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The canonical tensor model (CTM) is a rank-three tensor model formulated as a totally constrained
system in the canonical formalism. The constraint algebra of CTM has a similar structure as that of the
Arnowitt-Deser-Misner formalism of general relativity, and it is studied as a discretized model for quantum
gravity. In this paper, we analyze the classical equation of motion (EOM) of CTM in a formal continuum
limit through a derivative expansion of the tensor of CTM up to the fourth order, and we show that it is the
same as the EOM of a coupled system of gravity and a scalar field derived from the Hamilton-Jacobi
equation with an appropriate choice of an action. The action contains a scalar field potential of an
exponential form, and the system classically respects a dilatational symmetry. We find that the system has a
critical dimension, given by six, over which it becomes unstable due to the wrong sign of the scalar kinetic
term. In six dimensions, de Sitter spacetime becomes a solution to the EOM, signaling the emergence of a
conformal symmetry, while the time evolution of the scale factor is a power law in dimensions below six.
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I. INTRODUCTION

The tensor model was first introduced in [1-3] as an
analytical description of simplicial quantum gravity in
dimensions higher than two' by generalizing the matrix
model, which successfully describes the two-dimensional
case. While the original tensor models are still remaining
merely as formal descriptions due to some difficulties, the
analyses of the more successful model, the colored tensor
model [7], have produced various interesting analytical
results concerning the simplicial quantum gravity in
dimensions higher than two [8]. Among them, it has been
shown that the dominant contributions of simplicial com-
plexes generated from the colored tensor model are
branched polymers [9,10]. Since the structure of branched
polymers is far from the classical spacetime picture of
our universe, it seems difficult to consider the tensor model
as a sensible model of quantum gravity, which should
produce wide and smooth spacetimes in certain classical
regimes.

On the other hand, while the models above basically
concern the Euclidean case, it has been shown that causal
dynamical triangulation, which is the simplicial quantum
gravity with a causal structure, successfully produces the
(3 4+ 1)-dimensional world similar to our universe [11],
while dynamical triangulation, which is the Euclidean
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lSee, however, [4-6] for a matrix-model-like approach to
three-dimensional quantum gravity.
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version, does not.”> The comparison between the two
versions suggests that a causal structure is essentially
important for the emergence of a classical spacetime in
quantum gravity. This motivated one of the present authors
to formulate a rank-three tensor model as a totally con-
strained system in the canonical formalism, which we call
the canonical tensor model (CTM) [14,15]. The constraints
of CTM are composed of kinematical symmetry generators
and those analogous to the Hamiltonian constraint in the
Armowitt-Deser-Misner (ADM) formalism [16,17], and
they form a first-class constraint algebra with a nonlinear
structure. In fact, the algebraic structure of the constraints is
very similar to that of the ADM formalism of general
relativity (GR), and it can be shown [18] that, in a formal
continuum limit, the constraint algebra of CTM agrees with
that of the ADM formalism of GR.” This is of physical
importance, since the algebraic closure of the ADM
constraints assures the spacetime covariance of locally
defined time evolutions, which is an essence of GR [20].

The main purpose of this paper is to pursue this corre-
spondence further. We will analyze the classical equation of
motion (EOM) of CTM in a formal continuum limit through
a derivative expansion of the tensor of CTM up to the fourth
order, and we will show that it is the same as that of a coupled
system of gravity and a scalar field derived from the

*When coupling many U(1) fields, the authors in [12] found a
promise of a phase transition higher than first order, which,
however, is in conflict with the result in [13].

3As well, a certain minisuperspace model of GR can be derived
from CTM [19].
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Hamilton-Jacobi equation with an appropriate choice of an
action. The action has an exponential potential of the scalar
field, and the system is classically invariant under a dilata-
tional symmetry. Interestingly, the action is meaningful only
in spatial dimensions 2 < d < 6, and the system becomes
unstable in d > 6 due to the wrong sign of the scalar kinetic
term. In the critical dimension d = 6, de Sitter spacetime
becomes a solution to the EOM, signaling the emergence of
a conformal symmetry.

The present work may also have some implications to
renormalization-group (RG) flow equations of field theo-
ries. It has been argued [21-23] that the Hamiltonian
constraints of CTM generate the RG flows of statistical
systems on random networks [24], which can equivalently
be described by randomly connected tensor networks. In
addition, it has been shown [25] that classical spaces
emerge on boundaries of randomly connected tensor net-
works by appropriately choosing the tensors. Therefore, it
can be expected that the Hamiltonian constraints would
generate RG flows of effective field theories on such
emergent spaces. If so, the present work would give a
hint to the connection between RG flows of field theories
and gravity, which is indeed the subject of the so-called
holographic RG. (See [26] for a review.)

We heavily used a Mathematica package XTENSOR [27]
to perform tensorial computations in this paper. The
Mathematica programs we used can be downloaded from
the homepage of one of the authors [28].

This paper is organized as follows. In Sec. II, we review
CTM. In Sec. III, we define the fields of CTM in a formal
continuum limit in terms of a derivative expansion of
the tensor of CTM up to the fourth order. There are four
fields, a rank-0,2,3,4 tensor field with the weight of
negative half-density. In Sec. IV, we study the kinematical
symmetry of CTM in the continuum limit. Up to the fourth
order, we find two gauge symmetries, the diffeomorphism,
and a spin-three symmetry. In Sec. V, by deleting the
rank-3 and rank-4 fields by the spin-three gauge symmetry
and the EOM, respectively, we write down the EOM of the
remaining fields, the rank-O and rank-2 fields, in a static
background geometry. In Sec. VI, we discuss another gauge
symmetry which allows us to freely transform the back-
ground metric. Then, in Sec. VII, the background metric is
gauge fixed to a combination of the fields so as to remove
the odd situation that there exists a static spin-two field,
the background metric, other than the rank-2 field of CTM.
The EOM with the gauge-fixing condition is written down.
In Sec. VIII, we rewrite the EOM after deleting the weights
of the fields. In Sec. IX, we perform a reparametrization
of the fields so that there are no spatial derivative terms of
the lapse function in EOM. This is the final form of the
EOM of CTM, which is comparable with that of a
gravitational system in field theory. In Sec. X, we show
that the EOM of CTM coincides with that of a coupled
system of gravity and a scalar field derived from the
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Hamilton-Jacobi equation by an appropriate choice of an
action. We find a critical spatial dimension of the gravi-
tational system, given by six, over which the system
becomes unstable due to the wrong sign of the kinetic
term of the scalar field. In Sec. XI, we discuss the time
evolution of the scale factor. At the critical dimension, de
Sitter spacetime is a solution to the EOM, signaling the
emergence of a conformal symmetry, while the time
evolution of the scale factor has a power-law behavior
below the critical dimension. Section XII is devoted to the
summary and future prospects.

II. REVIEW OF CTM

In this section we review the CTM [14,15], explaining its
current status.

We consider a Hamiltonian system such that the dynami-
cal variables are the real symmetric rank-three tensors,
M . and P (a,b,c =1,2,...,N), which are canoni-
cally conjugate in the sense that they satisfy the following
Poisson bracket:

{Mabcv Pdef} = 25a6d5bagécaf7

{Mabc’Mdef} = {Pamedef} =0, (1)

where the summation is over all the permutations of d, e,
and f, reflecting the real symmetric nature of the tensors.
Here, it would be natural to introduce the O(N') trans-
formation as a kinematical symmetry of the system,

M pe — M/abc = LooLpyLeeMap e,

Pubc - P;bc = Laa’Lbh’Lcc’Pu’b’C" (2)
where the repeated indices are summed over and L is an
O(N) matrix, since quantities constructed by the tensors
with all indices being contracted are invariant under the

O(N) transformation. The Hamiltonian of CTM is given as
follows:

Herv = ngHy + 1T aps (3)

where n, and n,,(= —n,,) are nondynamical Lagrange’s
multipliers, and

Ha = (PabchdeMcde - lMabb)? (4)

N[ =

1
Tab =T pa = Z (Pachbcd - Pbchacd)’ (5)

in which 4 is a constant. Imitating the nomenclatures in the
ADM formalism of general relativity, H, and 7, are
dubbed as Hamiltonian constraint and momentum con-
straint, respectively, and they form the following first-class
constraint Poisson algebra:
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{H(E). H(E)} = T([E'. 8] + 24 rE2),
{T (). H(&)} = H(né),
{TW"). TP} = T(In'.]). (6)

whereH(f) = éaHa’ j(ﬂ) = ’/labjab’ and fab = Pabcéc- In
(6), the bracket [,] denotes the matrix commutator, and
(E'NEY) = ELED — E2EL. One notices that J serves as the
generators of SO(A/), infinitesimally representing the kin-
ematical symmetry of the system. The form of the Hamiltonian
constraint has been uniquely fixed by the following five
assumptions: the Hamiltonian constraint (I) carries only one
index, (II) forms a closed Poisson algebra with 7, (III)
preserves the time reversal symmetry, M ,,. - M ,,. and
P.,. & —P ., (IV) consists of terms cubic at most, and (V)
allows only “connected terms”; e.g., Py PpaeM cq. 1S allowed
but M 41, P 4o Pq. 1s N0t allowed [15]. With the closed Poisson
algebra (6) of the constraints, CTM is a totally constrained
system governed by the Hamiltonian (3). The interest of this
paper is the classical EOM of P with 4 = 0, which is given by

d

aPabc = {PabmHé?Fg/[}

1
= =5 Y (%aPaco,Poyrie + i, Poyo.d)- (7)
(o2

The variable M ;. will play no roles in this paper.

Quite remarkably, CTM is closely related to general
relativity in arbitrary dimensions in the following sense.
First, for the N' = 1 case, the Hamiltonian (3) agrees with
that of a certain minisuperspace model of GR in arbitrary
dimensions, if we consider the modulus of the tensor,
|M 1|, is proportional to the spatial volume in the
minisuperspace model [19]. Second, in a formal continuum
limit with A — oo, the Poisson algebra (6) coincides with
the Dirac algebra in the ADM formalism [18]. In this paper
we take this argument one step further: we will analyze the
EOM (7) of CTM in a formal continuum limit through a
derivative expansion of P up to the fourth order, and we will
show that it agrees with the EOM of a coupled system of
gravity and a scalar field derived from the Hamilton-Jacobi
equation with an appropriate choice of an action.

III. REPRESENTATION OF THE TENSOR
IN A DERIVATIVE EXPANSION

In this paper, we consider CTM in a formal continuum
limit. We leave aside for future study the question of
dynamics why CTM can be studied in the continuum
manner: we simply assume that there exist some regimes
where the continuum description is valid. The basic strategy
to treat CTM in this limit is the same as that in the previous
papers [18,25]. We formally replace the discrete values of
the indices to the d-dimensional spatial coordinates,

a—x € R4 (8)
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Namely, the tensor P, is a function of three d-dimensional
coordinates x, y, z, symmetric under arbitrary permutations.
We further assume a locality: P,,. takes nonvanishing
values, only when x, y, z are in the neighborhood,
x ~y~z. Mathematically, this can be formulated by
assuming that P, is a distribution described by delta
functions and their derivatives’: nyz~5d(x—y)6d(y—z)—|-
derivativesof §(x—y)6%(y—z). We also assume that we can
terminate the derivative expansion at a certain order. From
the physical point of view, this is an assumption that the scale
of the physical process of our interest is much larger than the
fuzziness of the locality of the space. In general, it is more
convenient to use test functions to describe distributions
rather than directly dealing with §-functional expressions.
So, letus consider a contraction of P with a test function f up
to the fourth order of derivatives as follows:

Pf = / dixdlyd!zP, f(x)f () (2)

- / dXBF A+ BLS 4 PF2F sy
+ PP [ f ] po + O(V?)), 9)

where, for brevity, the arguments x of f’s and f are
suppressed in the last line, and the greek indices represent
spatial directions, e.g., p=1,2,...,d. Here, the test
function f is assumed to have a compact support, and
the indices of f represent the covariant derivatives associated
with a background metric g, ie., f, =V,V,f,
fouwp =V, V,V, f. As will be explained in more detail in
Sec. IV, the test function is not a scalar, but must be treated as
a scalar half-density. Therefore, the covariant derivatives are
defined with a weight contribution: V,f = (9, —3T,)f
withT, :==T%,,V,V,f = (9, —3T,)V,f -V, f,and so
on. The tensor fields, f* and p***, are symmetric, and the
field p#¥*° has the pairwise symmetries,

ﬁuv,/m — ﬁw,/m' — ﬁ;w,a/) — ‘B/){f.ﬂl/‘ (10)

Thus, up to the fourth order, the “components” of P are
represented by the four fields, f(x), p*“(x), p#**(x), and
p#P°(x). Because of the weight of f and the invariance of
Pf3, these fields are assumed to have the weight of negative
half-density (the details will be given in Sec. IV),

= 9] = (9] = [porl = =3 (1)

“In [18], the mathematical formulation is presented differently
as a moment expansion in coordinates. Though they are essen-
tially the same from the physical point of view, the present
formulation in terms of distributions is superior to the former one
in the sense that the covariance can easily be incorporated.
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Here, [X] denotes the weight of a quantity X, meaning that X

has the same weight as g[zﬁ (9 := Det[g,,]). These weights
cancel the weight of the integration measure d“x to secure
the invariance of Pf3.

Here, we will explain more details about the derivative
expansion (9). First, as proven in Appendix A, a totally
symmetric rank-three tensor can be fully characterized by
the values of the contraction with an arbitrary vector ¢:
Popebatpp. for Y. Thus, it is enough to know Pf> for
arbitrary f as in (9) for the full characterization of P,
instead of considering three different functions for the three
indices. Second, throughout this paper, we will consider the
derivative expansion of P up to the fourth order of
derivatives, as in (9). The reason is that we are interested
in the EOM of the fields S, ", up to the second order of
derivatives: as will be discussed later, these fields describe a
coupled system of gravity and a scalar field, which is of
physical interest. To correctly describe the EOM of g
|

- f3
of ( )
=3B+ 20 f f s+ (BS?) o + 2B yup =
= (3 + Bl — Piuip) > + (4B — 6BL7) [ f o+

+ (4P = 60" + 280 ) f f

Pf. f]=

Similarly, one can define an expression corresponding to
3Py pipy for two different vectors ¢'%. This is denoted
by P[f,g] and is defined by an obvious generalization:
putting f, g into two f’s of each term on the right-hand side
of (12), and symmetrizing them.

IV. KINEMATICAL SYMMETRY IN THE
CONTINUUM LIMIT

CTM has the kinematical symmetry generated by the
orthogonal group generators 7 ;. In the continuum limit,
since the indices represent coordinates, [, will become
generators of local gauge transformations. In the deriva-
tive expansion, the gauge transformations are parame-
trized by tensor fields, as those in (9) for P. Up to the
|

2 -
+ (=687 + 485 ) f uf wp
4B LS e+ 3B S ik po AL uf wpo + 2SS gpe +
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(and p) up to the second derivatives, it is necessary to
include the fourth order of derivatives in the expansion of P
as in (9). As one can prove, an independent set of fields
describing P up to the fourth order are exhausted by the set
shown in (9). More details are given in Appendixes B and
C. Last, we have introduced a background metric g,,,
which can be taken arbitrarily. As will be explained in detail
in Sec. VI, the introduction of the background metric does
not change the physical contents, but simply redefines the
fields with a linear recombination of them. In fact, we will
see that there exists a gauge symmetry that allows one to
freely change the background metric with a simultaneous
change of the fields, and will ultimately gauge fix the
background metric to a certain combination of the fields.

In the analysis of the EOM (7) of CTM, it is necessary to
have an expression corresponding to 3P, .¢,¢.. In the
continuum limit, one can obtain this by the functional
derivative of Pf3 in (9),

(ﬁ;wpr) JUp + ﬂ’wy/mf,yyf,prf + z(ﬂﬂy’pﬂff,ﬂv),/m + O(VS)

685" )f uf o

O(V9). (12)

[

fourth order, we will find two gauge transformations,
which are the diffeomorphism and a spin-three gauge
transformation.

The orthogonal group transformation of CTM can be
characterized by a linear transformation of f, which
preserves the norm square f,f,. In the continuum limit,
this condition is translated to the invariance of

11 = / dxf () (x). (13)

where f(x) is considered to be a scalar half-density and is
assumed to have a compact support. It is easy to show that
(13) is invariant under the following infinitesimal linear
transformations:

81 (x) = 3 V() F () + (0, ()] = 5 al)F ) + 040 (),
531 (6) = 3 [V, V.9, (0 () () + 99 ()V, ¥, (2]
1w 3 3 Hwp
EUMDP( )f( )+ 2U (x)f,/)(x) +§1),,4 (x)f.zz/)(x) v ( )f/w/)( ) (14)
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where v# and v**¥ are a vector field and a symmetric rank-
three tensor field, respectively, and V, is the covariant
derivative [V, f = (9, —3I,)f with I}, =T}, etc.]. Here
we use the same simplified notations as in Sec. III, such as

fuw=V,V,f. Indeed,
SR =2 / dx ()6, £(x)

= [ @ W9, (4 (1) + ()T, )] =
(15)

because the integrand is a total derivative.” The invariance
under §; can also be shown similarly by using partial
integrations. As can be seen in (14), the transformation &,
represents a diffeomorphism transformation, which trans-
forms f(x) as a scalar-half density, and 85 represents a spin-
three transformation.

Some comments are in order. First, v#*” must be assumed
to be symmetric to remove redundancies. The reason is
|

PHYSICAL REVIEW D 95, 066008 (2017)

basically the same as that for the symmetry of £’s in (9),
which is explained in detail in Appendix B. The antisym-
metric part of f ,, in (14) can be rewritten in terms of the
first derivative of f by using the curvature tensor, and
therefore the antisymmetric components of v#*” can be
absorbed into v,. Another comment is that one may
consider a spin-two transformation with »* in a similar
manner. However, this is also redundant. The invariance of
the norm (13) requires that the transformation should be in
the form, 6,f = V,V,(v*f) = v*V,V, f, with a minus
relative sign in this case. Then, the terms with the second
derivative of f cancel, and the transformation is equivalent
to a diffeomorphism transformation with v* = 1/}, Finally,
it is obvious that there exist an infinite tower of spin-odd
transformations that preserve (13). However, the trans-
formations higher than spin-three are irrelevant in our
treatment up to the fourth order of derivatives.

Let us define the transformations of £’s in (9) under J,
and 83, by transferring the transformations of f to f’s. As
for 6;, we obtain

51(Pf%) = / A5 f + P CEG S o+ L6 )
BB f o o+ 26 m(B1f) ) + O(T)

= / d*x[(818)F + G S o + BBV F2f pap + GV Ff ik po + O(V)],

where

1
51:6 = _Uﬂﬂ,y =+ zvﬁlﬂ =+ O(V%),

1
BB = I+ L B B 4 OV,
Bp = O(V2)

8,347 = O(V). (17)

To derive the result, we have performed some partial
integrations to transform the first line of (16) into the form
of (9) in the second line. We have assumed p* =0
initially, which will be discussed later as a gauge condition
for the spin-three gauge symmetry. The terms with O(V?)
in # and S can also be ignored, because our interest is up
to the second derivatives for these fields. ;" and
01 p"*° can be ignored, because they are of the fifth
order of derivatives in (16). The result (17) shows that

*Note that Is cancel out as V,(v"f2) = (9, + ¥, —=,)x
(vf?) = 9, (v ).

(16)

[
transforms as a scalar of negative half-density, and p*
as a two-tensor of negative half-density. Indeed, this
coincides with the weight assignments (11), which is
apparently expected from the invariance of (9) under the
diffeomorphism.

As for 85, in a similar manner, we obtain

5,(Pf%) = / dx[38126,f + O(V9)]

- / d'x[(858) + (8:8)f*f yu
+ (83?) 2

+ (63ﬂﬂy.po.)ff,/wfﬁpa + O(VS)L (18)
where
66 = O(V°),
e
5 p0 = 3P,
5377 = O(V). (19)
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The equation of motion (7) of CTM contains the
second term ) ny, P, , 4 which represents the free-
dom to perform the infinitesimal kinematical transfor-
mation along time evolution by freely choosing n,,
dependent on time. Within our approximation of the
continuum limit, the transformations which are relevant
are 6, and 3. Thus, we can write (7) in a schematic
manner as

d
E'B = (nPP) +6,p,
d Uy 172 9 HUp v
E'B = (nPP) +§ﬂ”,ﬂ + 61",
%[}ﬂl’/’ = (nPP)ﬂ’/P + 3/}Uﬂ1/ﬂ’

iﬂﬂb,/)o‘ _

o (nPP)wso, (20)

where we have used (17) and (19), and (nPP), (nPP)**,
(nPP)* (nPP)*+° denote the spin-0,2,3,4 components
of > ;14Ps 4ePes,s.» Tespectively. Since §; describes the
diffeomorphism, the terms with §; in (20) correspond to
the freedom to choose the shift vector in the time
evolution in the ADM formalism of general relativity.
As for the spin-3 transformation, by setting v =
—(nPP)"? /34 under the assumption S # 0, we can
make a tuning % PP = 0. In this manner, one can keep
the gauge condition f*” =0, which gauges away the
spin-3 component. As seen in (20), by doing this gauge
fixing, the time evolution of the spin-2 component will
get a contribution by an amount,

—%ﬂ(%) (1)

from the infinitesimal spin-3 transformation. Note that,
even if P has no spin-3 component, i.e., p*” =0,
(nPP)"* does not vanish in general (this will be seen
explicitly later), and the spin-3 infinitesimal transforma-
tion must be carried out as above to keep f*” = 0 along
time evolution. In later sections, this and similar
procedures will frequently be used to remove the
appearance of the spin-3 component. In fact, the
spin-3 component can appear not only from the right-
hand side of the equation of motion (7), but also from
the left-hand side %P, when the background metric has
time dependence as will be discussed in Sec. VII. This
can also be removed by balancing it with the spin-3
transformation on the right-hand side in a similar
manner as above.

PHYSICAL REVIEW D 95, 066008 (2017)

V. EQUATION OF MOTION OF CTM IN
A STATIC BACKGROUND

In this section, we will study the continuum limit of the
EOM (7) of CTM in the case that the background metric g,
is static. Let us take the contractions of both sides of (7)
with a test function f satisfying f = 0. The left-hand side,
4 (pf3), is simply given by (9) with /s replaced by #’s.
The right-hand side is given by

SPf3 = / d’xnP[f, P[f, f]]. (22)

where we have left aside the SO(N/) rotational part of (7)
for later discussions, we have performed a replacement
n, = n(x), and an overall numerical factor has been
absorbed into a constant rescaling of n(x). By rewriting
(22) in the form of (9), namely,

5P = / dX(GBVF + (S)F2F o+ (85)f2S
GBIV f o+ OV, (23)

one can obtain the explicit expression of the right-hand
side of the EOM for the fields f’s. Here, note that a spin-
three component §4**” of 0P may appear in general, even
though the gauge condition p*” = 0 is initially assumed
on P.

The symmetric two-tensor field p*¥ is particularly
interesting from the viewpoint of gravity. The lowest
order set of fields containing it is given by S and p*.
Therefore, we want to compute §f and 56" up to the
second order of derivatives, which would be the mini-
mum for physically interesting dynamics to be expected.
The wanted order about the latter field requires that our
computations must be correct up to the fourth order in
(23). This means that §4*” and 6f***° must be computed
up to the first and the zeroth orders of derivatives,
respectively.

It would seem that the fourth order terms® in off must
also be included for the consistency of the fourth order
computations. However, the order of derivatives of the
terms relevant in 6", 6pH7, opF**° are less than four in
our computations up to the fourth order. This means that
the fourth derivative terms in f cannot affect 64+, 5p"7,
opH° even in our later computations, which more or less
mix 6f, op*, op*P, op*P°. Therefore, the fourth deriva-
tive terms in 6 can be ignored consistently, if one is not
interested in them: our interest is up to the second order of
derivatives in of.

®There exist no third order terms.
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Even with these upper bounds of our interest on the number of derivatives, the computation of (22) is very complicated,
and we used a Mathematica package XTENSOR for the tensorial computations. The details of the procedure are explained in

Appendix D. We have obtained

Sprre = 11npprere + 4nﬁﬂu(p~v)v + dnprpre + 3pnﬂ(uvﬁpv) + (9(v2),

5 = —~14nfplerof  — Apnfr B + 4(1 - p)np e — 2npphr”
+4(1 = p)prpion . — 86BN . + O(V3),
S = 15npp — 2(1 + p)nply B +2(1 — p)p“Ban,, — 2pnpeprs
+4(1 = p)PUB R, + 41— p)B N, + 2(1 = p)Bfn , — 2pnpli e
— 10np e’ — AP0, — Snp J 7 — 8BEN 0, — 4B ron,
— 8PUIOB o = 20 o7 — AN o4+ (1= p)np B,

+4(1 = )P + (2= p)np iy, + nppid” -
(4=2p)p" " po + TP n,

+ (6 - p)ﬂﬂyﬂpan,po +

4nﬁﬁp pv)o
po 4ﬂﬂﬂp'y6n,pa

n (i prop + 2/3ﬂp"’5<”> R 15 + O(VY),

5p = 9np* — 4np WP+ npp L, + nppl

where p = must be taken.” The round brackets in the
indices represent symmetrization of the indices contained
in the pairs of the brackets. For example, p+*»)° =
%([J’”"’p" + prere), and S pro)  represents the total
symmetrization.

As seen in (24), 6f’s have complicated expressions with
the derivatives of both f’s and n. The existence of the
derivatives of n seems to pose a challenge in comparison
with general relativity, since the equation of motion of the
metric tensor field in the Hamilton-Jacobi formalism of
general relativity, written down in Sec. X, contains no
derivatives of the lapse function. This absence comes from
the fact that the Hamiltonian of the ADM formalism H xpp
is expressed with no derivatives of the lapse function, and
the Poisson brackets with the fields do not produce them
either, where the conjugate momenta to the fields are
replaced by some functions of the fields in the Hamilton-
Jacobi formalism.

The fundamental reason why we encounter the above
difference between CTM and general relativity can intui-
tively be understood by the fact that, in CTM, a space is an
emergent object characterized by the tensor P. As explained
at the beginning of Sec. III, there exists intrinsic fuzziness
that disturbs the exactness of a position specified by the

"The parameter p becomes a free parameter in the case that the
term 8B**° f2f ., is also allowed in the expression of 6Pf>. As
explained in Appendix B, this term can be set to zero by using
(B6) for the unique representation. But, if we leave it,
8pP° = (2 —3p/2)np*pro), and the others will be given by
(24) with free p.

+ 540 n . + O(VH), (24)

[
coordinate x, where the ambiguity would be in the order of

~+/p* /B for a dimensional reason. This ambiguity of
positions would also make ambiguous the value of a field,
here the lapse function, as a function of x by an amount in
the order of 6n(x) ~ p**n ,, /f. The real expressions in (24)
are much more involved, but this gives an intuitive under-
standing of the reason why the spatial derivatives of the
lapse function can appear, irrespective of their absence in
general relativity. Therefore, to make relations between
CTM and general relativity, it would be natural to perform
some redefinitions of the lapse function and the fields by
adding some corrections of the spatial derivatives. In fact,
we will do so in later sections.

Another interesting thing to notice in (24) is that there
appear terms with the background curvature in 54**. For a
static background considered in this section, the back-
ground curvature appears just as the coefficients of the
quadratic terms of f’s and does not seem to play an
important role. On the other hand, as we will discuss in later
sections, when the background metric becomes dynamical
as a result of the gauge fixing to a combination of the fields,
the curvature terms play essential roles for the consistency
of the time evolution.

The result (24) shows that there appears a spin-three
component 54", even if we assume ¥ = 0 initially.
Therefore, as explained in Sec. IV, to maintain the gauge
condition p*” =0, the spin-three gauge transformation
03 in (19) has to be performed simultaneously. This is to
bring in the spin-three gauge transformation contained
in the SO(N) rotation part of EOM (7). By setting
opP + 3pv"? = 0, we obtain the EOM for the fields as
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p = b,
R A
prre = spree, (25)

where the last term in the second line comes from the
second line of (19), the consequence of maintaining the
gauge fixing condition p** = 0.

A physically important consistency check of the EOM
(25) is to compute the commutation of two successive
infinitesimal time evolutions. This corresponds to the
commutation of the Hamiltonian constraints in CTM,
and, from the first-class nature of the constraint algebra,
this should be described by the kinematical transformation
J ap- In the present context of the continuum limit, the
commutation of the time evolutions should be expressed by
the gauge transformations discussed in the preceding
section. Since the spin-three transformation d5 has already
been used for the gauge fixing, one would expect that the
commutation should be described by the diffeomorphism
transformation &;. Note that the lapse function n(x) is a
field locally depending on x, and the situation is the same as
the time evolution in terms of the Hamiltonian constraint in
general relativity: the commutation of the Hamiltonian
constraint being equal to the diffeomorphism is nothing but
the assurance of the spacetime covariance of the locally
generated time evolution. This is directly connected to the
central principle in general relativity, and it is highly
interesting to check this in the present context.

Now, let us explicitly describe the commutation of two
successive infinitesimal time evolutions. Suppose we start
with a configuration, g, p**, #“/°. After an infinitesimal
time Af with lapse n,, the fields evolve to

B =B+ A (g p e ), (26)

where S’ represents 3, f*, or f**°. Here, we have written

explicitly the dependence of 3’s on n and f#’s. Then, after
the second step with lapse n,, we obtain

R VAN N N st (27)

By inserting (26) into (27), expanding in the infinitesimal
parameter Az, and subtracting the case that n; and n, are
interchanged, one obtains

(6n15nz - 5n26n1 )ﬂl = 32 - ﬂlZl

= (A[)z/ddxﬁj(x,nl,ﬁ,...)
5
X (S[T(x)ﬂ (na,B,...) = (n; < ny),
(28)
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where j is summed over, and we have taken the lowest
nontrivial order in Atz.
We have used XTENSOR to obtain the following explicit
result of (28):
(5)115)12 - 6}1 5n| )ﬂl = 5lﬂi + O(v4)’ (29)
where we have dropped the infinitesimal parameter Af,

p" = por p*, and §, is the diffeomorphism transformation
(17) with

vt = 12" (nyny, — npny ). (30)

The case with i = p*#° is not considered, because this
requires a higher order computation than the fourth. If we
make the identification

9"
% = ﬁﬁ”y’ (31)

the commutation algebra (29) with (30) agrees with that of
the ADM formalism of general relativity except for a
weight factor 1/,/g. The weight factor is necessary for the
consistency with the weights of f and p** shown in (11).
The identification (31) was first discussed in [18] with a
different argument directly taking the formal continuum
limit of the constraint algebra, and the extra weight factor
has been interpreted consistently. In Sec. VII, we will use
this relation (31) to gauge fix the background metric, and
the issue of weights will be treated in Sec. VIII.

It is worth mentioning that there exists a scale invariance
in the EOM (25) with (24). The transformation is given by

t — Lt, X — LxH, ﬂ N %’ ﬁ/w — Lﬂﬂl/’
ﬁ;wp - Lzﬂ””p, ﬁ;w,pa N LSﬂ’w‘p”, (32)

where L is a real free parameter. The lapse function n and
the inverse metric ¢*¥ do not transform. The transformation
is consistent with the identification (31). This scale invari-
ance will be respected throughout this paper in the other
forms of EOM which will appear in due course.

Last, we will present a solution to the EOM for the
highest component #*°. Let us assume the following form
of a solution:

pre =SB SBB(3)

where a, b are real numbers. Note that the form is
consistent with the scale transformation (32). To check
whether this satisfies the EOM, it is enough to compute the
time derivative of the right-hand side of (33) up to
nonderivative terms, since we consider f*° up to the
zeroth order. Since, from (25),
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B = 9np? + derivative terms,

ﬁﬂ” = 15npp" + derivative terms, (34)

one obtains

B =21n(aprpro + bp# pro)) +derivativeterms  (35)

from the assumption (33). On the other hand, by inserting
(33) into the EOM (25), one obtains

P = (9a + 4)nprpre + (6a + 15b + 4)nple o)

+ derivative terms. (36)

By equating the two expressions for 3%, one obtains

b=1. (37)

1
a=z.
The existence of the consistent solution implies that one
can ignore the field f#“#° assuming that it is given by (33)
with (37). This truncation for simplicity will be assumed in
further analysis in later sections.

VI. GAUGE SYMMETRY OF THE
BACKGROUND METRIC

In the former sections, we considered a static back-
ground metric, and this is certainly a consistent treatment.
However, there exist two distinct rank-two symmetric
tensors, ¢ and p*, and this would be physically
awkward from the viewpoint of general relativity, which
has a unique symmetric rank-two tensor called the metric.
In fact, as will be explained below, the background metric
can be chosen arbitrarily without changing the physical
contents of CTM: there exists a gauge symmetry that
allows one to freely change the background metric with
compensation by the fields. In other words, as illustrated
in Fig. 1, a constant surface of P forms a submanifold in
the configuration space of g,, and f’s, and it is extending
in the directions that allow arbitrary infinitesimal changes
of the background metric. Since the motion of P is
determined by P itself as in (7) (up to the kinematical
gauge symmetry), the motion is actually a time-dependent
transition from a constant P submanifold to another. Such
transitions can be described by various manners of one’s
own choice, as illustrated for two examples in Fig. 1.
Taking a representative point on each constant P sub-
manifold determines a trajectory of time evolution in the
configuration space of g,, and f#’s. This is a gauge choice,
and, in the former section, we take the gauge that the
background metric is static, and the motion is solely
described by f’s. This is illustrated as the dotted arrow in
the figure. On the other hand, we may take another choice
that g,, and f’s are correlated. This is what we will take

PHYSICAL REVIEW D 95, 066008 (2017)

FIG. 1. A schematic illustration of the time evolution in CTM.
The horizontal and vertical axes represent the configurations of
the fields and the background metric, respectively. The solid
curves represent the submanifolds of constant P. A time
evolution is a transition from a constant P submanifold to another
in the configuration space. The dotted arrow represents a time
evolution in the gauge of a static background metric, while the
dashed arrow represents an evolution that describes time evolu-
tion in general relativity by the gauge choice (31).

for the comparison with general relativity, in which the
actual gauge fixing condition will be taken as (31). This is
illustrated as a dashed arrow in the figure. Note that the
two descriptions are physically equivalent: they are con-
nected by a transformation of g, and f’s along a constant
P submanifold, while g,, and f’s take different values.

Let us describe the submanifold of constant P by
considering the infinitesimal changes of g,, and ’s which
keep P. This condition is given by 5(Pf?) = 0 with the test
function unchanged 6f = 0, while g,, and s are allowed
to be changed. By taking the infinitesimal of (9), it is
straightforward to derive

o) = [ ats| (o8- 3T, + (o), )
+ (8B = oL o + (BT 00) )2 f
+ (3P + ST, f2f e + 5ﬂ””’f’”ff.,wf,,m]
+O(V?), (38)
where

0, =T +3,T,), (39)

and
1
5FZD = Egpa(vﬂégvﬂ + vuég/m - V05gyv)' (40)

Here, we have assumed the gauge condition p#*” = 0 as an
initial input. To derive the result, we have considered the
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change of the covariant derivatives under the change of g,,,
namely,
) 1

8f o =—=00pf ,—560,f,+V, <—§5I“Uf) . (41)
and have performed some partial integrations to obtain
(38). To further transform it to the form (9), we have to
symmetrize the third derivative of f by using the following
equation with the Riemann tensor:

) W T

1 .
= gﬂﬂy‘pgérzufz (fﬁpa + f,péa + f,p0'5)
1 .
= §ﬁﬂy’ﬂ051ﬁ/§yf2(3fﬁpa + 2Rp50Kf,K)' (42)
The last term in the last line can be transformed to the

nonderivative terms of f by a partial integration, because
f*f« =%(f?) . Then, the condition 5(Pf?) = 0 implies

= A PO, — L (PO, - 2 (PR ),
Sp = prrosT, , — (ﬂ””'/"’él:ﬁ,;)ﬁ,
oprr = —poo oLy,
s — 0, (43)

We have shown that an arbitrary infinitesimal deformation
of the background metric can be absorbed by the infini-
tesimal change of f’s shown in (43). The last term in the
first line is actually irrelevant, because it is higher order
than our range of interest. Note that there appear spin-3
components, which must be absorbed in the way discussed
in Sec. IV to maintain the gauge condition p*” = Q.

VII. IDENTIFYING THE BACKGROUND
GEOMETRY WITH THE FIELDS

The background geometry introduced in the preceding
sections is arbitrary. In fact, as discussed in Sec. VI, an
arbitrary change of the background geometry can be
absorbed into the change of the fields f’s without changing
P. This means that there exists a gauge symmetry which
changes the background geometry without changing the
dynamical contents of the system. The most reasonable
choice of the background geometry is (31), which deter-
mines the background geometry in terms of f and f**, and
makes it a dynamical entity.

If we impose the identification (31), the diffeomorphism
transformation (17) derived previously for a static back-
ground will also be changed. This is because we have to
take into account the simultaneous transformation of g**
keeping the relation (31). It is easy to see that the
corrections are given by the minus of (43). Therefore,
since (17) is in the first order of derivatives, the corrections
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are higher than the second order of derivatives. This is out
of our range of interest, and the diffeomorphism trans-
formation remains in the form (17). This is consistent with
the naive expectation that # and ** should still behave as a
scalar and a two tensor with the weight of negative half-
density, even after the identification of the background
metric with the fields.

It is important to see whether the transformation (17) and
the identification (31) reproduce the standard diffeomor-
phism transformation of ¢*. Let us define

v
p=ppr =L, (44)
VY9

where we wrote (31) as well. From (17), one obtains

517" = (8ip)p™ + B(5:5*)
= =g, + VLG + VP + 0,5 + O(VP). (45)

Then, by using the second relation in (44), one obtains

=i - L a0.7)
= Vir + Vok + O(V3), (46)

where we have put (45). This indeed agrees with the
transformation of the metric under the diffeomorphism in
general relativity.

One consequence of the identification (31) is that the
expression of f’s in (24) is considerably simplified. This
comes from V,(#f**) = 0, which is because the covariant
derivative satisfies V, g = 0. By substituting (24) with
(31), (33), and (37), we obtain

6n . -
+ Fg”yﬂfyﬂ,u + Sg}wn,/w + O(v4)’

~ - 20m ., .
5P = 15ng"™ — Fg””g”’ﬁ,,)ﬁ.a -

56 = 9np?

8 _ .
Eg/)(ﬂgw”ﬂ./)n,o’
ﬁ’; gpﬂgyaﬂpa ﬁ2 gﬂpgyo—n N

+§”U(ﬂ49{mﬂpﬁa_ﬁ3gpgﬂpn +ﬁ3gpo—/}pa
14 .
+? gﬂ"n,p(,> 7 ZHGER,, + O(VH). (47)

Here, note that S/}’”’f’ and 3[7’””"’" are not considered any-

more: Sﬁ””f’ has been gauged away to be included in Sﬂ”” by
the spin-three gauge transformation to keep the gauge
condition f*” = 0, and p**° is assumed to be the solution
(33) with (37).

As can be seen in (47), while the right-hand sides of the
EOM have been considerably simplified in comparison with
(24), the left-hand side, E(sz)’ must be modified with
some additional terms that come from the evolution of the
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background metric to keep the relation (31): the left-hand
side cannot simply be expressed by the time derivatives of

the fields 4, #*, but must also contain some additional terms
coming from the time derivative of g, contained in the
covariant derivatives in (9). The derivation of the explicit
expression of the left-hand side is basically the same as that
of (43) through (38), and the additional terms are just the
minus sign of the right-hand sides of (43) with the
replacement 6" — I". In addition, to keep the gauge con-
dition p*” = 0, we have to perform the spin-three gauge
transformation to transfer 54* in (43) to #*“. Then, we
obtain the EOM as

| . 1 o -
BB+ VBT = 58

Uy s v potd 3 1 o8, (Ui )
= ety Valpertl) =3V, (e )

= 5p", (48)

where (31), (33), and (37) are supposed, and the last term on
the left-hand side of the last line comes from the spin-three
transformation. It would be worthwhile to remind the reader
that the time derivative of the Christoffel symbol can be
written covariantly as

|
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F/ljv = Egng(vugya + vl/gﬂﬂ - vagﬂl/)’ (49)

and therefore (48) is a covariant expression.

Let us simplify (48) further. In the zeroth order of
derivatives, the EOM derived from (48) is still given by
(34), since all the corrections in (48) are in the second order.
Therefore, by using (31), the EOM of ¢* in the zeroth order is
given by

_ 48np
Cd+2

7" g +O0(V?). (50)
Here, the dimensional dependence appears due to the
determinant in (31), while the EOM so far has been
independent of it. Then, by putting (50) into (49), one obtains

. 48 1
= =15 (09008 - 30,970) ) + (V)
(51)
The overall minus sign is from the fact that g, = —g,,,9,,9”°

This order of I"is enough for our second order computation of
the correction terms on the left-hand side of (48). By putting
(51) into (48), we finally obtain

. g (2(3d-2 8(3d -2 4(3d -4
ﬁ = 9”:62 + dg:_ B < ( ﬂz )nﬂ,ﬂ v %ﬂ,ﬂn,y - %ﬂw/ - (7d - 26)”441/)
+ O(VY),
Bﬂv = 150" — %RPU
P [ 4(d—14 24(d -2 2(3d -2
(gp_'_gz)ﬁz <_ ( ﬁz )nﬁ,pﬁ,o‘ - ¥ﬂ,pn.a - %ﬂ.po‘ - 2(d - 6)n,p0>
d*g°  (8(5d+8 4(5d -6 23d +6
=+ (dg—i-g;)ﬂz < ( ﬂ_; )nﬂ,p/}.a - %ﬁ,pn,a - (T—'—)n/)),po' - 1O(d - 2)”,/}0)
+ O(V*), (52)

where (31) is supposed. This is the version of EOM with a
dynamical background metric determined by (31).

A physically meaningful consistency check of EOM
(52) is given by computing the commutation of two
successive infinitesimal time evolutions, as the algebraic
structure (29) with (30) has been obtained for the static
background case. The existence of the gauge symmetry
discussed in Sec. VI, which allows us to freely change the
background metric, assures the covariance of the time
evolution for the evolving background case, too.
Therefore, we should obtain the same algebraic structure
as the static background case. However, the actual
computation for the consistency check is much more
complicated and nontrivial than the fixed background

case. In the second step of the successive infinitesimal
time evolutions, one has to compute the time derivative of
the right-hand side of (52).8 In the computation, the main
difference from the static background case is that we have
to take into account the time derivative of the metric as
well, which affects not only the metric itself but also the
covariant derivatives and the curvature tensor. Therefore,
while the number of terms in (52) has been substantially
reduced from (24) by the identification (31), there appears
a number of new terms in the second step, which in some
way set back the reduction. One can compute these extra

¥Equation (28) corresponds to the acting time derivative on ﬂ ’s.
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contributions in a similar manner as was done in Sec. VL
For instance, as for f,

d 1.
2P ﬂﬂr LB,
d
— B =P — Ff’yﬂ/,+ Fﬂﬁ +5 V( Cp). (53)

dt

where the terms with fﬂ are due to the weight of £’s in
(11). Here, f,/;y is explicitly given by (51). As for the
curvature tensor, since the curvature is in the second order
by itself, it is enough to consider the nonderivative part
(50) of §,,, and we obtain’

Ry =2 (d= 2V, V, () + 9,7 (np) + O(F*).
(54

By using these expressions, one can compute the com-
mutation of infinitesimal time evolutions and obtain

(81,81, = 81,80, )8
= —g"v.p. + %Zf‘”vﬂ.yﬂ +O(V).
(81,81, = 81,00, )P
=2 (27 @ v+ 5 (84 0. ) )
+O(V4), (55)
where
v, = 12(mny,, = mymy,). (56)

One can easily check that the right-hand sides are the same
as (29) with (30), when (31) is taken into account. Thus,
the right-hand sides of (55) represent the diffeomorphism
transformations, and the consistency of the time evolution
in the case of the evolving background with (31) has also
been established.

VIII. DELETION OF THE WEIGHTS

So far, the field § and the lapse function n have the
weights of negative and positive half-densities, respec-
tively. While these are the natural weights in the framework
of CTM, scalars with such weights are not standard in
general relativity. Therefore, we want to transform them
into simple scalars with no weights. At first glance, this
seems to be a trivial task by doing the replacement,
p = g7if and n — gin, in the EOM (52). However, while
the former is obvious, there is a subtle issue in the latter
replacement.

The computation is simplified by noticing that the nonde-
rivative part of (50) is just a conformal transformation.

PHYSICAL REVIEW D 95, 066008 (2017)

When we have shown the algebraic relation between the
commutation of two infinitesimal time evolutions and the
diffeomorphism in the preceding sections, it is implicitly
assumed that n, does not change after the first infinitesimal
time evolution with n;, and vice versa. Namely, the
algebraic relation has been shown in the situation that
the lapse functions with the weight of half-density do not
change after the infinitesimal time evolutions. On the other

hand, if we do the replacement n — gin, and assume that
the new lapse functions with no weights do not change after
a first infinitesimal time evolution, the situation becomes,

in fact, different by the evolution of the weight gi from the
original one. This means that the commutation of two
infinitesimal time evolutions is a sum of a diffeomorphism
and an infinitesimal time evolution with the following lapse
function:

1 1
np = —Zgﬂy!?””(nl)nz + Zgﬂy!?””<"2)”1- (57)
Here, we have explicitly written the lapse function depend-
ence of ¢, while it depends also on f and ¢**. Of course,
the appearance of an additional time evolution is not a
breakdown of the framework, because the algebraic closure
of the diffeomorphism and the infinitesimal time evolution
holds anyway. But, this deformed algebraic structure is
inconvenient, if we want to compare CTM with the ADM
formalism of general relativity.

To fix this issue, let us consider the following repar-
ametrization of the lapse function,

n—i=n+h(p. g n), (58)

where £ is a scalar function linear in 7 and is assumed to be
in the order of second derivatives.'® The reason for & to be
taken in the second order is that we want to keep the result
in the main order, namely, the part expressed by the
diffeomorphism. Then, the condition to compensate (57)
is given by

. ) 5
/dx[ﬂ(x»nl)(sﬁ( )+9 “(x, ”1)59,, o) h(B. g ny)
— ) = (<> )
— O(VH). (59)

Before discussing the solution for & to (59), let us first
discuss the explicit expressions of the EOM in the case with
no weights. So, let us leave aside the replacement n — 7 for
the moment. After the rescaling by the weight factors, i.e.,

B — g7if and n — gin, the EOM has the form

%A direct way to compensate, such as n — g~in, cannot be
taken, because 7 is supposed to be a scalar with no weights, and
its weight should not be changed.
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gz—( B) = K(B. g™ n),

¢ () = K5 ),

where K and K** are given by the right-hand sides of (52)
with the formal replacement ¢** — ¢**. The left-hand sides
of (60) can be written in the following way:

()

where 15, = 6;(,” 5’;), and (31) has been used. It is easy to find
the inverse of the matrix in (61), and we obtain

(60)

%ﬂgf)(}'

1
, ) (61)
(_/%gﬂ 11%0'+4ﬂgﬂ Ypo

(5)= (o e e, ) o)
Q’“’ B ng;w ﬂlzo‘—’_célﬁgﬂygpa Kpo‘(/}’g/w’n)
(62)
where
_d+4 - 1
“T2dv2 T T2dv2)
2 1
€3 = dr2’ C4 = — (63)

d+2
Now let us discuss the replacement n — 7. To solve the

condition (59) for A, let us assume the following form:
|

-__3(d—6) 2 . 1
p==C i P B ) +

2 +20d - 4)
(d+2)°p

48ﬁ v e

ﬂg" (n+h(p, g,

CAd-14) o 2Ad=2)
T dt2)p nprp (d+2)/}2””ﬂ

32(3d +2) , 32(2d-1)
7 <(d+2)2/33 "ol (d+2)7p

P + 2(d +2)8

e = W)~ SR+

For a consistency check of this result, one can compute
the commutation of two infinitesimal time evolutions, as
was done before. The basic strategy is the same. In the
second step of the infinitesimal time evolution, one has to
take the time derivative of the right-hand sides of (66).
Not only the metric itself but also we take into account
the time derivative of the second covariant derivatives''

"The difference from the previous case (53) is the absence of
weights; namely, I, is absent. Because of this, the first covariant
derivatives have no time dependencies.

17d? +20d + 36

11d? —20d + 60

2
B (d+2)p
2(3d -2)
(d+2)p?

pﬁ P —
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h(B, g, n)

(64)

where z; are parameters. This form is chosen so that the
reparametrization (58) preserves the original form of the
EOM. By substituting ¢ in (59) with (62), we find that
(59) can be solved by

(d—6)z3 +2(2 + d)z,
| —12—44d + 17
6(d+2)
2(d - 6)zy + (10 4 d)z> + 4(3d — 10)z3 + 8(2 — d)z4
C2(-12—-4d + 11d%)
3(d+2)

(65)

The solutions form a two-parameter family, and any of
them can be used for the purpose.

The final form of the EOM with no weights of the field
and the lapse function is obtained by doing the replacement
n — n in (62). Because our concern is up to the second
order, the replacement is effective only in the zeroth order
terms in (62). By explicitly computing (62), we obtain

d+ 27 np "
3d? — 20d + 92

sarar Tt O,

nRg"

2(d-6)
(d +2)p
16(2d - 5)
(d+2)°p

ﬁ uv N1
16(4d — 1)

@+ 23"~

”) + O(V*). (66)

|
and the curvature. Since our concern is up to the
second order, the time derivative of the Christoffel
symbol and the curvature can be evaluated by the zeroth
order of ¢"*, as given in (51) and (54), respectively. Then,
we obtain

(8,60,
(5n15nz

- 5n26n] )ﬁ = _Uﬂﬂ,y + O(v4)’

= 8,,8,,)9" = 201 + O(V*), (67)

where
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o' = 12(nyny' — nynt'). (68)

The right-hand sides certainly agree with the standard
diffeomorphism in general relativity for a scalar and a
metric. It should be stressed that this result can be obtained
only when the correction A(f, ¢**, n) with the parameters
satisfying (65) is included in the equation of motion as
in (66).

Now, let us briefly discuss the inclusion of the terms
corresponding to those parametrized by a shift vector in
the Hamiltonian of the ADM formalism of general
relativity. The last term of the EOM of CTM in (7)
represents an arbitrary infinitesimal SO(N') transforma-
tion. As discussed in Sec. IV, it contains the diffeo-
morphism and the spin-three gauge transformation in the
present context. However, since the latter is used to
maintain the gauge-fixing condition f#*” =0, only the
diffeomorphism can be set arbitrarily. The diffeomor-
phism transformation (17) and the identification (31)
imply that f and ¢ are transformed in the standard
way of general relativity. Thus, implementing the follow-
ing replacement in (66),

BoB+nf @20 (69)

where n* is a newly introduced shift vector, one obtains
the EOM with the shift vector.

IX. DELETION OF THE
DERIVATIVES OF THE
LAPSE FUNCTION

The EOM (66) contains some terms with the deriva-
tives of n. As discussed below (24), this is an obstacle for
a general relativistic interpretation of the EOM of CTM.
In this section, we will show that, by redefining the fields
p, ¢ with some derivative corrections, one can actually
delete all the terms with the derivatives of n from
the EOM.

The reparametrization of the fields we consider is given
by adding some correction terms with the second order of
derivatives,
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M M R
ﬁ,;f + X2 ﬁ'ﬂ + X7—,

B p
N7y % UV v 3P
g”’“—»g””+x3ﬂﬁf +x4ﬁﬁ3 +x5L ;ﬂp
v P R VR
gﬂﬁ—f’p"’xi;F"‘X@gﬂﬂ—z, (70)
where x;’s are parameters. Note that, since the repar-
ametrization 1is covariant, the algebraic consistency
between the commutation of time evolutions and the
diffeomorphism obtained so far should be unaltered.'
There exist two kinds of effects from this reparamet-
rization. The first one is on the right-hand side of (66).
Since the corrections are in the second order of
derivatives, the reparametrization is effective only on
the zeroth order term and causes some shifts of the
coefficients of the nonderivative terms of n. On the
other hand, the reparametrization affects the left-hand

p—p+x

+X6

side more importantly for our purpose. B will be
replaced by

) . H ML G
P . (_ 3ﬂ@jﬂ +2ﬂ.ﬂﬂ ;39 ﬂ,ﬂﬁ.y)

+ x <_ 2ﬂ€:z + ﬂZ + gﬂyﬁ./wz_ gﬂbrjl;vﬁ.p>

p p
Rﬂ gﬂDR;w + gMyR;w)

+ X7 < ﬂ2 4+ ﬁ . (71)
To evaluate the correction terms in (71) up to the second
order of derivatives, we can put the zeroth order
expressions of the time derivative of the fields, i.e.,
the first equations of (34), (50), (51), and (54), into
them. The things are similar for the correction terms in
the replacement of ¢** in (70). Then, because the zeroth
order expressions contain n, there emerge a number of
terms that contain the derivatives of n. In fact, we can
delete all the derivative terms of n in the EOM by
appropriately choosing the x;’s. The condition for the
deletion is expressed by six equations, which are
explicitly given in Appendix E. Solving the equations
for x;,...,xs, and putting the solutions into the EOM,
we obtain

3(=6+d) | (1+(6=9d)x))R _16(=1+d)(=1+(=6+9d)x;)B

1.
WP 2+d 2+d

(=6+d)(2+d)p

| 2=8(11+84x) +dB(—1+360x;) +4d(43 +480x;) —2d%(19 4 804x)) 3, i*

(=6+d)*(2+d)p?

+0O(V4),

">To be sure, we have checked it through explicit computations.
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L.,  48pg"™ 2(1 +24x; —3(2+d)xg)g"R  2(1 4 3xg)RM
P 2+ d)p - B
N Ag"B B 16(48 + 84xg + 3d*xg — 8d(1 + 6x3))p*pB*
(-6 +d)*(2+d)p° (=6 + d)*p°
16(4 + 48x7 + 6xg — 12x9 + 6d%xg + d(—1 — 48x; + 3xg + 6x9) )¢ 8(—=6 + d — 12xg + 6dxg)
B (=6 +d)(2+d)p? - (=6 + d)p?
+O(V4), (72)
[
where transformed homogeneously by the transformation

A, = 16(2d(13 + 456x; — 65 — 720
—4(20 + 168x7 + 33x3 — 42x9)

+30d3x9 — 3d?(1 + 80x7 — 9xg + 18x¢)).  (73)
Interestingly, the EOM does not depend on the two-
dimensional ambiguity of the solutions of z;’s to (65)
and is parametrized solely by x;go. In the following
section, we will identify (72) with the EOM of general
relativity coupled with a scalar field based on the Hamilton-
Jacobi approach.
In the EOM (72), one can see that the scale trans-
formation (32) is realized as
‘> Lt sl
; I’

Xt — Lx*,
while n, ¢¥ are invariant.

X. HAMILTON-JACOBI EQUATION
OF GENERAL RELATIVITY COUPLED
WITH A SCALAR FIELD

In this section, starting with an action of general
relativity coupled with a scalar field, and employing the
Hamilton-Jacobi approach, we identify the EOM of this
gravitational system with the EOM (72) of CTM.

Itis an easy task to guess a possible form of the action for
the purpose,

S = / 4/ —G <2R(d+1) —%Gi-faiqﬁ@,-qb _ AeZB‘/’>,
M
(75)

where G;; denotes the (d + 1)-dimensional metric with i,
j=0,1,2,....d; R“tD jis the (d + 1)-dimensional Ricci
scalar; ¢ is a real scalar field; and A, B, A are real
parameters. The scalar field ¢ is assumed to be related
to the CTM field 38 through 8 = B¢, This action would be
considered to be an effective action valid up to the second
order of derivatives. The classical EOM derived from (75)
respects the dilatational symmetry (74), because S is

as § — LIS,

Considering that the (d + 1)-dimensional Lorentzian
manifold M is globally hyperbolic, we use the following
diffeomorphism,

@ ZxXR—> M, (76)
where X is a d-dimensional spatial hypersurface, to obtain
the ADM metric as a pullback, ¢*G,

ds* = —N*dt* + G (dx* 4 NHdt)(dx” + N¥dt), (77)
where N, N¥, and g,, are the lapse function, the shift vector,
and the d-dimensional metric on X with y, v = 1,2, ...,d.
Hereafter we will turn off the shift vector, i.e., N¥ = 0 for
simplicity. The terms associated with the nonzero shift
vector can be recovered considering the time-dependent

spatial diffeomorphism.
By the diffeomorphism (76), the action (75) becomes

S = /dt(K -V), (78)
where K is the kinetic term,
(] por - 1 bbb
K= dx 7g/41/,/ g,uyg/m +7g ’ ¢¢ (79)
s, 2 2
with
gHre = (9797 + ¢°g”) — 9"”9”") ,

Ggre =

RS
=
=I5 =15

) (80)
and V is the potential term,
_ d 2B¢ A 2
V= [ dxN./g(Ae —2R+E(V¢) ), (81)
Z

in which (V¢)? == ¢V ¢V, ¢ with V, being the covariant
derivative associated with the metric g, .
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To employ the Hamilton-Jacobi formalism, let us
consider the following Hamilton’s principal functional:

W [ diay5eh - e PHeR + ex(V4)) + O(T),
(32)

where ¢y, ¢, A are real parameters. W is considered to be
expressed as perturbative expansions in spatial derivatives
up to the second order. The potential in (81) and W in
(82) must be related by the following Hamilton-Jacobi
equation:

1 oW oW oW oW
o[ el (G B g, Y
s 2\ 80,69, " 6 S0
+O(V4) =0, (83)
where
N (1 1
g/u/,pd = 7§ E (gypgmf + g;mgyp) - ﬁg/wgpa ’
N
Gpp = Ay (84)

being the inverse to (80). Inserting (82) into (83), we
obtain

1[ 1 [22de*Be
V= d%/gN~=|—— AH

+ % (2BAF — B2/12e23¢)} + O(VY), (85)
where
H="25(ciR+ e (V9))
+(d=1)e\(BV?¢ + B*(Ve)?),
F = —B(c|R - c,(V$)?) = 2¢, V. (86)

Comparing (85) with (81), we obtain some conditions for
the parameters of W as

2 (—=4B?*(=1+d)+Ad)

8A(—1+d) ’
__CAA(=2+d) +4B*(~1+d))
4A(-14d)) '
A MA(=cy(=2+d)+2B%¢ci(=1+d)) +4B%c,(~1+d))
2 4A(=1+d) ’
0=BA(Ac;+4c,). (87)

Here, the first equation comes from the comparison of
the potential term, the second the curvature, and the third
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the scalar kinetic term. The last equation comes from the
absence of the V?¢ term in the potential.
The flow equations derived from W are given by’

1. ow 1

—h = 7:7B/13(/)_ —B(/}F Ov4’

N = Y005, - (Ble® — P F) + O(V)

1. oW AeBé

N I = gﬂy,lm— =577 _ 9w

N 89,, 2(1—d)
1

et (Hf” mwﬂ) +O(VY,  (88)

where

H/w = <R/4u - %g/wR + B(vﬂvu¢ - gﬂyv2¢)
- B,09.0 - 4,V
1
+ C2(vu¢vu¢ - Eg/w(vqs)z) (89)

There is a relation, H = ¢**H e

To compare (88) with the EOM (72) from CTM, let us
perform a change of the variable, # = exp[B¢]. Taking into
account that ¢* = —g""’g””’gﬂ/y/, the EOM (88) can be
rewritten as

1 . B2 BR 2065 36 B 4
o =Ta T g A OV
L g aRY cpt
e T 2(=1+4+d) P p?
2 _ MV
+ (2B Clyﬂ?)ﬂ”ﬁ
v CIR CZ/)J.pﬂ’p
+o (2(—1+d)ﬂ 232(—1+d)ﬁ3)
+ O(V4), (90)

where we have introduced the possible difference of
normalizations between the lapse functions of CTM and
general relativity as N = c3n with a constant c;. We want
to find the values of the parameters which make (90)
coincident with (72). The number of parameters is smaller
than that of the equations to be satisfied (i.e., an over-
determined set of equations), but we can solve the coinci-
dence condition by the following values:

BThe flow equations for ¢ and g,, were originated with
Hamilton’s equations for ¢ and g,, with the replacement of

conjugate momenta by % and %, respectively.
"

066008-16



EQUATION OF MOTION OF CANONICAL TENSOR MODEL ...

96(~1 + d)
o= Tra
)
2d-1)
8(2 + d)
AT 0474
2A(2 + d)
ST T 0474
16 -88d426d> + d°
YT 12(=20 + 64d — 658 + 21d7)
6-d
¥ 210474
2
o 14— 67d + 17d o)

—60 + 192d — 195d> + 63d°>"

The details of the derivation of the solution are given in
Appendix F. The parameter c¢; can be determined by the
second (or equivalently the third) equation of (87) by
putting (91) as

=12 (92)

This rather strange value actually normalizes the overall
factor in the algebraic relation (68) of the CTM to the
natural value in GR. It can be checked that the third and
fourth equations of (87) are also satisfied by (91) and (92).
From the first equation of (87), (91), and (92), we obtain

36(d —1)(3d - 2)
(d+2)?

A= (93)

The above solution is unique except for the rather obvious
ambiguities of the signs of B and c3. These signs are
physically irrelevant, because the sign of B can be absorbed
by that of ¢, and that of c; just determines the overall sign
of W (or can be absorbed in n).

If we require the positivity of the potential energy from
the spatial derivative term of ¢, A > 0 is required. Then, the
second equation of (91) implies that the dimension must be
in the range 2 < d < 6. (The d = 1 case is excluded from
the beginning in the Hamilton formalism, as can be seen at
the beginning of this section.) In this range, (93) is positive,
and one can normalize the value of A by rescaling the
space-time coordinates as (z,x*) — L(t,x*) with L =
1/+/A and dropping an overall factor of the action. We
can also rescale the scalar field as ¢ — sign(B)¢/V/A.
Then, the action describing CTM is uniquely determined,
for a globally hyperbolic M, to be

1 .
Sctm = / dxV/ -G <2R - EG’-’aiqﬁajqb —eV 8(611—dl>/>’
M

(94)

PHYSICAL REVIEW D 95, 066008 (2017)

which is valid in 2 < d < 6. Thus, the system has a critical
dimension d = 6, over which it becomes unstable due to
the wrong sign of the scalar kinetic term. At the critical
dimension, the scalar is a massless field with no nonde-
rivative couplings.

XI. TIME EVOLUTION OF THE SCALE FACTOR

The coupled system of gravity and a scalar field
described by the action (94) has been discussed in the
context of models of dark energy. (See [29] for a compre-
hensive review.) The exponential potential in (94) of the
scalar field is known to lead to a power-law behavior (or an
exponential behavior in the critical case) of the scale factor.
Let us see this in our case, analyzing (72).

Discarding the spatial derivative terms of (72) and
putting n = 1, the equation of motion is given by

B =dif?. (95)
7 = drpg", (96)
where
3(6 — d) 48
= = . 7
d d+2 % d+2 (07)

Substituting (96) with an ansatz ¢** = a(t)~25" with a
scale factor a(r), we obtain

.y
;“ — —d,p. (98)

Then, for d; # 0, (i.e., d # 6), the solutions to (95) and (98)
are obtained as

1
r= di(ty—1)’
a = ao(fo - t)szz‘, (99)

where 7, and q are integration constants.
When d = 6, d; vanishes. In this case, f is given by a
constant, say f,. Then, (98) gives

d
a = agexp {—%ﬁot}

(100)
Thus, we see that, in the critical case d = 6, the solution is
given by de Sitter spacetime.

As is well known, de Sitter spacetime has the
invariance of a conformal symmetry SO(d+ 1,1). In
statistical physics, the appearance of a conformal sym-
metry is the sign that a system is on a critical point. This
suggests that CTM at d = 6 is on a critical point in some
sense. In fact, as shown in Sec. X, for the reality of B,
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the sign of the kinetic term of the scalar field must
change its sign at d = 6. In d > 6, it gets the wrong sign,
and the scalar field becomes unstable in the direction of
larger spatial fluctuations. This means that d = 6 can be
thought of as a phase transition point between a stable
phase at d < 6 and another phase at d > 6. Considering
the instability in the direction of larger spatial fluctuations,
the latter phase probably contradicts our assumption of a
continuous space. The understanding of the phase tran-
sition should be pursued further.

XII. SUMMARY AND FUTURE PROSPECTS

In this paper, we have analyzed the EOM of the CTM
in a formal continuum limit by employing a derivative
expansion of its tensor up to the fourth order. We have
shown that, up to the order, the EOM of CTM in the
continuum limit agrees with that of a coupled system of
gravity and a scalar field obtained in the framework of
the Hamilton-Jacobi methodology. The action of the
gravitational system is composed of the curvature term,
the scalar field kinetic term, and an exponential potential
of the scalar field. The system is classically invariant
under a dilatational transformation. The action is physi-
cally valid in the range of the spatial dimensions,
2<d<6, and, in d > 6, the system is unstable due
to the wrong sign of the kinetic term of the scalar field.
At the critical case d =6, de Sitter spacetime is a
solution to the EOM, while, in 2 <d < 6, the time
evolution of the scale factor of a flat space has a
power-law behavior.

The most significant achievement of this paper is to
have concretely shown that CTM indeed derives a
general relativistic system in a formal continuum limit.
This was conjectured in our previous paper [18] from the
observation that the constraint algebra of CTM in the
continuum limit agrees with that of the ADM formalism,
but no concrete correspondences were given. On the
other hand, in this paper, we have obtained the one-to-
one correspondence of the fields between CTM in the
continuum limit up to the fourth order and the gravita-
tional system so that the two systems have a common
EOM. The action of the corresponding gravitational
system has also been obtained.

An interesting question arising from our result is
what is the meaning of the criticality at d = 6. The
existence of the de Sitter spacetime solution implies that
the system has a conformal symmetry on this background
in the dimension. On the other hand, in our previous papers
[21-23], it was shown that the Hamiltonian vector flows of
CTM can be regarded as RG flows of statistical systems on
random networks. These two aspects of CTM suggest that a
statistical system at criticality described by a six-
dimensional conformal field theory is associated with
CTM [30,31]. It would be interesting to identify the
conformal field theory in a concrete manner.
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Another interesting direction of study would be to
extend the derivative expansion to higher orders, which
includes higher spin fields than two with higher spin
gauge symmetries. There are general interests in pursuing
higher spin gauge theories. (See [32] for a recent review.)
Since our approach has a significant difference from the
other ones in the sense that we take a formal continuum
limit of a consistent discretized theory in the canonical
formalism, we would expect that our model may shed
some new lights on the subject. For that purpose, it
would be necessary to set up a new efficient methodol-
ogy for the analysis instead of relying on machine powers
as in this paper.

The EOM of CTM is a set of first-order differential
equations in time and has been related to a gravitational
system through the Hamilton-Jacobi equation. While the
gravitational system contains the phenomena of second-
order differential equations like wave propagations, it is not
clear how to realize such phenomena in the framework of
CTM. It would be interesting to improve the canonical
formalism of the tensor model in that direction.
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APPENDIX A: CHARACTERIZATION OF A
SYMMETRIC RANK-THREE TENSOR

A totally symmetric rank-three tensor P, can be fully
characterized by the values of P,,.¢,¢,¢,. for arbitrary
vector ¢. To prove this, let us show that P, .pl¢i¢? for
arbitrary three vectors ¢'>3 can be computed from

Popehobpp. with some ¢b’s.
Let us define

P = P

==+ 7+ ¢,
P =9 =+ ¢,
P =0+ - (A1)

Then, one finds

066008-18



EQUATION OF MOTION OF CANONICAL TENSOR MODEL ...

24Pabc¢111 127¢2‘
= P ooy de — Pupcpubodbe — Pupebadbinbi

- Pabc&i&ji&g' (Az)

APPENDIX B: INDEPENDENT FIELDS
UP TO THE FOURTH ORDER

In this section, we will explain the reason why we can
take the independent fields as in (9) up to the fourth order.

Let us first discuss the necessity of the symmetrization of
the covariant derivatives of f. As an example, let us
consider the third covariant derivative of f,

V,V,V,f. (B1)

From the definition of the covariant derivative, V,V,V , f is
symmetric between v and p, but generally not between u
and v. The antisymmetric part between u and v is given by
VVV,f-V,V,V,f=R,, V,f. (B2)
Therefore, the antisymmetric part can be absorbed into the
first derivative term. Similar things occur also in the other
derivative terms. Thus, to secure the uniqueness of the
representation of P in terms of the fields, it is necessary to
symmetrize the covariant derivatives of f. Corres-
pondingly, we have to assume the index symmetries of
the f’s explained below (9) for the unique characterization.
Next, let us discuss the absence of some fields in the
expansion (9). Generally, Pf* may contain a term,

/ AL, (B3)

However, by performing partial integrations, we obtain
dd W £2 _ 1 dd W ( £3 _ 1 dd "3
B =5 | Ay = =5 [ A
(B4)

where the test function f is assumed to have a compact
support. Therefore, f* is not independent and can be
absorbed into . The same argument can be extended to
the other possible terms. The most nontrivial term would be

/ dxpfip (BS)

where f#° is assumed to be symmetric as explained
above. By partial integrations, we obtain
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1 8
/ d'x <§ {ﬁl/p/fﬂf3 -2 {Lyfgfzf.pa - gﬁ/ﬁ/pafzf.upﬁ

+ 20" f f i po — P f °f ,/w/w> =0. (B6)

Therefore, p#° can be absorbed into the fields existing
in (9).

APPENDIX C: DERIVATIVE EXPANSION
AND ASSOCIATIVITY

In this paper, we consider a formal continuum limit and
express P in terms of the derivative expansion (9) with a
termination at a certain order. This approximation with a
cutoff in the number of derivatives can be physically
validated by assuming that the scale of our physical interest
is much larger than that of the fundamental fuzziness of the
space. However, from theoretical viewpoints, this approxi-
mation must be checked with much care because any
approximations generally contain the potential risk of
destroying the essential part of the framework of CTM,
namely, the algebraic closure of the constraints. This is
directly related to the covariance of the spacetime inter-
pretation of CTM in the continuum limit, and therefore, its
slightest violations would lead to pathological behaviors of
dynamics ruining a consistent picture. The procedure we
take in the approximation is that, for each term in
the derivative expansion, we sum up the numbers of the
derivatives of the fields, the background metric, and the test
functions, and we neglect the term if the sum exceeds a
certain number, which is four in this paper. In this section,
we will explain the algebraic consistency of our procedure.

In the equation of motion (7) of CTM, the closure of the
algebraic structure of the constraints appears in the com-
mutation of two successive infinitesimal time evolutions:
the commutation is given by an infinitesimal SO(N)
transformation. More precisely, for the infinitesimal time
evolutions represented by n; and n, [the second term in (7)
is ignored for brevity], respectively, one can show that

(5n16n2 - 5n25n|)Pabc & Z[ﬁlv ﬁZ](radeo’hn’(.v (Cl)

where n,, :=n.P.,,. The right-hand side is indeed an
infinitesimal SO(N') transformation of P with a gauge
parameter [7;, 71].

In the derivation of (C1), an implicit assumption is the
following simple property of the index contraction:
Pahcpcdepefg = (Pathch’)Pefg = Puhc(PcdePefy)’ (Cz)
where the parentheses of the last two expressions represent
which of the two indices, ¢ or e, is first summed over. This
associativity of the tensor manipulation is trivial for a finite
N, but it would not be generally true in an infinite case as in
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a continuum limit especially with a cutoff. We need to
check if our procedure of the approximation mentioned
above is consistent with the associativity.

By contracting all the other irrelevant indices than ¢ or e
in (C2) with some vectors, the associativity is reduced to
the question whether (A,B,,)C, = A,(B,,Cy). In our
case, an index contraction of tensors is represented by
the covariant derivatives and the integrations as in (9).
Thus, let us consider

e o 5 o

Blf.g) = / A )

0<p+g+r<m

C|f] = d POaf, C3
] / Zy if (©3)

where f, g are test functions. Here, for simplicity, we take
the notation of the one-dimensional case with partial
derivatives, but the discussions should be extendible to
higher dimensions with covariant derivatives. The upper
indices of a, f, y represent the numbers of derivatives
intrinsically contained in «, f, y, respectively, and m
represents the cutoff on the order of derivatives we
consider. Let us remind the reader that, in our procedure,
the number of derivatives is counted by summing the
numbers of the derivatives of all the components, namely,
the fields, the background metric, and the test functions.

The associativity to be shown is that B[A, C] does not
depend on whether we first compute B[A, -] or B[, C]. In the
former case, we obtain (contracted with a test function g)

1)
BlA. 4| — B[gAm,g}
- / dr T (0T ()7l (@),
0<p+q+r+p'+¢'<m

(C4)

where we have defined the component A, from A[f] with a
functional derivative in the same way as (12). Then, by
inserting g = %C [f], we obtain

quz/w

0<p+q+r+p'+¢'+p"+q"<m

X B (0079 (=)9al) ) (0 (=)' y)). (C5)

The expression obviously does not change, even if we first
compute B[, C|. The associativity is proven.

A comment is in order. Instead of computing in the way
of (C4), one can take a different manner as
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Bid.s] = A| 817

:/dx

for the same quantity. In fact, by partial integrations,14 this
is equivalent to (C4), and the computation is unique.

a0 (—)1(D9(8L 0" g)))
0<p'+q' +p+q+r<m
(C6)

APPENDIX D: COMPUTATIONS OF EOM

We used a Mathematica package XTENSOR to perform
the tensorial computations in this paper. To obtain
EOM (24), instead of computing 6Pf> in (22), we have
computed SP[f, f] = Pln, P[f, f]] + 2P|f, P[n. f]], and
have extracted 6f’s through (12). This is because (12)
can be used to straightforwardly get 6f’s from the coef-
ficients of the derivative expansions of f in SP[f, f], while
the expression of SPf? contains an integration, which
requires the nontrivial task of appropriate arrangement of
partial integrations to obtain an expression in the form (23).
Of course, the two ways give the same result.

In the actual computation using XTENSOR, we consid-
ered partial derivatives rather than covariant derivatives.
This substantially reduced the number of terms which
appeared in the raw result, because of the commutative
character of partial derivatives, namely, 9,0, = d,0,,
while V,V, #V,V in general."” Then, after getting the
final form, we promoted the partial derivatives to the
covariant derivatives. The possible differences between
before and after the promotion are the appearances of
curvature tensors originating from the noncommutativity of
covariant derivatives. Within our approximation ignoring
certain higher orders of derivatives, it is not difficult to
realize that relevant terms with Riemann tensors can only
emerge from the term f2f yupo- Then, it is not difficult to
explicitly compute the precise expression of this specific
term by using covariant derivatives. Our result is

4
5Pf3 ) (gﬂm//}pa =+ 2.[}””‘/)6)](2 (f,/wpa - f,ypvzr)' (Dl)
The content of the latter bracket can be computed as

= vﬂ (Rvpoéf,ﬁ)
= (vﬂRypaé)f,ﬁ + Rypo"éf.ﬂé-

f,ﬂupa - f,ﬂpyo
(D2)

“The test functions are assumed to have compact supports.
It was not easy for us to make a program to take care of this
duplication automatically in the case of using covariant deriva-
tives. Researchers with better programming skills may directly
use covariant derivatives in the computation. But the final result
should agree with ours.
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After the transformation to the form (23), the first term
contributes to 5f in the order of O(V*), and can be ignored.
On the other hand, the second term contributes to 5" as
appearing in (24).

Another similar possibility would exist for the term
12 f wp- This term may produce a curvature term of the
form R, ,° f2f .. However, after the transformation to the
form (23), this merely generates a O(V*) term in §f and is
ignorable. There are some other possibilities from
the covariant derivatives applied to f’s, but one can
|

PHYSICAL REVIEW D 95, 066008 (2017)

easily find that they vanish due to the symmetric properties
of the fields or are ignorable up to the order of our
consideration.

APPENDIX E: DELETING THE DERIVATIVES
OF THE LAPSE FUNCTION

By performing the computation explained in the text, we
obtain the following six equations for the absence of the
derivatives of n in the equation of motion:

nlin B 92 —72x; + 192x; + d*(3 + 6x5 — 96x7 — 624)
—4d(5 4 6x, + 24x; — 624) + 7224 = 0,

Brn, in B 4(=2 + 18x) + 60x, — 48x7 — 9z,) +4d(10 + 6x; + 12x, + 24x; — 32,)

+ d?(2 — 6x, — 36x, + 96x; + 32,) =0,

gvnhin ¢ —36xs + 3d?(xg — 16x9) — 4d(8 + 3xg + 6xg + 12x9 — 122)

+ 16(5 - 3X8 + 6X9 + 6Z4) - 07

¢Upn, in G 3d*(xs 4 6x6 — 16x9) + 4d(—8 + 3x4 — 3xs5 — 6x6 — 6x3 — 12x9 + 62)
+ 4(4 + 6x4 — 9x5 — 30x4 — 12xg + 24x9 + 1225) = 0,
nt in ¢ d(—=2 4 3x4 — 24xg) + 6(2 — 3x, + 8xg) =0,
RHBY in P 8 — 6x3 — 20x, + d(—4 + x3 + 2x4 — 8xg) + 1635 = 0. (E1)

APPENDIX F: DERIVATION OF (91) AND (92)

In this appendix, we will show some details of the derivation of (91) and (92).
The condition for (90) to be equal to (72) is given by the following set of equations:

Bcy)  3(=6+d)

A 2+d (F1)
Blcic; 14 (6-9d)x, (F2)
A 2+d
A (=6 +d)(2+4d) '
3cycy  2(—8(11 + 84x7) + d?(—1 + 360x;) + 4d (43 + 480x;) — 2d*(19 + 804x7)) (F4)
A (=6 +d)*(2 +d) ’
csh 48
_8 F5
2(-1+d) 2+d (F5)
—C1C3 = —2(1 + 3x8), (F6)
8(-6+d—12 6d
ejey = - BE0F Xs + 6dxs) (F7)

—6+d ’
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(232c1 - C2)C3 . 16(48 + 84)(8 + 3d2X8 - 8d(1 + 6)(78))
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, F8
B (=6 + d)? (F8)
C1C3 . 2(1 +24X7 —3(2+d)XQ) (FQ)
2(-1+d) 2+d '
203 A

= , F10

2B2(-1+d) (-6+d)*(2+d) (F10)

0 16(4 + 48x7 + 6xg — 12x9 + 6d%xg + d(—1 — 48x7 + 3xg + 6x9¢)) (FI1)

(-6+d)(2+4d) '

where A; is given by (73). The equations have been
obtained by equating the corresponding coefficients be-
tween (90) and (72), and have been ordered in the same
order as appearing in (90), except for the last one, which is
missing in (90) but exists as the coefficient of the ¢/
term in the equation for ¢* in (72).

The equations can uniquely be solved in the following
manner (up to the obvious sign ambiguity of B and c3,
which is physically irrelevant). Up to the obvious overall
factor of c3, A can be determined from (F5). ¢; and xg can
be determined from the set of equations (F6) and (F7). ¢,
and x; can be determined from the set of (F3) and (F4).

|
Then, by putting 4 into (F1), B> can be determined. By
putting c¢; and x5 into (F9), xy can be determined. These are
the solution written in (91). Then, it can be checked that all
the remaining equations are satisfied by the solution.

There is the other set of equations (87), which comes
from the Hamilton-Jacobi equation. By putting the above
solution into the second and the third equations of (87), one
obtains the same equation c% = 12, namely, (92). The
fourth equation is satisfied by the above solution. The first
equation gives the value of the cosmological constant (in a
broad sense) (93).
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