Einstein-
Hilbert action, this approach unfortunately introduces
massive ghosts. These ghosts manifest as a nonunitary
quantum theory in the UV domain. Consequently, the
challenge of reconciling renormalizability and unitarity
has consistently impeded the construction of a consistent
theory of quantum gravity.

Horava-Lifshitz (HL) gravity [29] is a theory of quantum
gravity that aims to harmonize the renormalizability with
unitarity beyond GR. The theory is based on the so-called
anisotropic scaling, or Lifshitz scaling between time and
space coordinates,

t — b, X — bX, (1)
where ¢ is the time coordinate, X represents the spatial
coordinates vector, and z is a number called the dynamical
critical exponent. This results in the inclusion of only
higher-order spatial curvature operators making the
theory power-counting renormalizable, and the equations
of motion in HL gravity are restricted to up to second-
order time derivatives, thus avoiding the presence of
Ostrogradsky ghosts. The anisotropic scaling in the UV

'In Refs. [14,15] the authors proposed a boundary term for the
gravitational action of the linearized perturbations to satisfy the
Robin boundary condition.

regime in 3 + 1 dimensions is with z = 3, which breaks
Lorentz symmetry but ensures renormalizability. In the
infrared (IR) regime, the usual scaling of z = 1 is recovered.
Additionally, an anisotropic scaling of z = 3 also provides a
mechanism for generating scale-invariant cosmological per-
turbations, thereby solving the horizon problem [30] without
the need for inflation and offering a possible solution to the
flatness problem [31].

In this paper, we discuss the Hartle-Hawking no-
boundary proposal in the framework of the HL gravity.
As already mentioned, the HL gravity provides a picture of
the early universe on the basis of the renormalizability of
quantum gravity [30,31], and in the framework of quantum
cosmology, this theory liberates DeWitt’s proposal [4],
which suggests that the wave function of the universe
should vanish at the classical big-bang singularity, from the
perturbation problem [21,22]. On the other hand, however,
it is found that application of the Hartle-Hawking no-
boundary proposal to the HL gravity is not straightforward
[31,33], and for instance, the Euclidean on-shell action
diverges due to the higher-order curvature terms in HL
gravity, indicating the breakdown of the semiclassical
approximation for the no-boundary wave function. This
problem also exists when we define the wave function
using the WDW equation. Around the initial singularity,
the superpotential diverges due to the higher-order curva-
ture terms, making it suitable to take DeWitt’s boundary
condition [4] instead of the no-boundary proposal.
However, we show that the modern framework of the
no-boundary proposal, utilizing the Lorentzian path inte-
gral formulation of quantum gravity with the modification
of boundary conditions or the boundary terms of the
background manifold [18,19] liberates the above issue
and allows for a systematic analysis of the no-boundary
wave function based on the HL gravity. We also discuss the
possibility that the divergence of the on-shell action due to
higher-dimensional operators may be ameliorated by taking
into account the renormalization group (RG) flow.

We consider the projectable version of HL gravity, which
has been definitively demonstrated to be perturbatively
renormalizable [34,35]. While the HL gravity is power-
counting renormalizable, the projectable version extends
this property to be absolutely and perturbatively renorma-
lizable, without any theoretical inconsistencies. Also, the
projectable theory is phenomenologically viable as a theory
of gravity if a dimensionless coupling constant, usually
denoted as 4, sufficiently quickly flows to 1 in the IR under
the RG flow so that the IR instability of the scalar graviton
does not show up [36] and that an analog of the Vainshtein
mechanism takes place [36-38]. On the other hand, the

2Formulating the wave function based on DeWitt’s proposal
using path integral formulation is not straightforward. For a
formulation of DeWitt’s proposal based on the path integral, see
Ref. [32].
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recovery of Lorentz invariance in the matter sector remains
an open issue in Horava-Lifshitz gravity in general (see,
e.g., [39]). Besides, as we will elaborate on this, the pro-
jectable HL gravity does not have the local Hamiltonian
constraint but imposes the global Hamiltonian constraint on
the system. Thus, the Lorentzian path integral approach in
projectable HL gravity is nontrivial, and we first discuss the
need to consider the Lorentzian path integral over a global
universe composed of a set of local universes in projectable
HL gravity.

Then, we investigate the HL. wave function of the global
universe, composed of a set of local universes under various
boundary conditions, focusing especially on Dirichlet and
Robin boundary conditions. For the Dirichlet boundary
condition, the Lorentzian path integral formulation gives
the HL wave function describing the quantum creation of
the universe from nothing, although its on-shell action
diverges due to higher-dimensional operators. We comment
that this problem can in principle be ameliorated by taking
into account the RG flow. However, even if avoiding
the on-shell divergences, employing the Picard-Lefschetz
theory to identify the relevant critical points and performing
the integration over the complex lapse, we find that only the
tunneling wave function can be obtained, as in the case of
GR. On the other hand, for the Robin boundary condition,
the HL. wave function is consistently given if the Hubble
expansion rate is finite on the initial hypersurface. In
particular, if the initial Hubble expansion rate is finite
and imaginary, the no-boundary wave function can be
obtained. However, we note that the analysis of the HL
wave function using the saddle-point method based on the
Picard-Lefschetz theory becomes technically challenging
in this case.

The rest of the present paper is organized as follows. In
Sec. II, we provide a brief review of the construction of the
projectable HL gravity in 3 4+ 1 dimensions. In Sec. III, we
review the Hartle-Hawking no-boundary proposal based
on the Lorentzian path integral formulation and discuss its
application to the projectable HL gravity. In Sec. 1V,
we discuss the Hartle-Hawking no-boundary proposal
involving various boundary conditions and related terms
for the background spacetime manifold. In particular, we
focus on the Dirichlet and Robin boundary conditions and
discuss how the no-boundary wave function is realized in
the framework of projectable HL gravity. In Sec. V we
conclude our work.

II. PROJECTABLE HORAVA-LIFSHITZ GRAVITY

In this section, we briefly introduce the basic framework
of HL gravity. The basic variables are the lapse function N,
the shift vector N’, and the spatial metric g;; with the
positive definite signature (+,+,+). In the IR, one can
construct the (3 4+ 1)-dimensional metric out of the basic
variables as in the Arnowitt, Deser, and Misner (ADM)
formalism [40]

ds? = N2d® + g;;(dx’ + Ndr)(dx/ + Nidr).  (2)

The shift vector N' and the spatial metric g;; in general
depend on all four coordinates. On the other hand, we
assume that the lapse function N is a function of time only,
i.e., N = N(1), in the projectable HL gravity. While a naive
nonprojectable extension would lead to phenomenological
obstacles [41] and theoretical inconsistencies [42], one can
obtain a classically consistent nonprojectable version by the
inclusion of terms depending on the spatial derivatives of
the lapse function in the action. However, consistency at the
quantum level, such as renormalizability,3 has not been
established for the nonprojectable version. In the present
paper, we mainly focus on the projectable HL gravity, but
our main results can extend to the nonprojectable version as
we shall discuss later.

The (3 + 1)-dimensional action S describing projectable
HL gravity is written by [36]

2
S:%/dIdBXN\/E(KUKU—/1K2+C§R—2A+OZ>1),
(3)

where My is the overall mass scale. The extrinsic
curvature tensor K;; is defined by K;; = (9,9;; — g V:N* —
9ixV;N¥)/(2N), with V, being the spatial covariant deriva-
tive compatible with g,;, K = ¢*¢/'K};, K = gVK;;, and
R is the Ricci scalar of g;;, where g" is the inverse of g;;.
The constants A and ¢, are the cosmological constant and
the propagation speed of tensor gravitational waves. The
higher-dimensional operators O,.; are given by

o - ‘ , ,
ZT>1 = C1viRjkv’Rjk +c;ViRVIR + C3R‘;R§R;<

+ c4RRIR + ¢sR> + coRIR! + ¢;R2. (4)

All coupling constants in the action, A and ¢, mentioned
above as well as 4 and ¢, (n =1,...,7), are subject to
running under the RG flow. In the UV regime, terms with
two time derivatives and those with six spatial derivatives
are dominant. Conversely, in the IR regime, the higher
derivative terms become less significant, leading the theory
to the standard scaling with z = 1. Furthermore, as the
parameter A approaches unity in the IR limit, and if this
convergence is fast enough, the theory reverts to GR
(plus built-in dark matter) via a mechanism analogous to
the Vainshtein mechanism [36-38]. Also, the linear IR

The strategy of [34] cannot be applied to the nonprojectable
version. However, this does not necessarily mean that the
nonprojectable theory is nonrenormalizable. Therefore, it is still
an open question whether the nonprojectable theory is renorma-
lizable or not.
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instability associated with the scalar graviton does not show
up under a certain condition [36].

We assume the three-dimensional space of the model to
be the union of connected pieces X, (@ = 1,...), each of
which we call a local three-dimensional universe. The
union of all Z, would thus represent the entire universe. In
such a configuration, we have a set of shift vectors N i =
Ni(t,x) and spatial metrics g;; = g%(t,x), which are
different for different local universes X,, while the lapse
function N = N(¢) is common to all pieces. The variation
of the projectable HL. action with respect to N yields the
global Hamiltonian constraint

> / d*xH, =0, with
a JZa

2

M N
H, = 2HL V(KK —AK* = 2R+ 2A = Oy). (5)

While this constraint sets the sum of contributions from all
X, to vanish, each contribution does not have to vanish, i.e.,

/ d3xH,, #0. (6)
=)

Therefore, if we are interested in one local universe, i.e., an
element of {X,}, the Hamiltonian constraint does not need
to be enforced. This results in “dark matter as integration
constant” [43,44]. On the other hand, the nonprojectable
version imposes the local Hamiltonian constraint at each
spatial point in each local universe. As a result, the non-
projectable theory does not allow dark matter as integration
constant, contrary to the projectable theory.

ITII. LORENTZIAN PATH INTEGRAL FOR
PROJECTABLE HORAVA-LIFSHITZ GRAVITY

In this section, we will introduce the wave function of the
universe based on the Lorentzian path integral. Originally,
in the Hartle-Hawking no-boundary proposal, the wave
function of the universe is suggested to be given by a path
integral over all compact Euclidean geometries that have
a three-dimensional geometry configuration as the only
boundary. This elegantly explains the quantum birth of the
universe in principle but is considered to be certainly
incomplete for various technical reasons. For instance,
the conformal factor problem arises due to the fact that
the Euclidean action of gravity is not bounded from below
and suggests that the Euclidean path integral diverges and
is not well-defined [45]. Recently, the no-boundary and
tunneling proposals in minisuperspace quantum cosmology
have been investigated by the Lorentzian path integral
formulation [6,9]. Integrals of phase factors such as e’Scr/”
usually do not manifestly converge, but the convergence
can be achieved by shifting the contour of the integral
onto the complex plane by applying the Picard-Lefschetz
theory [46]. According to Cauchy’s theorem, if the integral

does not have poles in a region on the complex plane, the
Lorentzian nature of the integral is preserved even if the
integration contour on the complex plane is deformed
within such a region. In particular, as we will show later,
the path integral can be rewritten as an integral over the
gauge-fixed lapse function N, and directly performed,
unlike the Euclidean path integral formulation.

Hereafter, based on the previous discussions about
projectable HL gravity in which the local Hamiltonian
constraint is not imposed, but the global Hamiltonian
constraint is enforced, we make two assumptions. First,
we assume that each connected space X, is a closed
universe. Second, for simplicity, we assume that each
closed universe is described by a closed Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric,

Ne=0,  g%=az(1)[Q;(x)], (7)
where Q;

ij is the metric of the unit 3-sphere with the
curvature constant set to 1, i.e., the Riemann curvature of
Q;; is simply 5;;5{ - 555{;. Given this definition, the spatial
indices i, j, ... are thus raised and lowered by Q¥ and ©;;,
respectively.

We shall start the projectable HL action of the following
form:

S{au}.N] = / " SV (pa, e~ NH({ar pa})s (8)

where p, is the canonical momentum conjugate to the scale
factor of each local universe, a,, and V = M3, V3 in which

Vi= [ d*xv/Q is the volume of the unit 3-sphere, N
represents a Lagrange multiplier which enforces the global
Hamiltonian constraint, H({a,, p, }) = 0. As previously
mentioned, while the projectable HL gravity does not ensure
the local Hamiltonian constraint, it enforces the global
Hamiltonian constraint. Consequently, the action of the
global universe, which comprises several local universes,
is formally analogous to the system of point particles in a
parametrized form. As demonstrated in [47] for GR, the
comprehensive method introduced by Batalin, Fradkin, and
Vilkovisky can be applied to the projectable HL gravity.
In the following discussion, we shall utilize the
Batalin-Fradkin-Vilkovisky (BFV) formalism [48,49] to
construct the gravitational propagator preserving the global
Hamiltonian constraint, and the BFV path integral reads [47]

Gl{a,} = / [[Pa.Pp., PIDNDpDEDRDe
x exp(iSgrs/h), 9)
ty .
Srs = / dt) “V(pa,aa = NH+TIN + pé+2 p—pp).
4 a

(10)
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where Sprs is the Becchi-Rouet-Stora (BRS) invariant
action, including the Hamiltonian constraint H({a,}), a
Lagrange multiplier I1, and ghost fields p, p, ¢, ¢, preserving
the BRS symmetry, i.e., invariant under the following

transformation:
- OH - 0H _
da, = Ac , o =—Ac—, ON = Ap,
OPa, “ da,

sc=-M, dp=-IH, ll=6bc=0p=0, (11)

where 1 is a variable parameter. The ghost and multiplier
parts can be integrated out, and eventually, we obtain

Gllay) = [ antey 1) [ [[Pe.oy.
X exp <i /[tf dtZV(paaaa - NH)/h)

~ [ avio -

which is the integral over N(t; —
final configurations.
With these assumptions the projectable HL action reads

S S R e

) | TTPacex sl{a).N)/m)
(12)

t;) between the initial and

a; o 3
+%+%+@7—4. (13)
a a a

Here, «; are constants that are linear combinations of

coupling constants in the action. Redefining the variable

44(t) =3 a,(1)¥? and constants

9\ 1 9 1
=322 —, =Al{Z)]—,
K Cg<4> 3(34— 1) IA (4) 3(34— 1)

A\ 1 4 1
gz:“2<§> 33i-1) 93:“3<§> 33i-1)
V=3031-1)V, (14)

we obtain the following HL action for the global universe,
which comprises several local universes:

s 3 2
S{qua}. NI =DV [ Nat|- 2N2 +91<qa IrYa
a 1;

_2
+ 92qa’ + 93452} - (15)

For the above action, the gravitational propagator can be
written as

{ga(1p=1)}

4a(1:=0)}

Gllauten)¥: {auta)) = [ an [ pgerstutaum

(16)

where we proceed with the lapse integral and the path
integral over all configurations of the scale factor {g, } with
the given initial (#; = 0) and final (¢, = 1) values. To
evaluate the above path integral we proceed with the
semiclassical analysis and utilize the classical solutions
of the HL action where we add possible boundary con-
tributions Sp localized on the hypersurfaces at #; y = 0, 1,

SH{4qa}t. N = ZS Gas N

1=1
= ZV/ Ndl[ 2N2 +9K61a 9Inda

+ gzqf + 9361;2] + Sp. (17)

|+ S

Hereafter, we proceed with the variation of the action and
derive the equation of motion. Since the HL action S|g,, N]
depends on ¢,, ¢,, the variation of the action is given by

oS aS
és[qa’N] = V/ dt |:a 5Qa . 5Qa:| +5SB
;=0 9a aCIa
1y=1 ge 2 -1
= Ndt| =+ = 9xqe’ — 2954,
V[g |:N2+39Kq ]
2 _s % tr=1
—Z g — 203952 |6 5q,| —,) +6S
3924 gm] da = 4a¥4eli—0 +5Sp.
(18)

To obtain the equation of motion for the scale factor ¢,,

2 s
~0qa’ + 293077, (19)

q 2
S = —>9kqa’ +290q, + 3

N2 3

we have several choices of boundary conditions for ¢,
(Dirichlet, Neumann, and Robin ones) as well as the
specific boundary terms Sy localized on the hypersurfaces
at ti, f= O, 1.

When the boundary conditions are specified and we have
solved the equation of motion (19), we can evaluate the
gravitational propagator under the semiclassical analysis as

G[{qa(tf)}; {Qa(tl)}]

:/dN/quiS[q.N]/fl
IV/ .Son—shell[{qui)’q“(tf)}’N]
~ Vo N1/2 h ’

(20)
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where So,_shen[{9a(%). 44(t)}. N] is the on-shell action
for the background geometries. Here, for simplicity, the
variables are written assuming the Dirichlet boundary con-
dition. For different boundary conditions, e.g. Neumann
and Robin boundary conditions, the variables of the path
integral are changed. Although the above integration does
not converge, the Picard-Lefschetz theory complexifies the
variables themselves and provides a unique way to find
convergent integration contours along the steepest descent
paths, which is called Lefschetz thimbles 7. This theory
proceeds with the above integral as

{qa [f } {qa l

\/32 / N'/2

X exp <lS0n—she]lan( i)’qa(tf)}’N]) (21)

h

where n, is the intersection number (/C,, R) between the
steepest ascent path K, and the original contour R. By
utilizing the Picard-Lefschetz theory [46], the integration
over N in Eq. (20) of the propagator can be evaluated by
identifying the relevant saddle points and Lefschetz thim-
bles 7, in the complex N-plane.

For simplicity, we shall take the small universe limit
qu < (93/9x)*'%, i.e. the z = 3 anisotropic scaling limit and
assume that the higher-order term g3 is dominated. In this
approximation (we simply set g, = 0 and g, = 0), from the
HL action we derive the equations of motion,

da 29
e 733 =0, (22)

whose general solution is

Vb2 (b +1)> +29;N?

i (23)

qo(t) = £

Physically, ¢,(t) expresses the squared scale factor and
should be positive for the Lorentzian direction or real axis.
Thus, we can neglect the negative sign. By using them we
have the following on-shell action,

ZV{ 245 (tan I {%}

by b b
—tan~! |—22 | ) _eld (04
|:\/ 2 g3N 2N ( )
where we have set Sz = 0. For the Neumann and Robin
boundary conditions, we need to add appropriate boundary
terms to the HL action as shown later.

Up to this point we have not yet performed the path
integral over the lapse. Therefore, the classical solution (23)

Son shell [{qa

(after imposing proper boundary conditions) and the on-
shell action (24) (after adding proper boundary terms) are
applicable to both projectable and non-projectable theories,
and still contain the contribution from “dark matter as
integration constant” [43,44] in each local universe.

Once the path integral over the lapse is performed,
however, the projectable and non-projectable theories
deviate from each other. In the non-projectable theory,
each local universe is equipped with an independent lapse
function and, as a result, the integration over all lapse
functions under the saddle-point approximation forces the
“dark matter as integration constant” component in each
local universe to vanish. In the non-projectable theory,
therefore the no-boundary wave function of the global
universe is simply the direct product of wave functions of
each local universe. On the other hand, in the projectable
theory, the path integral over the common lapse function in
the saddle-point approximation does not force the “dark
matter as integration constant” component in each local
universe to vanish but leads to (anti) correlation between
the “dark matter as integration constant” components in
different local universes. After summing over all possible
values of the “dark matter as integration constant” compo-
nents that are consistent with the global Hamiltonian
constraint, the no-boundary wave function of the global
universe in the projectable theory inevitably contains
entanglement between different local universes. In the next
section, we perform the path integral over the lapse,
focusing on the projectable theory.

IV. HARTLE-HAWKING NO-BOUNDARY
PROPOSAL

In this section, we shall discuss the no-boundary
proposal based on the Lorentzian path integral, considering
various boundary conditions and associated boundary
terms for the background spacetime manifold. The
Hartle-Hawking no-boundary proposal suggests that the
wave function of the universe is defined by a path inte-
gral over all compact Euclidean geometries, with just a
3-dimensional boundary on which the 3-dimensional
induced metric is required to agree with the argument of
the wave function. However, in its conventional and mod-
ernistic interpretation, the no-boundary path integral initiates
from a universe with zero size and extends to one of finite
size [5]. Within the framework of Lorentzian quantum
cosmology, the Dirichlet boundary condition is frequently
utilized. We first address the Dirichlet boundary condition,
followed by discussions on the Neumann and Robin boun-
dary conditions for both initial and final hypersurfaces.

A. Dirichlet boundary condition for initial
and final hypersurfaces

We consider the Dirichlet boundary condition in the
Lorentzian path integral, where we fix the value of the
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squared scale factor at the two endpoints, qa|2‘::(;. If we do
not add any boundary term to the HL action, Sz = 0, then
the Dirichlet boundary conditions for the squared scale
factor g, at t; y = 0, 1 are compatible with the variation of
the action (18) as

-1 . 1z =1
qa‘;{:o = fixed = _NQaéqa|Z:0 =0. (25)

We note that in the Einstein-Hilbert action of GR, we have
to impose the well-known Gibbons-Hawking-York (GHY)
term [50,51], f d3x\/77K for the Dirichlet boundary con-
ditions where y denotes the determinant of the induced
metric on the boundary. However, by definition, there is no
need to introduce such boundary terms in the HL action.
We fix the squared scale factor ¢,(#) on the initial and
final hypersurfaces at 7; = 0, 1, and impose the following
Dirichlet boundary conditions,
Qa(ti = 0) = Yai» Qa(tf = 1) = qaf’ (26)
on the solution (23). In this way, we can fix the integration
constants as

bai = @3 + 4oy F 20/ Gaiay — 293N,
9o F \/ ‘]ii‘]if - 2g;N?
bz = - 2 2 2 2 2’ 27)
Dai T Gap F 20/ Daiday — 295N

By using the above values of the integration constants,
we have the on-shell action for the Dirichlet boundary
conditions,

Son—shell[{qm’ Qaf}’ N]

Fda + \/ quiqgf —2g3N?

RV 2g3N

Fdop + 1/ Gaiday — 205N

\/ 293N

Q%+ 4% F 20/ 454’ — 293N*
= . (28)

2N

ZZV F+/2g5 | tan™!

+ tan™!

Given that the global universe consists of individual local
universes, the wave functions of these local universes
influence each other and then, the critical points of the
lapse function, which dictate the behavior of the overall
wave function, are affected by the behavior of each
individual local universe.

First, we consider the case with only one local universe
¢ (1). In this case, the critical points N, are given by setting
the derivative of the on-shell action with respect to the lapse
to zero, dSon—shen [‘hiv qif N]/dN =0, as

i(95— qis)

2\/293 ’

with ¢; € {—1,+1}, where we have set {g;;} = ¢qo- We
note that this result applies to each local universe in the
non-projectable version as well.

Next, we consider the case with a global universe con-
sisting of two local universes {q, (), ¢,()}. In this case the
critical points N, given by dSon—snen(q1i> 917+ 92i5 425, N1/
dN = 0 are

N.=¢ (29)

i\/16q3 +8(qt,—643,41,+43,)a6+ (a1, +a3,)*
4295245+ a1+ 435) ’
(30)

Nc:CI

where ¢; € {—1, +1} and we have set ¢,; = g for simplic-
ity. We plot Re[iSy,_snen[V]] for the two local universes with
the on-shell action (28) over the complex plane in Fig. 1. As
with GR, by approximating the critical points, the tunneling
wave function can be found with the critical points with
Im[N] > 0 where the lapse N integration contour runs
along the steepest descent paths and passes the critical
points. On the other hand, the no-boundary wave function
is given by the critical points with Im[N] < 0. The positive
value of the critical points ¢; = +1 corresponds to
Im[N] > 0, while the negative value ¢; = —1 corresponds
to Im[N] < 0. Naively, the lapse N integration contours to
pass the no-boundary critical point correspond to the steepest
ascent paths, so we cannot obtain the no-boundary wave
function. The issue of the no-boundary wave function using
Lorentzian path integral methods has been extensively dis-
cussed in Refs. [6,9]. In the projectable HL gravity with the
Dirichlet boundary conditions, the Lorentzian path integral
results in a tunneling wave function similar to GR. However,
we note that the analysis of the HL wave function using the
Lefschetz thimble method based on the Picard-Lefschetz
theory becomes challenging in this case. We can only perform
the complex integral through the tunneling critical point by
integrating along the imaginary axis avoiding the branch cut.

Now, let us consider the quantum creation of the universe
from nothing, where the Dirichlet boundary condition is
imposed for the vanishing size of the scale factor at the
initial time, i.e., the limit gy = ¢ — 0, and leads to the
coefficients

N
limb,; = g5y F2i1/295N,  limb,, = (31)

T .
lqaf

—2N F o
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g
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Re[NV]

(b) q1f =qay =1

s
nar

Ly /s
|/

06 04 02 00 02 04 06 ~_/ TR 51018

-y i 5 0
Re[N] e Re[N]

() qip =qep =1 (g) qif =1land g2y =5 (h) g1y =1 and go5 =5

(€) qif =qoy =1

FIG. 1. We plot Re[iS,_ghei [V]] for the on-shell action of (28) with F signs in the complex lapse plane. We fix ¢, = 0.01, g3 = 1,
V=1 and take — and + signs of the on-shell action (28) in (a)-(h) figures, respectively. The critical points are given by
N. = £0.353518i, +4.59616i for g,y = g2y = 1, g1y = 1, and g, = 5. White lines express the branch cut on the complex N-plane.
Here, in (a), (b), (c), (d), where the — sign is chosen for the on-shell action, the complex integral can be performed through the critical
point by integrating along the imaginary axis avoiding the branch cut. On the other hand, in (e), (), (g), (h), which corresponds to
the + sign of the on-shell action, the complex N-plane is divided by branch cuts, and the Lefschetz thimble method cannot be applied

since these do not have pertinent saddle points.

In this case, we have the following on-shell actions:

) 2
. eyl R 14, o . 9y
ll_l;IOlSon—shell[{a Qaf}y N] = Ea V{ 293 (:Fltanh ! <1 + \/TT?]V) + itanh 1<1) + l) - 2_15}’ (32)

where tanh~! (i) = +ico and the above on-shell action
diverges. On the other hand, under the z = 3 anisotropic
scaling, the marginal and irrelevant boundary terms local-
ized on the initial hypersurface at 7; = 0 cannot contain
more than one time derivative, more than three spatial
derivatives, or any mixed derivatives, meaning that they are
not divergent and that the divergent bulk contributions to
the on-shell action cannot be canceled by boundary con-
tributions. Therefore, for the Dirichlet boundary conditions
with {g,;} =0 the semi-classical approximation should
break down. In this situation, it is expected that the RG
running of coupling constants should be significant. In the
literature, it has been argued that the UV fixed point of
the RG flow is characterized by the limit 4 — oo, where
the theory is weakly coupled [52,53]. Also, in the UV, g3
plays an important role. It is therefore natural to consider
the RG flow of 4, g3. One can show that under a specific
phenomenological parametrization of the RG flow of 4, g3,
the divergences of the on-shell action (32) introduced by
the higher-dimensional operators can be eliminated. We
provide a detailed discussion in Appendix A.

Under the above consideration, let us neglect the con-
tribution from the on-shell action at g,; — 0. The derivative
of the on-shell actions reads

. dSon—shell[{ev qaf}’N] o . qif F2 \% _293N2
lim = E % 5
e—0 dN p 2N

_v P ‘]if:an\/ —2g3N?
B 2N? ’
(33)
where we have counted the number (@« = 1, ..., n) of the

local universes. Therefore, we find the critical points N,
given by dSon—shell[{qaf}’ N]/dN =0,

. ic1 ) qﬁf
lllluVC - 5
e—0 21’[\/293

with ¢; €{—1,+1}. For a global universe consisting of
a couple of local universes, this agrees with (30) in the
limit gy = ¢ — 0. The corresponding critical points are

(34)
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imaginary, which means that the global universe satisfying
the global Hamiltonian constraint behaves in a quantum
way as long as g3 > 0. In the limit ¢ - 0 and with
approximating the critical points the HL wave function
of the global universe only including two local universes

{a1(1). q2(1)} can be given by
2V\/2g3
cl”h(‘ﬁf + Q%f)
5 (ﬂF(tﬁf +q5p) + 4q%f>
Cl(q%f + Q%f)

-~ CF(Cﬁf +a5) + 4q%f)
i (‘ﬁf + ‘I%f)

X (% V293 {tanh‘1

T(Qlfv Q2f) =

—2(F1 +1)}>. (35)

From Fig. 1 we can only perform the complex integral
through the tunneling critical point with ¢; = 1 by inte-
grating along the imaginary axis avoiding the branch cut
and approximately get

V295
2V/2g 497145
T(QlvaZf): 2 <( i

h
. (36)
wh(qi s+ q3,) \(g7f — qﬁf)2>
where we used tanh™! (x) = log (1 + x/1 — x)=.

B. Robin boundary condition for initial
and final hypersurfaces

As previously mentioned, the Dirichlet boundary con-
dition can be employed to reduce the size of the universe to
zero on the initial hypersurface, embodying the concept
of quantum creation of the universe from nothing. This
boundary condition, however, introduces challenges in the
stability of perturbations in the framework of quantum
cosmology. These perturbative stability concerns have been
highlighted in recent studies [7,8,23], shedding light on the
need for alternative approaches, e.g., considering nontrivial
boundary conditions in gravitational theories. As previ-
ously discussed, the on-shell action in HL gravity diverges
due to the higher-dimensional terms when the universe’s
size is set to zero, and therefore, we need to consider the
RG flow of g3 and A. In the following, we will explore
nontrivial boundary conditions, i.e., Neumann and Robin
boundary conditions within the framework of projectable
HL gravity, and show that the above issues can easily be
avoided by such nontrivial boundary conditions.

The Neumann boundary condition ﬁxes the derivative
of the field at the two endpoints, %\[ 0 [54]. In the HL
gravity we have to impose the GHY term S  to the HL action,

. 1
B CZ/ d’ix\/_K Q(zQa ;f 0° (37)

where { = 3BT is a constant. Here, the constants of the

3
23—
boundary terms exhibit RG dependence. The variation of the
boundary term removes the term in 8¢, and replaces it with a

term in 64, only,

1 =1 1 . te=1
 4e0alii—o = 0= Frdaly—o = fixed.  (38)

Although the Neumann boundary conditions can specify the
momentum of early and late timescale factors, it has been
pointed out that the Euclidean initial momentum is crucial
for the success of the no-boundary proposal. Imposing the
Euclidean (imaginary) Neumann boundary conditions on
the initial hypersurface, the perturbative instability can be
avoided in GR [18,19]. Unfortunately, it is found that the HL
action does not provide the analytical and explicit solutions
(1) or the on-shell action. For this technical reason, we do
not adopt the Neumann boundary conditions in this paper.

Next, we will study the Robin boundary condition. The
Robin boundary condition is a mixed boundary condition
that includes both the field value and its derivative,
combining aspects of both the Dirichlet and Neumann
boundary conditions. It introduces a balance between the
field value and its derivative at the boundary, providing a
more flexible approach to the boundary issues. Although
not as common as the Dirichlet and Neumann boundary
conditions, Robin boundary conditions have proved their
usefulness in gravitational problems as perturbation prob-
lems of Euclidean gravity [55]. On the other hand, it is not
straightforward to impose Robin boundary terms cova-
riantly in GR. Ensuring that the boundary terms are defined
in a covariant way is crucial for maintaining the validity of
the gravitational theory [50,51,56].4

*For example, to impose the Robin boundary condition we can
impose the boundary term on the action [56]

1 1 "
_E;Aad3x\/771(+gg/za dx\/y.

where ¢ and ¢ are constants. From our metric, the variation of the
action leads to

tf:l [le

o . 2q 2G4\ 1;=1
ﬁaéqa =0 —5—?“5% /20 = 4a 5<N +—) " =0,

( 4(34=1)

where ¢ = ¢. Taking the specific boundary conditions we
have

1 qa =1 _ _z _ 3

N g, "° ¢ 2(1-32)¢’

which corresponds to the Hubble expansion rate. However, the
constant ¢, ¢ pertains solely to the covariant boundary term and is
not associated with individual local universes. As a result, these
boundary terms do not allow one to use the Hubble expansion rate
as the boundary data or the argument of the wave function of the
universe. Thus, we do not adopt this boundary term.
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To impose the Robin boundary condition that allows one
to fix the Hubble expansion rate for the initial and final
configurations, we shall utilize the following boundary
term:

B 2€Z/ d3x\/_K Zquaqa v

Ve
- 90— 5 39
a 2N 9da t;=0 ( )
and the variation of the boundary term leads to
g, |=t ty=1
o0 = Y gt 50 ( %)
at =0 ;=0
sqal 25(4<) """ (40
=Y qaoa| 4 qpaa(2) " o

The variation of the HL action including the above
boundary term removes the term in 6g, and replaces it
with a term in 64, only,

|

tr=1

1q{l I

= fixed.
Nq,

1 q

g5~ ) =0= 41
N (qa) o
Thus, we obtain the boundary condition on the Hubble
expansion rate at the initial and final hypersurface,

_ da, _ 2 4o . ..
H, Na O TN and the Robin boundary condition

seems to be very convenient and physical. The method with
the above boundary term to introduce the Robin boundary
conditions is not known. Therefore, for comparison, we
discuss the case of GR in Appendix B.

Hereafter, we will assume such Robin boundary con-
ditions on the initial hypersurface and the final hypersur-
face for the scale factor,

1=0

1 Qa(tf -
L Ley=) 1y,
2Nqa(tf = Ear ( )

1 Qa(ti =
2N qa(ti = O)

where &, and &,; are constants. By imposing these
conditions on the solution (23), we can fix the integration
constants as

b 21\/—N (gm fllf + 4N) (43)
al —
ﬁa, 2 = Eiar + 8N + BEN? — 8¢afN2 22N + 28N = 60N
gaf -
by = —4— . 44
g gai - gaf + 4N ( )

By substituting the solutions (23) with (43) and (44) to the action with the above boundary terms Sz (39), we can obtain

the on-shell action for the Robin boundary condition (42),

Son—shet[{&a}, N| = ZV{ 295 <tanh <\/(§ai +2N)(2N = &,f) (i
M(éai + 2N>

T tanh™!

:F\/2—A7(ZN - éaf)

_éaf+2N)>

where we have counted the number (¢ = 1, ...,

<\/(§at + ZN) (2N - 5(1/) (fm

n) of the local universes. We note that the on-shell action does not diverge

(45)

)}

unless the initial or final Hubble ratio is taken to infinity and the no-boundary proposal does not necessarily require an
infinite Hubble expansion rate at the initial hypersurface. Thus, we can consider the finite initial and final Hubble expansion
rates. The derivative of the on-shell action with respect to the lapse reads

i g3(§ai - gaf +4N)

=0. (46)

ds on— shell {‘ga} N Zn:V{

a=1

First, we consider the case with only one local universe
¢ (7). In this case, the critical points N, are given by setting
the derivative of the on-shell action with respect to the lapse
to zero, dSon_gnenn (€15 €17, N]/AN =0, as

Sip =S

N. =
¢ 4

(47)

VN /(& + 2N)2N = &yf) (Eai

_gaf+2N)}

[
Next, taking £,;, = 0 we can obtain

dSon shell {éa} N iv{

a=1

92(4N faf) }
V2VN{/N(2N = &)

=0. (48)
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Re[N]

(b) €15 = &2y =10
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Re[N]

(f) &1y = &2p =10

(e) &15 = &5 =10

~ /
\\3/-10

o RelN]

(c) &1f =10 and &2¢ = 50 (d) &1 = 10 and &5 = 50

Re[N]

(g) £1f:10 and £2f:50 (h) £1f:10 and{gf:50

FIG.2. We plot Re[iS,n_shen[V]] for the on-shell action of (45) with F signs in the complex lapse plane. We fix &y = —i, g3 = 1,V =1
and take — and + signs of the on-shell action (45) in (a)—(h) figures, respectively. There are several branch cuts of the on-shell action for
the Robin boundary condition, and each is derived from the square root ,/z or inverse hyperbolic function tanh™! (z), which has branch
cuts at —1 and 1 on the real axis. In particular, in (a), (b), (c), (d) figures, where the on-shell action has the — sign, we can perform the
complex integral avoiding branch cuts. The complex path of the integral always corresponds to Im[N] < 0 and the no-boundary wave

function is achieved.

For the global universe only including two local uni-
verses {q;(1),q,(t)}, we find the critical points N,

o 3yt V9% — &8s + 98,
<= 16 ’

with ¢; € {—1, +1}. For a real Hubble expansion rate at the
final hypersurface, they are also real.

As already mentioned, in GR it has been known that by
imposing the imaginary Neumann boundary conditions on
the initial hypersurface, the perturbative instabilities can
be avoided and the no-boundary wave function can be
obtained without mixing with tunneling wave function
[18,19]. Hereafter, following this, in HL gravity, we shall
explore the Robin boundary condition with a particular
imaginary Hubble expansion rate at the initial hypersur-
face. According to the Picard-Lefschetz theory, given a
saddle point, the behavior of the integral can be exactly
estimated. However, it is not always possible to evaluate the
integral using the Lefschetz thimble method, and in the on-
shell action of the HL gravity, in particular, with regard to
Robin boundary conditions, the deformation of the integral
path by the Lefschetz thimbles is nontrivial. Therefore, to
obtain a meaningful result, we will consider the appropriate
integration path in the complex plane by using the contour
plots with specifying numerical values.

In Fig. 2, we plot Re[iSy,_sen[V]] for the two local
universes with the on-shell action (45) over the complex
plane. To take the Robin boundary conditions with a
particular imaginary Hubble expansion rate at the initial
hypersurface, we fixed &, = —i, g3 = 1,V = 1 and take — or
+ sign of the on-shell action (45) in the top and bottom
figures. The corresponding and initial Robin boundary
condition implies

LQa(ti = 0) _ 1

.= +i.
—i

2N Qa<ti = O) (50)

There are several branch cuts of the on-shell action (45), and
each is derived from the square root /7 or inverse hyperbolic
function tanh~!(z), which has branch cuts at —1 and 1 on the
real axis. In particular, in the on-shell action (45) has — signs,
and we can perform the complex integral with avoiding
branch cuts. The complex path of the integral always
corresponds to Im[N] < 0, and the Hartle-Hawking no-
boundary wave function is realized. By taking the imaginary
and initial Hubble ratio Im[&,] < 0, we can derive the no-
boundary wave function. Conversely, with Im[&,] > 0, we
obtain the tunneling wave function. However, the tunneling
wave function is known to exhibit perturbative instability,
as shown by [7,8], and perhaps this Im[&y] > 0 should not
be taken.
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V. DISCUSSIONS AND CONCLUSIONS

In this work, we have studied the Hartle-Hawking
no-boundary proposal within the framework of HL gra-
vity, mainly focusing on the projectable theory. The no-
boundary proposal is a prominent hypothesis that describes
the quantum creation of the universe from nothing, while
the HL gravity is a potential theory of quantum gravity
that ensures renormalizability and unitarity, at least in the
projectable version. We have adopted the modern formu-
lation of the no-boundary proposal by using the Lorentzian
path integral that enables us to describe the quantum
evolution of the universe from nothing. For simplicity, we
have focused on a global universe composed of a set of local
universes each of which is homogeneous, isotropic, and
closed. It has been found that the application of the
no-boundary proposal to the HL gravity is not inherently
simple. In particular, because of the presence of the higher-
order curvature operators in the HL gravity, the on-shell
action for the no-boundary proposal naively diverges for the
Dirichlet boundary condition. We then discuss the possibility
that the divergence of the on-shell action due to higher-
dimensional operators may be ameliorated by taking into
account the RG flow of coupling constants 4 and g3. For the
Robin boundary condition, the on-shell action does not
diverge as long as the initial or final Hubble ratio is taken
to finite. For these boundary conditions, we have explored
the complex N-integral to obtain the Horava-Lifshitz wave
function. For the Dirichlet boundary condition, we identify
pertinent critical points and integration contour, and the
complex integral can be performed through one critical point
by integrating along the imaginary axis avoiding the branch
cut. On the other hand, in the on-shell action (45) under
Robin boundary conditions, the deformation of the integral
path by the Lefschetz thimbles is nontrivial. We have
encountered several branch cuts of the on-shell HL action
originating from the square root ,/z or inverse hyperbolic
function tanh~!(z). For the Robin boundary condition with a
positively imaginary Hubble rate at the initial hypersurface,
we can perform the complex integral while avoiding branch
cuts. The complex path of the integral that avoids branch cuts
always corresponds to Im[N]| < 0 and the Hartle-Hawking
no-boundary wave function is realized. Although we have
indeed demonstrated that no-boundary and tunneling wave
functions can be formulated within the framework of HL
gravity, their formulations are conditional, as discussed in this
paper. On the other hand, the DeWitt wave function is readily
formulated and consistent with perturbation theory as shown
in our previous works [21,22]. Our results shed light on the
nontrivial relationship between the framework of quantum
gravity theory and the wave function of the universe.

In projectable HL gravity, the wave function of the global
universe with multiple local universes inevitably contains
entanglement between local universes. The origin of the
entanglement is the global Hamiltonian constraint, which
states that the total sum of the “dark matter as integration

constant” [43,44] should be zero. For example, for a global
universe consisting of two local universes, if the energy
density of the “dark matter as integration constant” in
each local universe with the volume V;, is ppy», then
the global Hamiltonian constraint states that ppy Vi +
pom2V> =0, showing the anticorrelation between the
amount of the dark matter as integration constant,
ppomi2V12, in the two local universes. The no-boundary
wave function of the global universe contains contributions
from realizations of the global universe with all possible
values of ppy oV, with the complete anticorrelation
between the two local universes. For this reason, the wave
function of the global universe inevitably contains entangle-
ment between the local universes.

On the other hand, in nonprojectable HL gravity, each
local universe has its own local lapse function and thus its
own local Hamiltonian constraint. The local Hamiltonian
constraint sets the dark matter as integration constant to
vanish ateach pointin each local universe. As a result, the no-
boundary wave function of the global universe in non-
projectable HL gravity is simply the direct product of wave
functions of each local universe, without any entanglement
between local universes. Therefore, as far as we are interested
in observables in one of the local universes in the no-
boundary proposal of nonprojectable HL gravity, there is no
difference between the case with only one local universe and
that with multiple local universes. Hence, it suffices to
consider the global universe consisting of one local universe
and, as a result, the no-boundary wave function in non-
projectable HL gravity is obtained by simply restricting that
in projectable HL gravity to the case with the global universe
consisting of only one local universe.

In the present paper, we have mainly focused on the
application of the projectable HL gravity to the Hartle-
Hawking no-boundary proposal, restricting our considera-
tion to the anisotropic scaling limit of z = 3. Beyond the
anisotropic scaling limit, the analysis of the no-boundary
wave function up to the IR limit as the usual scaling of z = 1
is left as future work. If this wave function can be analytically
evaluated up to the IR, it might be possible to qualitatively
assess the probabilistic predictions and quantum entangle-
ment of the wave function of each local universe dominated
by dark matter as an integral constant. Furthermore, we have
focused only on the wave function for the background and
have not evaluated the perturbations. The treatment of
perturbations in quantum cosmology is a notoriously difficult
problem, and a thorough examination of the perturbation
analysis in the wave function of this universe is necessary.
However, the perturbation problem is expected to be resolved
by the renormalizability of the HL gravity or the Robin
boundary condition.
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APPENDIX A: UV SALVATION
FOR ON-SHELL DIVERGENCES

In this appendix, we shall demonstrate that the diver-
gence of the on-shell action with the Dirichlet boundary
condition (32) can in principle disappear once the RG flow
of 4 and g is taken into account.

Since the divergence of the on-shell action stems from
the higher spatial derivative terms, we set a, = cé =A=0
in (13). For the same reason, we ignore the dark matter as
integration constant, which means that it suffices to con-
sider the global universe consisting of only one local
universe. Then the HL action becomes

SHag}.N] = V/itf diNG® [—w (%)2 + %

where we have supposed a3 > 0 for classical stability. As
stated in the main text, since the semiclassical approxima-
tion breaks down, we need to take into account the RG
running of coupling constants. However, since the RG
properties of HL gravity have not yet been understood well
and we do not know how to implement the RG running
of coupling constants into the computation of the path
integral, we adopt a phenomenological approach where the
coupling constants in the action are promoted to functions
of a as

w - f(a). ay — h(a), (A2)
so that
Stag N =V [ NaiL,
L=a [—f(a) <%)2 + ha—z)} - (A3)

We then suppose that f(a) and h(a) have the following
parametrized forms near a = 0:

fla) o« a2, h(a) xa®  (neara =0), (A4)

where a > 0 so that A runs toward +oo in the UV, i.e., in the
limit a — 40, as suggested by [52,53].
The equation of motion for a then leads to

a**7%9.a = const (neara = 0), (A5)

where we have introduced the proper time 7 as usual by
dr = Ndt. By assuming 3 — a — f > 0 and properly shift-
ing the origin of 7 so that a - +0 as ¢ — +0, we obtain

a o 77 (nearz = 0). (A6)
By substituting this to L, we obtain
2h =
L=- (3a) o« 7 (nearr =0). (A7)
a

Therefore, the on-shell action does not exhibit the UV
divergence if

O<a<p<3-a (A8)

APPENDIX B: ROBIN BOUNDARY CONDITION
IN GENERAL RELATIVITY

As discussed in the body of the paper, it is not easy to
impose Robin boundary terms covariantly in gravitational
theories. Within the GR framework, the simplest boundary
terms that implement Robin boundary conditions were
introduced in the literature [56]. Subsequent research,
particularly the work of [19], explored the Lorentzian path
integral to the Robin boundary conditions for the no-
boundary proposal. Our current work presents a different
Robin boundary term in the HL gravity. In the following
appendix, we will consider the implications of the no-
boundary proposal with this Robin boundary term in GR
for comparison.

First, we assume a closed FLRW universe,

gij = @ (1)[Qy(x)].

With these assumptions (3 + 1)-dimensional action in GR
reads

S[a, N] = 272 / di(Na®) [—3 (%) L % _

where we take the Planck mass unit with Mp =1/
V8xG = 1. To simplify our analysis in GR, we introduce
the new time coordinate 7 that is related to ¢ by

N=N(1), N =0, (B1)

A] . (B2)

a(t)dt = dr. (B3)

For the closed FLRW universe, the gravitational propagator
can be written as

Gla(z,):a(z)] = / v / DaeSaN/n (Ba)
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where the lapse N has been gauge fixed to be time
independent by the BFV procedure, q(7) = a*(r). We
then proceed with the lapse integral and the path integral
over all configurations of the scale factor with the given
initial (z; = 0) and final (7, = 1) values.

To evaluate the above path integral we proceed with the
semiclassical analysis and utilize the classical solutions of
the action where we add possible boundary contributions
Sp localized on the hypersurfaces at 7; ; = 0, 1,

7,=1 3
S{CI,N} :2ﬂ2/f0 Nd’l'|:—4—]\]2q/2+3—/\q +SB’
(B5)

where ' means the derivative of 7. Hereafter, we proceed
with the variation of the action and derive the equation of
motion. Since the action S[q, N]| depends on q, ¢, the
variation of the action is given by

=1 3
5S[qu} :27‘[2 Lzo NdT|:2—]V2q”—A:|(SC[
=1
-2 'S o B6
ﬂ<2Nq q10>+ Sk (B6)

Thus, we derive the equation of motion for the squared
scale factor q,

3
2—N2q = (B7)
whose general solution is
3 N2
q(l) :bzl+b1 +ZAN 1. (BS)

Now, we have to impose the boundary conditions for q(7)
as well as to add specific boundary terms Sy localized on
the hypersurfaces at z; ; = 0, 1. As discussed in Sec. [V we

|

consider the Robin boundary condition at the initial and
final hypersurface, and we shall utilize the following
boundary term:

ql)

7;=0

2 1
S = —g/d3x\/77K = ZﬂZ(Nq’q

! Tf=1
9
7;,=0

1 q
= 271'2 <N q3/2 W (Bg)

where K = — 24 and the variation leads to

o=l [ '
T-O) +2” (Nq 5<q1/2>

The wvariation of the HL action including the above
boundary term results in a term with 5(q’/q'/?) only,

3
58, = 222 ——q's
Sp ”(2Nq q

1/1>
7;=0

(B10)

1 q 1 q
3/2 _
N 5<q‘/2) OiNq/

Thus, we obtain the Robin boundary condition at the
initial and final hypersurfaces. This boundary condition
precisely corresponds to the Hubble expansion rate given

by H = 5.t = 2}\/
its relevance in con51der1ng the evolution of the universe
from a physical perspective.

Hereafter, we will assume such Robin boundary con-
ditions on the initial hypersurface and the final hyper-

surface,

7p=1

= fixed.

(B11)

Ti=

i as discussed in Sec. IV, and suggests

1 ;=0) 1 1 =1) 1

Nq(z; =0)'* & Nae =117 " &

where &; and & are constants. By imposing these con-
ditions on the solution (BS), we can get the coefficients

E3AG - 1)(2¢;\ /N*(3AG — DBAZ - 1) + N(3AE + &) - 2))

-y |

(B13)

—¢y \/N4(3A5; —1)(3A& — 1) = 3AN?E + N?

b2:

with ¢; €{-1,+1}.

When the boundary conditions are specified and we
have solved the equation of motion (B7), we can evaluate
the gravitational propagator (B4) under the semiclassical
analysis and obtain the following expression by using the
Picard-Lefschetz theory:

2(6 - &) ’

(B14)

[
gl’éf Zn / dNP h, N)exp< SOH—Shelli[léi,ff,N])’

(B15)

where P(h, N) is the prefactor and So,_sen[&;. &, N] is the
on-shell action for the background geometries,
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N
Son-shen [€is &7, N| = @ (c1(AGF(12A; + 1) + A& - 2)\/N4(3A5} —1)(3A& - 1)
f i
+ EHI8APN?EF — APN? +48) 4 EL(I8APN?E} — E(13APN? + 96) — AN?)
+ N?*(BAE = 1)(BAE — 1) + £ (48 = A’N?) — AN?& 4 N?). (B16)

Utilizing the Picard-Lefschetz theory [46], the integration over N of the propagator can be evaluated by identifying the
relevant critical points and Lefschetz thimbles 7, in the complex N-plane. The derivative of the on-shell action reads

dSon—s e i ’N 3 2
" g}i Nl _ 5@ z a7 (CAG(2A8 +1) +AZ - 2)/N*(3AE - 1)(3A8 - 1)
+ EL(I8ASN?E — APN? + 16) + 282 (ON3N?E! — 28 (A2N? + 8) — 2AN?)
+ (16 — A2N?) — 4AN2E2 + 2N?). (B17)

Therefore, we found the critical points N, given by dSq,_gnen[éi &7, N]/AN = 0,

A+ c3Ay —2
NC:4c2,/71+Z 2= (B18)

Ay = AAZH(1 = 18AZ) + 2 (2AH (2 — 9AE) +4) + A&} +422).

where

Ay =/ (3AG - )(BAZ — 1)(AG(12A8 +1) + A& - 2)2,
Ay = N (A(AEH(1 = 18AE)? + (11 = AE(BOAE +T71)) + A& +11&) = 1), (B19)

with ¢, 3 € {—1,+1}. When limiting &, — 0 and positing that the universe originates from the initial singularity, the critical
points N, reduce as

4C2§§v

N, = .
\/A2§; + (408 -2+ [(AG - 22(1 - 308))

(B20)

For example, assuming 0 < &, < \/(5\/257[:11)’ the corresponding critical points N, through which the Lefschetz thimbles 7,

pass are real. This implies that the universe behaves classically. We have confirmed these facts numerically. For the Dirichlet
boundary condition applied to a closed universe in GR, it is important to note that the critical points are complex.
Conversely, under the Robin boundary condition, if the boundary condition is real, the corresponding critical points are also
real. This result is consistent with HL gravity, as shown in Sec. IV.
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