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Abstract. We investigate a large class of gravity theories that respect spatial covariance,
and involve kinetic terms for both the spatial metric and the lapse function. Generally
such kind of theories propagate four degrees of freedom, one of which is an unwanted scalar
mode. Through a detailed Hamiltonian analysis, we find that the condition requiring the
kinetic terms to be degenerate is not sufficient to evade the unwanted scalar mode in general.
This is because the primary constraint due to the degeneracy condition does not necessarily
induce a secondary constraint, if the mixing terms between temporal and spatial derivatives
are present. In this case, the second condition that we dub as the consistency condition must
be imposed in order to ensure the existence of the secondary constraint and thus to remove
the unwanted mode. We also show how our formalism works through an explicit example,
in which the degeneracy condition is not sufficient and thus the consistency condition must
be imposed.
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1 Introduction

Scalar-tensor theories play an important role in the study of cosmology and gravity theories.
Phenomenologically, they provide the most popular playground for building cosmological
models. Theoretically, as a modification of Einstein’s General Relativity (GR), scalar-tensor
theories provide a framework to examine fundamental nature of gravitation.

During the past decade, tremendous progresses have been made in extending the scope
of scalar-tensor theories, in particular, by introducing higher derivatives of the scalar field(s)
as well as novel couplings between scalar field(s) and the gravity. The representative achieve-
ments along this line are the k-essence [1, 2] — the most general theory for covariant scalar
field(s) involving first-derivatives in the Lagrangian, and the Horndeski/galileon theory [3-5]
— the most general covariant scalar-tensor theory involving up to second derivatives both in
the Lagrangian as well as in the equations of motion. In the recent a couple of years, inter-
ests in this direction have been focused on introducing higher order derivatives of the scalar
field(s) but with degeneracies [6-18], which guarantees the healthiness of the theories in the
presence of higher derivatives, in particular, the absence of Ostrogradsky ghost [19, 20].



An alternative and yet more powerful approach to the scalar-tensor theories is to con-
struct theories that do not respect the full symmetry of GR, i.e., the spacetime diffeomor-
phism. In fact, the “scalar” is not necessarily a covariant scalar field, but is essentially an
effective scalar-type physical degree of freedom. It is well-known that for theories with gauge
redundancies, new degrees of freedom may arise by reducing the gauge symmetries. Theories
along this line can be traced back to the effective field theory (EFT) of inflation [21, 22] as
well as Hofava gravity [23, 24]. The EFT of inflation has been extensively studied and also
applied to dark energy [25-32]. These theories are metric theories that respect only spatial
symmetry instead of the full spacetime symmetry. Therefore, we may refer to such kinds of
theories as subsets of “spatially covariant gravity”.

When fixing the gauge by choosing the scalar field as the time coordinate (i.e., t =
¢(t, Z), which is dubbed as the “unitary gauge” in the literature), the Horndeski Lagrangian
can be recast in a form similar to that of the EFT of inflation/dark energy [28]. Interestingly,
by deforming the Horndeski Lagrangian in the unitary gauge [6], one may get theories beyond
the Horndeski domain, of which the healthiness was proven in [7, 33, 34].

From the point of view of spatial symmetries, it is natural to explore such spatially
covariant gravity theories as general as we can to see how far they can extend the scope of
scalar-tensor theories. This possibility was firstly developed in [35], where a general frame-
work for spatially covariant gravity was proposed. The Lagrangian is composed of polyno-
mials of the extrinsic curvature K;; — which encodes the velocity of spatial metric hw —
with coefficients being generally functions of the lapse function N, spatial curvature R;; as
well as their spatial derivatives. The covariant scalar-tensor theory corresponding to that
in [35] goes far beyond previously known theories. Nevertheless, it has been shown that the
theory propagates at most 3 physical degrees of freedom, through Hamiltonian analysis in
a perturbative manner [36] and in a non-perturbative manner [37]. The framework has also
shown novel features in cosmological applications [38—41].

An important ingredient, however, was omitted in the framework in [35], that is the
velocity of the lapse function N. Although the lapse function N acts as an auxiliary variable
in GR, there is no reason to make such a requirement in our construction. Indeed, if we
try to put the spatial metric h;; and the lapse function N in the equal footing, we should
include the velocities of both. The velocity of the spatial metric h” is encoded in the extrinsic
curvature K;; = %.f nhij with n the normal vector of the spatial hypersurfaces. We thus need
to include N in terms of £,N as well. In fact, as we shall explain in the next section, both
£Lnhij and £, N are natural geometric object in our picture.

Another motivation of including N in the theory stems from the study of scalar-tensor
theories under field transformations, such as the disformal transformation [42] or mimetic
transformation [43] (see [44] for a review on mimetic gravity). Such transformations can
be used to generate scalar-tensor theories with higher order-derivatives without the Ostro-
gradsky ghosts [10, 12, 45-49]. In particular, the transformed theories typically acquire time
derivative of the lapse function in the unitary gauge.

In this work, we will extend the framework in [35] by including the velocity of the lapse
function N (or precisely £, N) as one of the basic ingredients. Generally, if N enters the
Lagrangian arbitrarily, the theory will propagate 4 physical degrees of freedom. Our purpose
is to build theories with at most 3 degrees of freedom, we thus need to examine under which
conditions the unwanted fourth mode can be evaded.! Counting degrees of freedom can be

!The fourth mode in our formalism is not necessarily an Ostrogradsky ghost mode, as it is not associated
with any higher derivative terms. We refer to the fourth modes as “unwanted” simply to make connection
with the standard scenarios such as inflation or dark energy models with a single clock.



well performed in the Hamiltonian constraint analysis. The current work is thus devoted to
this issue.

The paper is organized as following. In section 2, we introduce our action by emphasizing
the naturalness of N as one of the basic ingredients. In section 3, we derive the primary
constraints and define the canonical and total Hamiltonian. In section 4, one degeneracy
condition and one consistency condition are derived in order to ensure the healthiness of
the theory. In section 5, we derive the secondary constraints and then count the number
of physical degrees of freedom by classifying the constraints. As an explicit example of how
our formalism works, in section 6, we construct the Lagrangian which corresponds to the
most general scalar-tensor theory that is quadratic in second derivative of the scalar field.
Section 7 concludes.

2 The action

Let us start from the 4-dimensional point of view in order to see what the essential geometric
ingredients are in our construction.

The basic picture in our construction is the 4-dimensional spacetime equipped with a
foliation of one-parameter family of spacelike hypersurfaces. The hypersurfaces are specified
to be the hypersurfaces with constant values of some scalar field ¢. There are two geometric
(independent of local coordinates) quantities in this picture: the 4d metric g,,, and the
timelike vector field n,, normal to the hypersurfaces. All other ingredients in our construction
must be built of g,,,, and n,,. These include the induced metric h,,, = g, +n,n, and the lapse
function N, which arises from defining the normal vector n, = —NV ,¢. Derivatives are also
decomposed into the “intrinsic” one D, and the “extrinsic” one £y, which are the covariant
derivative compatible with the induced metric h,, and the Lie derivative with respect to the
normal vector n# = gt”n,,, respectively. The basic building blocks are thus

¢,N, hy,, with derivatives in terms of D,,, £4,.

At this point, note the shift-vector N* that is familiar in the Arnowitt-Deser-Misner formal-
ism should not be included on its own, of which the existence is simply the result of fixing
the time direction, and thus requires more information than the geometric structure of the
foliation. In fact, blindly including the shift vector will inevitably introduce more degrees
of freedom.?

The Lie derivative with respect to the normal vector £, plays the role of time derivative
in our construction. In this work, we restrict the Lie derivatives £, up to the first order,
while allow the spatial covariant derivatives D, to be of arbitrarily higher order. The action
takes the following general form

S(cov) — /d4$\/jg£(cov) ((257 N, hMV,F, Kuua DM) ) (21)

where F':= £, N and K, := %,,Enhu,, is the extrinsic curvature. Note £,¢ does not appear
since £n¢ = 1/N. In (2.1), the intrinsic Ricci tensor R, on the hypersurfaces is implicitly
included.? Throughout this work, we consider the hypersurfaces to be spacelike by requiring

2This may however yield other types of interesting theories such as Lorentz-breaking massive
gravity [50-53].

3Keep in mind that in 3-dimension, the Riemann curvature is not independent, which is determined by
Ricci tensor and Ricci scalar.



the scalar field ¢ acquires a timelike gradient. This fact allows us to fix the time coordinate
to be the scalar field itself ¢ = ¢, which is dubbed as the “unitary gauge” in the literature.
In the unitary gauge, the action becomes

Slue) — / dtd3 e NV L (t, N, hij, F, Kij, V) , (2.2)
with h = det h;;, V; the covariant derivative compatible with the spatial metric h;;, and

Fz%(N-fNN), Kw_ﬁ@ ~ Lhis) (2.3)
where a dot denotes the time derivative 0, £ ; denotes the Lie derivative with respect to the
shift-vector N*. Again, the spatial Ricci curvature R;; is implicitly included in (2.2). At this
point, it is clear that the framework proposed in [35, 36] is a special case of (2.2) by turning
off the dependence on F'.

Generally, the Lagrangian in (2.2) may be highly nonlinear in F' and Kj;;, which makes
the inversion of velocities N and h” in terms of the conjugate momenta impossible (at least
no compact expressions). This problem can be solved by introducing Lagrange multipliers A,
AY as well as the auxiliary fields A and B;; that are spatial tensors, and rewrite (2.2) to be

S=5+ / dtd*z NVh [A (F — A) + A (K;; — Byj)] (2.4)

where and in what follows, S denotes S(“&) defined in (2.2) after replacing F — A and
Kij — Bij, that is

S = /dtd% NVhL(t,N,hij, A, Bij, V). (2.5)

It is clear that (2.4) together with the equations of motion for A and A¥ reproduces (2.2).
Thus the two actions are equivalent, at least at the classical level.
We are also allowed to solve the Lagrange multipliers A and AY by varying (2.4) with
respect to A and B;;, which yields
1 98 ; 1 6

A= —, AY = EE—— 2.6

Then (2.4) becomes

S = / dtd*z NVhL, (2.7)

with
1 65 1 65

L= L+ f&A (F A)—‘rmE(KW—BW) (28)

Eq. (2.7) together with (2.8) will be the starting point of the following analysis.
At this point, note S depends on in total 17 variables

{(DI} = {vaAaBZjaN7th}7 (29)

where the indices I, J, - - - formally denote different kinds of variables as well as their tensorial
indices. The functional dependence of S on the shift-vector N’ is encoded in F' and K;j
through the Lie derivative £ . In particular, S in (2.5) has no functional dependence on N ‘.



3 Primary constraints and the Hamiltonian

3.1 Primary constraints

The conjugate momenta corresponding to the variables (2.9) are defined as

= ﬁ
5b;
which are explicitly given by
53
T = S =0,
ON?
65 .48
= — =0, Vo= —— =0,
Y TS
68 148 iy 65 1 48
Ti=—=—=—, Ti= == — .
SN N&A Shij 2N 0B;;

According to (3.2)—(3.4), there are in total 17 primary constraints

m; &~ 0, p =0, piij,

148 1 68
Fi=r— — o &0 Fi=rt - —— &
TETTNsATY T T T a9NsBy

(3.1)

(3.5)

(3.6)

where and throughout this work “~” represents “weak equality” that holds on the subspace
in the phase space defined by the primary constraints I'p. For later convenience, we denote

{HI} = {m,p,pij,Tr,wij} ,
for the set of momenta, and

{¢"} == {mi,p.p" 7,7},
for the set of primary constraints.

3.2 The Hamiltonian

The canonical Hamiltonian is obtained by performing a Legendre transformation

Hc = /d3$ (ZHIq)[ —N\/E[‘/) s
I
where £ is given in (2.8). Simple manipulation yields
He ~ Help, = / @ (wi + i — NVAE),
= /d% (NC+mly N+ L5 hij)
where £ 5 is the Lie derivative with respect to the shift vector N ¢ and we define

C = 7TA—|—27TijBij — \/Eﬁ,

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)



for short with £ given in (2.5). Since the canonical Hamiltonian is well-defined only on the
subspace defined by the primary constraints I'p, one is free to define a new H¢ by appending
an arbitrary linear combination of primary constraints to HC‘FP in (3.10). For our purpose,
we choose

He = Help, —|—/d3x (p£5A+p7LgBy), (3.12)

of which the reason will become clear soon. It is then convenient to define the following
functional

X[N] ::/deZHI,EN(I)[, (3.13)
I

where N is shift vector, the summation runs over all pairs of canonical variables in (2.9)
and (3.1). Using ;£ 3N’ = 0, (3.13) can be explicitly expanded to be

X[N] = /d% (m£g N +77£ghi+p£gA+p?£gBy). (3.14)
In terms of X[Z\_f], He in (3.12) can be recast into an elegant form

Hc = /de (NC) + X|N], (3.15)
with C given in (3.11), where it is clear that the shift vector N enters the Hamiltonian
linearly. From now on, we will use H¢ defined in (3.15) as our starting point for the Hamil-
tonian analysis.

Due to the presence of primary constraints, the time-evolution is determined by the
so-called total Hamiltonian defined by

Hr = Ho + /d?’x (A’ +vp +vp” + AT + A7)
= He +/d3yZAz () ¢" (7), (3.16)
I

where {A\r} = {\i,v,v;5, A, Ajj} are undetermined Lagrange multipliers. In terms of the total
Hamiltonian, the time evolution of any phase space function @ is given by

dQ 8@
S @ ), (317)
where [F, G| is the Poisson bracket defined by
3 oG 8F  6G
70)= [ 3 (s g~ v @) (19

For simplicity, from now on we assume that the Lagrangian £ in (2.5) has no explicit
time-dependence, i.e., 0L/0t = 0. As a result, (3.17) simplifies to be
d@

T~ (@, Hal. (3.19)

The generalization of the following analysis to a time-dependent Lagrangian is
straightforward.



3.3 More on X|[N]

Before proceeding, let us discuss some properties of the functional X [ ] We may generalize
the functional (3.13) to the case with a general spatial vector field §

X[g) = /d3xZH1££~¢>[
I
= /d% (megz\ﬂ' +7r£§~N+7rij££~h¢j —i—png—i—pijngij), (3.20)

where 5 may or may not depend on the phase space variables {®y, g }. For later convenience,
note by integration-by-parts, X[£| defined in (3.20) can be recast into

X[€] ~ /d%gici. (3.21)
with
Ci = 7ViN — 2VhV; <1w§'> +pViA + "'V, By, — 2VRY <pjkB,~k)
Vh Vh
) 1 .
+7;ViN7 + VhV; <\/E7TZ-N]> . (3.22)

As a result, the canonical Hamiltonian Hc in (3.15) can be recast into a more familiar form?

Hc ~ /d3:1: (NC + N'G;), (3.23)

\/ﬁ 7
are the momentum constraints. As we shall see later, C; &~ 0 are nothing but the secondary

constraints associated with the primary constraints m; &~ 0 in our theory.

Comparing with (3.23), H¢ in the form (3.15) will be more convenient in the Hamil-
tonian analysis. The reason of defining the canonical Hamiltonian as in (3.15) through the
functional X []\7 ] is due to the following important property of the more general functional
X [E] For any functional on the phase space F = F[®;,TI'; q,] that is invariant under the
time-independent spatial diffeomorphism, where {q,} stands for variables independent of
{®;, 117}, the following equality holds

[/d3gg21‘[1£5<1>1, ] /d3 ZHI [5]__(1)14-/(131'25(] ¢ das (3.24)
7 a

or compactly

which takes the “traditional” form as in General Relativity, where C; — —2v/h hV ; ( x )

[X[Q,F} [[«5 f} /d?’xz 5q, Lé (3.25)

up to a boundary term. We refer to appendix B for a more general proof. Eq. (3.24)
generalizes similar results in [36, 37, 54]. As we shall see, introducing X [N] in the canonical
Hamiltonian (3.15) significantly simplifies the calculation of Poisson brackets.

“Note the second line in (3.22) does not contribute to Hc as it will contribute a boundary term. We prefer
to used the expression (3.22) as it is the most convenient form for evaluating the Poisson brackets.



Expressions similar to (3.22) also arise in previous Hamiltonian analysis [36, 49, 55].
Although C; in (3.22) looks complicated, its form will significantly simplify the calculation
of Poisson brackets. In fact, thanks to the property (3.24) or (3.25), we can make a very
strong claim that C; defined in (3.22) have vanishing Poisson brackets with any quantity that
is weekly vanishing on the phase space. Supposing Q(Z) is generally a spatial tensor field or
density, where the tensorial indices are suppressed for simplicity. First we can always build
a scalar functional F out of Q(Z) through certain smoothing function f(#) (with tensorial
indices suppressed as well). Then using (3.21) with £ some smoothing vector field and (3.25),

Ud%gi(f)ci(f),f] ~ [X[E],f} - /d%@(f) Lo (), (3.26)

where we have used [5, F] = 0 since E has nothing to do with the phase space variables. It
immediately follows from (3.26) that

[Ci(Z),Q(Y)] =0 for any Q =~ 0. (3.27)

We emphasize that in deriving (3.26) and (3.27), we have not yet used the fact that C;
themselves are constraints. Eq. (3.27) with C; defined in (3.22) is one of the main results in
this work.

4 Degeneracy and consistency conditions

Constraints must be preserved in time. For the primary constraints ¢! in (3.8), we must
require that dp!/dt = 0. According to (3.19), it implies

/ @y S 6 @), 6" D) A @) + [¢1 (@), Ho] ~0, (4.1)
J

which are the consistency conditions for the primary constraints. Eq. (4.1) may either impose
restrictions on the Lagrange multipliers {A;}’s or reduce to relations among the phase space
variables {®7,TI7}. In the later case, there may be secondary constraints if the relations are
independent of the primary constraints. We thus need to evaluate the Poisson brackets among
the primary constraints as well as the Poisson brackets between the primary constraints and
the canonical Hamiltonian H¢. In the following we summarize the final results, and refer to
appendix C for more details.

For the Poisson brackets among the primary constraints, the following ones are found
to be vanishing:

[ (2) 75 (7)) = O,
m (2, 7@ =0, [m(@, 7 @)] =0 (4.2)
@@ =0, |m@.0" @] =0,

which means that m; has vanishing Poisson brackets with all the primary constraints, and

(@) ,p(] =0, [p(@),p” ()] =0, [p” (7)), p" (17)] =0. (4.3)



The non-vanishing Poisson brackets are:

(@) 7 ()] = o O (4.4
77T - — — -\ 7 *
T NG oA@ AR
IV R | 528
@ 0] = @@ 9
y 1 528
(7 ’ﬁ. Al — — — —, 4.6
P T O] = NG 3B, 5A 4o
g 11 529
Ry skl —
@) = o5 5m @ e o
and
1 528 1 528
7 (%), 7 ()] = — — — — = — —, 4.8
@O NG N @eA@ N @ A@ N @ 9
g 1 1 68
7 (Z), 77 (§)] = =20 (T~ )~ 5
11 52 1 52
4o ﬁS - HS - (4.9)
2N (§) ON (%) 0Bi; () N (%) 0A(Z) 6hi; (¥)
- 1 528 1 528
~i (2 ’~/€l Al — - — — — - — —, 4.10
@ 0] - N @ OB OG0
where S is given in (2.5).
For the Poisson brackets of the primary constraints with Hg, we find that
[p(£),Hc] =0,  [p?(),Hc] =0, (4.11)
and the non-vanishing ones are
[mi(Z), He] = —Ci(), (4.12)

where C;(Z) is defined in (3.22), and

5 1 48

ON(Z)  N(Z) 0By (7)
L gy nn (— 5 gy S o o

N(@) / Ty (6A(f)5N(?7)A(y) * 6A(:E’)5hij(y*)23w(y)> . (413)

[7(Z), He] ~ B;;(Z)

and

e 68 1A@) 6S
7@, Hol = 51 + 3N (@) 58, () (4.14)

B ] . NTP S - R
AN / d*y N(7) ( 5B (@) 5N(g)A(y) 5B (ohn () ZBkl(y)> :

Now let us analyse the consistency conditions for the primary constraints (4.1). It is
convenient to think of (4.1) in the matrix form and make the following split:

i Ai
@1%(;;) and )\I—>()\a>, (4.15)




with

D v
a pY Uij
sl I and Ao — \ (4.16)
7l Aij

Accordingly, the Poisson brackets among the primary constraints can be written in the matrix
form as

where we have used (4.2) and define
PR (7,5) = |9 (@), 9" )] (4.18)

for later convenience. In (4.17) and what follows, notation such as 0;; denotes matrix with
null entries. Similarly, for the Poisson brackets of the primary constraints with Hg we write

. [ (Z) , Hc] —Ci (2)
[(,01 (aj),HC] — ( o = o , (4.19)
[ (&) , Hc] [p* (&) , Hc]
where we used (4.12) with C; defined in (3.22).
With the above split, (4.1) now takes the form

3 O Oiﬁ Ak (:‘7) —C; (f) ~
/d y (()ak pab (&, g’)) ()\/3 (gj’)) * ( (™ (%), Hc| ) ~ 0 (4.20)

The first line in (4.20) is simply
C; ~ 0, (4.21)

which are the 3 secondary constraints induced by requiring the persistence in time of the
primary constraints m; &~ 0. The existence of primary constraints m; ~ 0 together with
the associated secondary constraints C; ~ 0 reflects the fact that our theory has spatial
covariance.

The second line in (4.20) reduces to

/ By PP (7, ) A (7) + [¢° (7) , He] ~ 0. (4.22)

For a general Lagrangian (2.5), the matrix P®?(%, i), which consists of Poisson brackets as
defined in (4.18), does not degenerate in the sense that

[ &P @pvaw ~o. (123)
possesses no non-trivial solution for Vs(¢). In this case, since P*(Z,7) is invertible, we
can completely determine the Lagrange multipliers A\g in terms of the phase space variables

from (4.22). As a result, there is no further secondary constraint to impose, and C; ~ 0 are
the only secondary constraints in our theory. Let us count the number of physical degrees of

~10 -



freedom in this case. To this end, first we note that the secondary constraints C; ~ 0 with C;
defined in (3.22) have vanishing Poisson brackets with all the primary constraints as well as
themselves (see (3.27) and discussion there). According to the terminology of Dirac [56], we
have in total #15 = 6 first-class constraints m; ~ 0 and C; ~ 0, and #9,q = 14 second-class
constraints p ~ 0, p¥¥ ~ 0, @ ~ 0 and @7 ~ 0. As a result, giving that we have #a = 17
canonical variables, the number of physical degrees of freedom is calculated to be

#dof = (2 X #var -2 #1st - #QHd)

(2x17—2x6—14)

[ NCR I O e

(4.24)

This result implies that besides the two tensor modes that corresponds to the two polariza-
tions of gravitational waves, there are two scalar-type modes getting excited in the theory.
One of these two scalar-type modes is the unwanted mode.

4.1 Degeneracy condition

According to the above analysis, in order to get rid of the unwanted mode, we have to impose
the degeneracy condition for P*? defined in (4.18), which is the necessary condition to prevent
the possible unwanted degree of freedom. That is, we require that (4.23) possesses non-trivial
solutions Vg(¢) # 0. This degeneracy condition will put constraint on the structure of the
Lagrangian £ in (2.5).

We make further split of p® and A, in (4.16) by writing

a p* Va
@ —><7~ra>, Aa—><Aa). (4.25)
with the short-hands

a p ~a ﬁ- v )\
P—>(i.>, 7r—><~i.>, ua—>( >, )\a—>< > (4.26)
pY (O Vij Aij

Accordingly, P*? (Z,¥) defined in (4.18) is decomposed as

P8 (7, 7) — ( P @, @) @, 7 @) ) ( A q)) (27)
7 (2),p" ()] [77 (%) ,7? (@] Wb (z,g) D™ (Z,9)
where we used the fact that (see (C.17) and (C.18) and the relevant proof there)
" @8 @)] =0, (4:28)
and defined
W@, g) = |7 @) 0" @], D@ = 7@, 7 @) (4:29)
for short. Note both D (%, ) and P*? (&, ) are anti-symmetric in the sense that
D (@) = =DM (5.7), P (@ y) = -P*(5.9), (4.30)

- 11 -



which can be verified explicitly. Generally W2 (&, %) is not symmetric, although it is always
possible to make it symmetric by simple rescale of variables.

In the case of an ordinary matrix P = (‘2, —‘l")’T ), the degeneracy condition for P*? is

equivalent to the degeneracy condition for W4 since det P = (det W)z. This is also true in
our case, which can be seen briefly as following. The degeneracy condition for P implies
that it possesses at least one null-eigenvector V, # 0 satisfying

[ &P @pvs@ o (4.31)
By splitting
Vo [ Xe (4.32)
(6% Ya 9 *
Eq. (4.22) yields two equations
- [Ev@wt @ o (4.33)
[ & [we @9 %@+ 0" @ov @) - o (434)

where X, and Y, should not be vanishing simultaneously, otherwise V, = 0. According
to (4.33), there are two cases. One case is Y, = 0. In the case, the second line implies
X, = U, # 0 must be a null-eigenvector of W (&, i) satisfying

/ By W (7, 5) Uy (7) = 0, (4.35)

which implies that W4 is degenerate. The other case is Y, # 0. Then Y, = V, # 0 itself

must be a null-eigenvector of (WT)ab (Z,7) = Wb (7, ), satisfying

[ @ @ =o (4.36)

which also implies that W, is degenerate.

To summarize, the degeneracy of W is a necessary condition for the degeneracy of
P8 As long as W is degenerate, and for each null-eigenvector of Wy, precisely (4.35) or
equivalently (4.36), P8 acquires a null-eigenvector corresponding to

(1) — ( Va
v = <0a>, (4.37)

where U, is the eigenvectors of W satisfying (4.35). It is possible that P*# acquires a

second null-eigenvector in the form
(2)
VP = (X“} ) , (4.38)
a

with V, the null-eigenvector of W satisfying (4.36). However, since W4 is degenerate, in
this case it is not guaranteed that (4.34), which now reads

[ e @ X @+ 0 @0 v @] =0 (439)
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always acquires a solution for XéQ). As we shall see later, we have to impose another consis-

tency condition for D(Z, ) in order to ensure the existence of solution for X from (4.39).
Let us now focus on the degeneracy condition for . We make two assumptions:

e The nullity of W (&, %) is 1.
That is, W (%, ) has and only has one null-eigenvector, satisfying (4.35) or equiva-
lently (4.36). We emphasize that for each (right) null-eigenvector U, (%) of W (&, )
satisfying (4.35), there is a corresponding (left) null-eigenvector V(&) of W (Z, )
satisfying (4.36). In other words, U,(Z) and V(Z) are not independent.

e The degeneracy comes from the {7, p}-sector.
Precisely, we assume that (using (4.7))
529
0Bi; (%) 6B (9)

#1(7) M ()] (4.40)
is not degenerate, in the sense that it has no non-trivial null-eigenvector. Recall that
Bi; is the auxiliary field replacing Kj;; in the original action (2.2), and thus (4.40)
implies that the kinetic term for hw is not degenerate, which is a natural assumption
and guarantees the theory includes General Relativity as its limit. The degeneracy thus
comes from the manner that N enters the original Lagrangian (2.2).

—

In the following we derive the explicit expression of the degeneracy condition for Wy, (Z, 7).
According to (4.35), it implies two equalities

[EE@ e @U@+ [ €7@ 0" @) Uu @ = o (4.41)
[ @ @U@+ [ @[5 @1 @) Ou @) = o (4.42)

. 2 . . . - S .
Since m is not degenerate, it possesses an “inverse” G;; 1 (Z, ) which is symmetric
in the sense

giﬁkl(fv 37) = gkl,ij(ga f)v (443)
satisfying
2
[ 00y (1) s = 10 (2 1), (4.44)
7 0Bij (T) 6 Bri (¥)

where lz is the identity in the linear space of 3 x 3 symmetric matrices satisfying 12}“]' = hy.
Equivalently, in terms of [fr” (Z), pkt (gj’)], we have

= [ @ Gy )28 @) [77 (2). 4 ()] = 14,0° (- ). (4.45)
Thus we are able to solve Uy in terms of U from (4.42) to be
Uy (@) = [ @yt @DV @), (4.46)

with
Ui (Z,7) = / aa’ Gy (7,7) 2N (7) |7 () 0 ()] (4.47)
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Plugging (4.46) into (4.41), we get

1 oo i
W @ /d?’yD(x,y) U(y) =0, (4.48)
with
D(&5) = —N (@) {[fr @, p @)+ [ [7 @), 07 ()] thy (2, g)}, (4.49)

the reason that will become clear soon.
= 0, we must require that

where we deliberately keep the factor —N(Z) f
Since (4.48) should be valid for an arbitrary U (¥

\/2

D(Z,7) = 0. (4.50)

Using the explicit expressions for the Poisson brackets, we get

528
dgﬁ//d3 ! i 7 _ 4.51
SATPA) / 5Bw<*f>g““ @7 sBaioag Y

Eq. (4.50) together with (4.51) is the degeneracy condition for W2, which imposes con-
straints on the functional dependence of £ in (2.5) on A and Bjj. In the original La-
grangian (2.2), (4.50) corresponds to the degeneracy condition for the kinetic terms N and
hij.

For later convenience, note one may alternatively use (4.36), which also yields two
equalities

D(z,9) =

[Evb@r@v@+ [ ¢ p@ @ @vum =0 @)
/ dy [p7 (), 7 @]V @) + / dy [p7 (@), 7 ()] Via () = 0. (4.53)

<

Using the inverse (4.45), we can solve Vj; in terms of V' from (4.53), which gives
V@ = [ @y @y @, (4.54)
with
Vi; (Z,9) = —2N (2) /dgy, Gijt (Z,7) [Pkl (7). 7 (?7)} : (4.55)

Then plugging the solution into (4.52) and using the explicit expressions for the Poisson
brackets, one gets exactly the same degeneracy condition (4.50) with (4.51).

4.2 Consistency condition for the existence of the additional secondary con-
straint

Now let us go back to (4.22) and discuss under which condition there is an additional sec-
ondary constraint. As we have discussed after (4.34), as long as W is degenerate and of
nullity 1, P*# is degenerate and has one null-eigenvector

(@ - 1)
Vél)(f> = <U6(l](ax)> = Uijo(x) _ /d3y uij(gay) U(gj’), (4 56)
0;5 0;;
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where we have used the solution for U;;(Z) given in (4.46) and U;;(Z,y) given in (4.47).
In (4.56), U (Z) # 0 is undetermined and can be chosen arbitrarily. Let us examine whether
this null-eigenvector corresponds to a secondary constraint. To this end, multiplying the
left-hand-side of (4.22) with [ d®z V" (%) yields

L.HS. = / Bz v () { / By PP (2, 9) \s (7) + [ () ,Hc]}

_ / da (U, () 04) ( 7o <§>a, H) >
o (4.57)

which leads to an identity. In deriving the above, we have used (4.11), i.e., [p* (Z), Hc] = 0°.

Thus, if Vél) is the only null-eigenvector of P, the consistency relations (4.22) for the
primary constraints either are automatically satisfied or simply fix the corresponding La-
grange multipliers. In particular, this means there is no further secondary constraint.
The number of physical degrees of freedom is calculated as that in (4.24), but now is
%(2 x 17— 2 x 7 —13) = 3.5. This implies the phase space in each spacetime point is of
odd dimension, which is not consistent [57, 58]. Thus the degeneracy condition we derived
above is merely a necessary condition for the healthiness of the theory.
Fortunately, it is possible that P*? acquires a second null-eigenvector in the form

2)
o = [ Xa’ 4.58
§ ( o (459

with V, = (V, Vi;)T, where V;;(Z) is given in terms of V(%) as (4.54) with V () # 0 undeter-

mined. The crucial point is, in order to have this null-eigenvector Vé2) to exist, we have to

impose certain conditions for D% (Z, ) defined in (4.29). As we have discussed after (4.39),

this condition is simply the consistency condition for (4.39). That is, (4.39) indeed acquires
(2)

a solution for X; . In the following, we derive this condition by solving V&Q) explicitly.

Under the splitting
x(2)
X2 - < ) : (4.59)

0= [y {F@p@ X2 @)+ [7@).0" @) X7 @
+F @), F @IV @) + |7@ D] Ve @) ] (4.60)
= [ { 7 @.p@) XO @)+ [7 @ o @] X @
+[# @ F@V @+ [P @@ @ ) @)

Multiplying (4.61) by — [ d32 Gypn.ij (2, %) 2N (Z) and using (4.45) and (4.54) yield the solu-
tion for X,g) in terms of X® and V:

X2 @) = [ @ty @) XO @)+ [Py, @DV @), (162
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where U;;(Z, y) is defined in (4.47), and &j; (Z, ) is defined to be
Xij (f, 37) = /d3l‘/ gij7kl (f, f/) 2N (f/)
X{FM@ﬁﬁum}+/&@'ﬁquﬁwqyﬂumgﬁw},(4%)

with V;;(Z, ) given in (4.55). With the above solution for Xi(jZ), we have

X2 () 6@ ~ 7) 0
(2) (= Ui; (Z, ) X, (Z,7)
V(2) 7) = Xij (I) :/dS i\, Y X(Q) — AN 7y_’ V(i) |, 4.64
o (7) (@) y 0 @+ | gz | VO] (464
Vij () 0;; Vi (7, 9)

which depends on two arbitrary functions X ?)(Z) and V(Z). At this point, we can make a
simplification by observing that the X2 contribution to V& in (4.64) is exactly of the same
form as V" (see the last equality of (4.56)) and thus is not independent. Thus we are free
to set X() = 0, and from now on we choose X(? = 0 in the solutions (4.62) and (4.64).
Then there comes the crucial point. We have to make sure that the above solution for

Xi(;) is consistent with (4.60). Plugging (4.62) into (4.60) yields®

/ By F(7,5)V (§) = 0, (4.65)

where we define

+/&ﬂ/&ywﬂﬂjwﬁ%ﬂyﬁﬁjﬂWN%@, (4.66)

with V;; given in (4.55). Note from (4.66) it is clear that F (&,¢) is antisymmetric in the
sense that

F(y,%) =—-F (Z,y), (4.67)

which can be checked easily. Since (4.65) must be valid for an arbitrary V (Z) # 0, we must
require that

F(Z,9) =0, (4.68)

which is the consistency condition in order to ensure the existence of an additional sec-
ondary constraint.
From now on, we assume (4.68) is satisfied, and thus P®? possesses two linearly inde-

pendent null-eigenvectors v in (4.56) and V& in (4.64) with X2 = 0.

5Tn fact if one keeps X ®) # 0 in the solution (4.62), one will find exactly (4.65) as well, since the contribution
of X® is proportional to the degeneracy condition for W in (4.50) and thus is identically vanishing.
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5 The physical degrees of freedom

5.1 The additional secondary constraint

Before proceeding with revealing the additional secondary constraint, let us consider two
linear combinations of the primary constraints through null-eigenvectors Vél) and Vc(f). The
idea is that, as in linear algebra for ordinary matrix, the matrix of Poisson brackets among the
primary constraints (4.17) can be reduced by introducing new combinations of the primary

constraints through the null-eigenvectors.

For the first null-eigenvector Vél), using (4.56),

[Eaen @) = [ @ U @p@ + U, @5 ()
_ /d%p(f)U(f), (5.1)
where we have used (4.46) and define
p(@=p @+ [ Eyp )y (7.5). (52)
with U;; given in (4.47). Keep in mind that in (5.1), U (Z) # 0 is some undetermined spatial

scalar field and can be chosen arbitrarily, which has nothing to do with phase space variables
and thus behaves as a smoothing function.

Similarly, for the second null-eigenvector Vg), using (4.64) (with X2 = 0),
[V @ @) = [ @2 [x @ @)+ V@7 @) + V(@) 7 @)
_ / B (2) V(7). (5.3)

where we have used (4.62) and (4.54), and define

7@ =7 @)+ [ Sy @)X 0.5+ [ R @Yy @.9), (5.4)
with &j; and V;; given in (4.63) and (4.55), respectively.
Since p is the linear combination of p and p¥, 7 is the linear combination of 7, p* and
79 we may use
{Wiaﬁvp”aﬁ-7ﬁw}a (55)
as our new complete set of primary constraints.

We are now ready to reveal the additional secondary constraint hidden in (4.22). As

we have discussed in section 4.2, the null-eigenvector VC(,}) has no corresponding secondary

constraint. On the other hand, multiplying the left-hand-side of (4.22) by [d3z e (%) yields

vis. = [ @ @ { [@ur @2 @ + 1o )0l

= [ @202 @ e ). o), (5.6)
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which does not vanish identically, and thus corresponds to a secondary constraint. In fact,
the above can be further simplified to be

LHS. ~ [/d3xvg2> (Z) * (f),Hc] = [/d%w(f)V(:E),Hc] > /d%C(f)V(f),

where 7(Z) is defined in (5.3) and we define >0
C(#) = [7 (%), Hol. (5.5)
Using (5.4), we get
C(@) = (7 (@) Hol + [ dy[F7 (7). He] Vi (7,7). (59
Since (5.7) must be vanishing for arbitrary V (Z) # 0, we must require that
C (%) =0, (5.10)

which is the additional secondary constraint arising from the persistence in time of 7(¥) ~ 0.

At this point, note from (3.27) the consistency condition for the secondary constraint
C; =~ 0 is automatically satisfied. While generally [C (Z), P (g)} # 0, which implies the
consistency condition for C simply fixes Lagrange multipliers A, and yields no further sec-
ondary constraint.

5.2 Classification of constraints and the physical degrees of freedom

To summarize, supposing that our theory is built such that both the degeneracy and con-
sistency conditions (4.50) and (4.68) are satisfied, we thus have 17 primary constraints
{mi,p,p¥, 7,77} and 4 secondary constraints {C;,C}. The number of physical degrees of
freedom is subject to the classification of all the constraints, which we will discuss below.

It immediately follows that the primary constraints m; ~ 0 and the secondary constraints
Ci = 0 have vanishing Poisson brackets with all the constraints (see (3.27)) and thus are first-
class, according to Dirac’s terminology. Mathematically, this is because the shift-vector N*
enters the Hamiltonian linearly in terms of the Lie derivatives £ 3. Physically, this is due to
the fact that our theory has spatial covariance.

The crucial point is, as long as the degeneracy condition (4.50) and the consistency
condition (4.68) are satisfied, there is one additional first-class constraint, which is encoded
in the linear combination of the rest constraints. Now let us reveal this additional first-class
constraint by considering the Poisson brackets of the new primary constraint p(Z) defined
in (5.2). It is more convenient to consider the functional in (5.1), which is equivalent to

Bl = /d%p(:f) U (F) = /d%pa (#) Ua (7)., (5.11)
where U, is the null-eigenvector of W defined as in (4.35). We emphasize that U (Z) # 0
is a spatial scalar field undetermined and can be chosen arbitrarily. In particular, U (&) has

nothing to do with phase space variables and thus behaves as a smoothing function.
It is easy to show that

b @)U~ [y o @) @] U @) =0 (512)
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and

7@ .00 ~ [ @7 [7 @ @] 0@ =0, (513)
where in (5.12) we used [p®(Z),p(#)] = 0, and in (5.13) we used the fact that Ub(f) is the
null-eigenvector of W (Z, ) = [7%(Z), p"(#)]. It thus follows from (5.12) and (5.13) th

" (@), p(D)] =0,  [7*(@),p(H)] = 0. (5.14)

According to (5.14) and the definition (5.2), p(Z) also has vanishing Poisson brackets with
itself and with 7(Z) defined in (5.4):

p@),p@=0,  [7(@),pH]=0,. (5.15)

The last Poisson bracket we need to check is [C (Z),p (¥)]. After some non-trivial manipula-
tions (see appendix D for details), we find

[C(Z),p(y)] = 0. (5.16)

To summarize, p(Z) defined in (5.2) has vanishing Poisson brackets with all the constraints
and thus is first class.

Generally
c@. @] #0.  [e@). @] #o. (5.17)
Nevertheless, we can always introduce a further combination
C(7) = C(Z) + / B2 {Si; (£, 2) pY(2) + Ti; (£, 2) 77 (2) } (5.18)
such that B B
c@). @] =0, [e@), @] ~o. (5.19)
In fact, from (5.18) we have
@] ~ [c@ @]+ [T @ e G
and

+ / &2 Ty (7, 2) [frii (2), frkl(gj')] : (5.21)

which always acquire solutions for S;; and T;;.
Finally, the Poisson brackets among all the constraints are summarized in the following
table:

[ | m(y)  p(Y) P (7)) 7(9) 7 (i) Cr(y) C(¥)
7i(Z) 0 0 0 0 0 0 0
p(Z) 0 0 0 0 0 0 0
pY(Z) 0 0 0 0 [ (), 7 (3)] 0 0

(%) 0 0 0 0 0 0 [7(z), C()]
TI(E) | 0 0 [79(Z),p" (7)) 0 (7 (5), 7 (7] 0 0
Ci(Z) 0 0 0 0 0 0 0
C(Z) 0 0 0 [C(Z),7(9)] 0 0 [C@),C®)
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Generally, B B B
[C@), 7] #0,  [C(@),C(m)] # 0. (5.22)

To summarize, in our theory there are 21 constraints which can be divided into two

classes:
7 first-class:  m;, C;, P,

. o (5.23)
14 second-class: p“, 7, 7, C.
The number of physical degrees of freedom is calculated to be
1
#dof = 5 (2 X #var —2x #lst - #2nd)
1
= 5(2>< 17-2x7-14)
= 3. (5.24)

We thus have shown that as long as the degeneracy condition (4.50) and consistency condi-
tion (4.68) are satisfied, our theory has at most 3 physical degrees of freedom.

6 Illustrating example: the quadratic case

According to the previous analysis, the degeneracy condition (4.50) by itself is merely a
necessary condition to evade the unwanted scalar mode in general. To fully remove the
unwanted mode, the consistency condition (4.68) must be imposed in order to guarantee the
existence of the associated secondary constraint. To see how this could happen and as an
application of the formalism we developed, let us consider the following Lagrangian:

£lwed) — o) K+ agF + b Ky K9 + byK? 4+ et KF + coF2 + V), (6.1)
where Kj;; is the extrinsic curvature and F is given in (2.3), V is given by®
V =d; +doR+ d3V;NV'N. (6.2)

In the above all the coefficients a; etc. are generally functions of t and N and its first-order
spatial derivatives, i.e.,

1 ,
a=a(tN.X), with X= 0NN, (6.3)

etc. As we shall see, the dependence of the coefficient on 9; N is crucial.

Generally, the theory described by £(@uad) ip (6.1) propagates 4 physical degrees of free-
dom. However, as we shall show below, it is possible to remove the unwanted mode by tuning
the coefficients such that the degeneracy condition (4.50) and consistency condition (4.68)
are satisfied. According to (2.5) and (2.8), we write

S = /dtd% NvVh(a1B + asA + b1 By; B + byB* + c1 BA + c2 A + V), (6.4)
and 55 55
S = 3¢ | = (F — A) + — (K;j — Byj .
S S+/dtdx[M( )+5Bij( ii — Bij)| (6.5)

SActually V can be chosen quite arbitrarily without changing the following analysis.
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with

0S5
54 Nf(GQ + 1B+ 2c2A), (6.6)
5(;5 = NV (arh¥ + 20, BY + 25, B bV + ¢y AT . (6.7)
ij
In our case,
528 3
0”5 = 0% (Z — §) NVhe hY (6.9)
T = = - 1 5 .
0Bij (T) 0 A (¥)
525 3 ik 1 gl il gk g 1, kl
= 7 — 1) N *ht “ht 2bohY . 1
T \/E[bl (h it + Bl )+ bohiih ] (6.10)

The “inverse” defined as in (4.44) can be got easily

1
N+Vh2b

by

oo L 1
gz‘j,kl (7,9) = §° (7 —7) [2 (hikhjl + hilhjk) - M—?;bghijhkl] ) (6.11)

for by # 0 and by + 3by # 0.
The degeneracy condition (4.50) thus reads

3
D(&,9) =8 @T - ) NVh2[ca— > —1— ] =0 6.12
@) =0 @ - D NVR2 (o= G5 ) =0, (6.12)
which implies we have to require
3

=-——. 6.13
2 4 b1 + 3by ( )

For later convenience, from now on we denote
b1 + 3by = 38, c1 = 287, (614)

with g # 0.
The consistency condition (4.68) is much more involved. After some manipulations, we
find that we must require

F(Z,7) = 0,:6°(F — §)0' N (2) VI(D)E(Z) — 0,:6°(F — §)O'N(§)VR(G)EH) =0,  (6.15)

where we define 5 5 5
a2 a1 Y
Sza—X a—X—i—Q(B—i—A*y)ﬁa—X, (6.16)
for short.
Here comes the crucial point. In the special case where all the coefficients have no func-
tional dependence on 9; N, we have g)f( =0 with f = a1, a9, --. In this case £ = 0 and thus
the consistency condition (6.15) is automatically satisfied. This means the Lagrangian (6.1)

satisfying the degeneracy condition (6.13), which now reads

o1
clvad) — o) K 4 agF + by (Kin” - 3K2> +B(K+~F)*+V, (6.17)
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with V given in (6.2) and all the coefficients are functions of only ¢ and N, describes a class
of healthy theories that propagate 3 physical degrees of freedom. At this point, we note that
the model in [47] got by a disformal transformation is a special case of (6.17).

On the other hand, generally coefficients a; etc. can depend on 9; N, and thus £ # 0
in general. In this case, although the kinetic terms are degenerate, the theory still possesses
more than 3 degrees of freedom. Thus our example explicitly shows that the degeneracy
condition is merely a necessary condition to evade the unwanted mode in general, due to the
lack of an associated secondary constraint. In order to fully remove the unwanted mode, the
consistency condition (4.68) which now is equivalent to £ = 0 with £ given in (6.16) must be
imposed. This yields 2 differential equations for the coefficients:

Oas Oay —0 ﬁ o

ax Tox ~%  ax " (619
which imply that v has no dependence on X, i.e.,
vy=~(tN), (6.19)
and a; and as must be related through
az—y(t,N)ay =a(t,N), (6.20)

with « some general function of t and N. Finally, the Lagrangian satisfying both the degen-
eracy and consistency conditions reads

cvad) — g (K +~4F) + aF + b <Kinij - ;K2> +B (K +7F)*+ V. (6.21)

We thus get a class of theories of which the kinetic terms (strictly speaking, terms involving
temporal derivatives) are controlled by 5 coefficients ai, b1, «, 3,7 (with by, 5 # 0), where
a1, b1, B can be generally functions of ¢, N, 9; N, while «, v must be functions of ¢ and N only.
As for coefficients in the potential terms V), there is no restriction. It is clear that (6.21)
includes (6.17) as a special case.

7 Conclusion

In this work, we investigated the extension to the framework proposed in [35] by including
the velocity of the lapse function N as one of the basic ingredients. From the geometric
point of view, N (in terms of £, N) should be treated in the same footing as h;; (in terms of
£Lnhi; = 2K;5). Thus our general Lagrangian given in (2.2) is not only a natural extension
to that in [35], but also provides a more complete framework for spatially covariant gravity
theories.

Contrary to the framework in [35] which is always “safe”, generally the Lagrangian (2.2)
will have 4 physical degrees of freedom, one of which is the unwanted scalar mode. Neverthe-
less, through a detailed Hamiltonian analysis, we find two conditions to prevent this unwanted
degree of freedom. One is the degeneracy condition (4.50) which is essentially the require-
ment of the degeneracy of the kinetic terms in the original Lagrangian (2.2). The other
is the consistency condition (4.68), which ensures the existence of an additional secondary
constraint C given in (5.8). These two conditions will restrict the structure of our general
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Lagrangian (2.2). As long as these two conditions are satisfied, there are at most 3 physical
degrees of freedom are propagating.

According to our analysis, the degeneracy condition is merely a necessary condition in
general, and thus by itself is not sufficient to remove the unwanted mode. This is because in
general the primary constraint due to the degeneracy condition does not necessarily induce
a secondary constraint. For the theories considered in this work, this generally happens
when there are mixings between the temporal and spatial derivatives in the Lagrangian.
These include terms such as f(¢, N,0;N,---)K etc., which are consider in the example in
section 6, as well as terms such as V;KV'K, V;FV'F etc. In general, multiple conditions
are required to reduce a whole degree of freedom [9, 14, 18, 34, 56, 59-62]. Here in this
paper our framework provides another example in which a single degeneracy condition is
not sufficient.

Comments are in order. Firstly, it has been shown that some of the theories in [8] can be
reduced to Horndeski theory via disformal transformation [16], while the theories within the
framework developed in [35] do contain subsets that cannot be transformed from Horndeski
theory under the usual disformal transformation [39]. It is thus useful to perform a systematic
investigation of the property of our theory under general field transformations in order to
identify the genuinely new and independent theories. Secondly, as a first attempt, in this work
we only consider the velocities of h;; and IV, i.e., their first-order time derivatives. It would
be interesting to consider higher-order time derivatives following the approach discussed
in [60, 61]. As a final remark, we emphasize that the theories constructed in our paper
respect only spatial symmetries, which are related to covariant theories in the unitary gauge.
If one focuses on the degeneracy of the theories, one may conclude that the unitary gauge is
misleading since non-degenerate theories appear to be degenerate in the unitary gauge [8-10],
although the gauge fixing itself is legitimate [62]. Indeed, the generally covariant version of the
spatially covariant gravity contains higher-order time derivatives both in the Lagrangian and
in the equations of motion, which indicates the existence of unwanted degree(s) of freedom.
On the other hand, it was argued recently in [63] (see [64] for an early work on this point)
that this apparently dangerous mode can be made non-dynamical by choosing appropriate
boundary conditions. We will go back to these issues in the future.
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A Lie derivatives of tensor densities

For a general spatial tensor density Y of weight unity (i.e., Y'/v/h behaves as a spatial tensor
field), its Lie derivative with respect to an arbitrary spatial vector field £ is defined by

where 5§~Y denotes the infinitesimal change under the spatial diffeomorphism generated by
5. Since Y /v/h behaves as a spatial tensor field, we have

()~ (%)
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The left-hand-side can be expanded straightforwardly as

Y 1
07 — o= Y+Y6
5(%) Vh ¢ <¢E>
1 0-Y — Y5 Inh

- T ¢ f2
11

then using 5ghz‘j = ££~hij, we get

Y
LY =6;Y = \/E,Eg <\/E>

It is convenient to derive the corresponding expression for the components. Supposing Y/ Vh
is a (m, n)-type spatial tensor field, simple manipulations yield

1 g
+ Y W Lehy. (A.4)

i1t _ ky i1 im
Loy 8k(§Y1 " ]n)

1dn
oo, "
- ZY” Z Judn R + ZY” ! gikeejn 058" (A.5)

In terms of spatial covariant derivatives, we have

Yil“'imA .
% zm k J1Jn
vy = i (7 )

=D YT W“ZY” g Vil (M)

In our case, (A.5) or equivalently (A.6) immediately yields

£57r =0; ({’ ), (A7)
which is a total derivative, and
g ij o
£ = VRV < ’f”) — 2Vl pk, A8

B Proof of (3.24)

In this appendix, we prove (3.24) with a more general setting.

Supposing at each local point in space, the phase space is spanned by variables {gi) 7l }
(not necessarily the variables {®;,TI'} in the main text), with ¢’s the canonical variables
and 7’s the conjugate momenta. We assume that ¢’s are spatial tensor fields and thus n’s
are spatial tensor densities. Here the index I formally denotes different kinds of variables as
well as their tensorial indices.

We define a general functional X [é] by

- / & 3wl Leor, (B.1)
I
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where the summation runs over all the variables, 5 is an arbitrary spatial vector field that
may or may not depend on the phase space variables. For any functional on the phase space
F = Flér,7!; q4] that is invariant under the time-independent spatial diffeomorphism, where
{q.} stands for variables independent of {¢r, 7'}, we will show that the Poisson bracket of
X €] with F reads

oF
[/d?’f]; EI Wlfggb[,]:] :/d3x EI Wlf[gf]¢[+/d3x g Efgqa, (B.2)
or compactly
= - OF
— 3 R
[XHJﬂ—Xﬁ&ﬂ]+/dx%¢%£ﬂm (.3)

up to a boundary term. Please note since the Lie derivative of a scalar density is a total
derivative (see (A.7))

Z .fg (7TI¢]) = Z’R’Ia{:g(ﬁ] + Z¢1£57TI = 61 (fz Z’R’I¢1) y (B.4)
I I I I
X €] defined in (B.1) can be written equivalently as
X[€] ~ —/d?’xzm,ﬁ‘gw[. (B.5)
I

Before proving (B.2), note for an arbitrary spatial tensor field T', the following identity
holds:
[£5T,f] = £1e T+ £, 7], (B.6)

where again { is an arbitrary spatial vector, F is an arbitrary scalar functional. This sim-
ply follows from the fact that both Poisson bracket with a scalar functional [-,F] and Lie
derivative £ g are linear derivative operators obeying the Leibniz rule, and both preserve the
types of tensor fields they act on. In fact, (B.6) can be verified explicitly by plugging the
expression for the components of £ ET' Supposing T is a (m,n)-type spatial tensor fields,
we have

[.f T ,f}

= o Zwﬂmz”mw+zwﬂﬁmw%&:

- [gk, ]a T —gle“""“'“imﬁ  [€7, F) —I—;T“ e Oie [5’“ ]
%%[“%wﬂ—iﬁwwﬁﬁ,hﬂ+2ﬁ“m ...... oo F| 036"

= L T, 4 L [T ] (B7)

which proves (B.6). For later convenience, we also note

0 F = /d3[ < .£¢1+ >+Z
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which follows from the fact that F is a scalar functional that is invariant under time-
independent spatial diffeomorphism. In (B.8) the Lie derivatives of tensor densities £ 5-‘71'1
are defined as in section A.

Now we turn to the proof of (B.2). Using (B.6), the left-hand-side can be evaluated as

[/d3x2w1££~¢1,}'
- /d%z Fl £z qﬁﬁ/d%%}f [£z01, 7]
>£ b1 + /deZﬂlfg[QsI,}—]+/d3lez7rl£[éﬂ¢1

55 P [ ey w L qor (BY)
1

L.H.S.

Il
—
Q&
M
T

Since >, ! % is a scalar density, its Lie derivative obeys that in (A.7), i.e

6F : §F
/d3x£5 (ZHW> = /d%@i (glznf(W) ~ 0, (B.10)
I I

/d3x27r1£~

where the Lie derivative of tensor densities
into (B.9), we get

L.H.S. ~ /d3 257)[.,5 ¢I—/d3x2£w +/d3lejw1£[éﬂ¢l
— /d3 Z<£ <Z>]—|—5]:£ W)—l—/dngﬂIf[gf]qﬁ[
I
= /d%ZwI,ﬁ’ ¢1+/d3xz((§:—£§qa, (B.12)

which is just (B.2). In the last step, we used (B.8), i.e. 65]-' = 0, which follows from the fact
that F is a scalar functional that is invariant under time-independent spatial diffeomorphism.

which implies

/d3 Z—f ! (B.11)

I are deﬁned as in section A. Plugging the above

C Poisson brackets for the primary constraints

In this appendix, we present some details in calculating the Poisson brackets for the primary
constraints.

We first derive some general results for later convenience. For a general phase space
function or functional F', we have

o oF
[ﬂ'i(x%F} :_5Ni(f)’ (Cl)
o oF
p7 (%), F] = —5 B (7) (C.3)
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Recalling that 7 is defined in (3.6) and using the fact that S in (2.5) generally depends
on N, h;j, A, B;; but not on IV;, we get

7 (3), F] = —5]32) +/d3z[57~r (7) oF  om(¥) OF

O (C4)

Various functional derivatives of 7 are calculated to be

o (@) 5, o 1 58 1 528
SN (7) 0 (7~ 7) N2(Z)0A(Z) N (7)0A(Z)0N (3) (C.5)
6w (Z) 1 529
Shiy () N (@) 3A(@) 0y () ()
o7 (B) 1 528
SA() - N@IA@AD (C.7)
o7 (Z) 1 528
5B, () N(@)0AE)0By (3 (©8)
Plugging the above into (C.4), we find
o 6F 1 0SS 6F
TEE= N e TG 5@ @
[ oF &S SF
N (2)6m (2)  0A(Z)6hsj (2) om' (2)
N 529 OF N 528 OF ] (C.9)
SA(Z)0A(Z)dp(2)  J0A(Z)dBi; (%) op¥ ()] ‘
Similarly, for 7% defined in (3.6), we have
—ij (7 ___OF 5 [679(Z) 6 W‘J (¥) OF
@ = gt [ NG @ e E
57 (F) SF 67 (F) oF
G nE S ERE) (CO
where the functional derivatives are found to be
oFU(F) 1.4, L 1 59 11 528
NG — 2 T N @58, () 2N (7 6By, (7)oN (5 (C-11)
6TI(T) 1 528
St () 2N (7) 6By, (@) 0l ()] (C.12)
o7 (7)1 528
SA(7) 2N (7) 0By, (2)0A(3) (C.13)
(@) 1 529
5Bu () 2N (7) 0By (2)0Bn (3) (C.14)
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Plugging the above into (C.10), we get

6F 1 1 §5 GF
“ohy (7) | 2N2(7) 6By (@) on (7)

(79 (%), F] =

(7
11 / e 528 §F 529 §F
TaN@ ) CP|5By; @) 0N () on(5) | 0By (7) 6hm (3) 67F (3)
528 §F 528 §F

V5B (1) 0A(2) 0p (2) | 0By; (%) 0Bu (2) 00 (2)

. (C.15)

Now we evaluate the Poisson brackets among the primary constraints.
From (C.1), since all the primary constraints {¢®} have no functional dependence on
N, we get

ey 097 () _
(i (7). % (D] = — 55 @ =" (C.16)
From (C.2), we get
(@) () = - 555 =0, 1)
(@07 )] =~ =0 (©18)
and
w1 528
[p(:r)m(y)]——M(f)—N(g)M( oA (C.19)
o i __57%”(;7)_ 1 528
@O = 54 = W @ sA@ B ) (20
where we used (C.7) and (C.13).
From (C.3),
.. kl (=
v @) @] = ~5E- G =0 (©21)
and
L 625
T = 5, @) T NG0B, @A) (€22)
VIS IR 2 i ¢7) R 58
@) = 3By (&)~ 2N (§) 6By, () 0By (5)’ (C.23)
where we used (C.8) and (C.14).
From (C.9),
SR i () 1 68 7@ 1 s, 0% R ()
@70 = —5§5 @ TN @sA@ (@) N@ / ST @ oN 3 om (7)
1 528 1 529
N (@) 0N @A) N (@ A@N @)’ (24
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where we used (C.5), and

[7 (@), 7 ()]

. _57?ij (%) B 1 3 528 S @)
- N@  N@) /d 0 A (Z) Ohyy (2) o7rL(2) (C.25)
_ lpgop L 98 11 2 525

~ 2 YN8, @) 2NN @08y (5) N (@) AR ok ()

where we used (C.11).
From (C.15), we get

y sk 11 528 SR (77)

~ij (7 =kl (=] — _ - 3

[” (@), 77 () y / d “6By; (%) Ohmn (2) 07mm ()

1 525 1 525 (C.26)
2N (9) 6hij (Z) 0B (§) 2N (%) 6Byj (%) 0hp (§)’ '

where we used (C.12).

Finally, let us evaluate the Poisson brackets of the primary constraints with the canonical
Hamiltonian Hc. Firstly, note since p, p¥/, # and 77 have vanishing Poisson bracket with
Nt it immediately follows from (B.3) that

[ ,X[N]| = o, (C.27)
[pij,X[N]: — 0, (C.28)
[ﬁ,X[N]_ =0, (C.29)
[ﬁij,X[N]: = 0. (C.30)

The only non-vanishing one is [m, X [N ]} . Using (B.3) we have, for a smoothing vector field
f(£) (nothing to do with the phase space variables)

[ / &P f () m (:E’),X[N]] - _x Hz\? / &P f () m (f)”
= - X[f]
~ _/d% fic, (C.31)

where in the last step we have used (3.21) by replacing E — f It immediately follows
from (C.31) that

[m (@) ,X[N]} ~—C; (), (C.32)
where C; is defined in (3.22).
It immediately follows from (C.32) that”

[ms, He] = [m,/d% (NC) +X[N]] - [m,X[z\?]} ~ —C;. (C.33)

"Instead of using (B.3) and (C.32), one can get the same result simply by definition

i, He) = ~0Ho 0 </d3w(NC)+X[N]) ~_ 0 /d?’mNici =—Ci.

TSNP §Nt SN
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From (C.2) and (3.15),
[p, Hc] = [p, / d3z NC] 5‘; d*z NC = —N7 =~ 0. (C.34)

From (C.3) and (3.15),

[p?, He] = [pij, / 3z NC] =— 5gij / 32 NC = —2N79 ~ 0. (C.35)

We also have
7 (7), Ho] = [fr (@), / d3ch}, (C.36)
(79 (7), He)] = [friﬂ‘ @), / d3yNC’], (C.37)

then using (C.9) and (C.15), after some manipulations we get (4.13) and (4.14).

D Proof of [C(Z),p(¥)] = O

In this appendix we present the details in proving that [C (Z),p (¥)] is weakly vanishing. To
this end, it is more convenient to consider the Poisson bracket [C[V], p[U]], with
CV] = /d?’xC(f)V(f), U] = /d%p(.«f)U(f), (D.1)

where V(&) and U(Z) are arbitrary smoothing functions. Note p[U] has an equivalent ex-
pression (5.11). A similar expression for C[V] can be found if we keep all the constraints (and
thus keep equalities instead of weak equalities) in deriving (5.7), which yields

/ &2V (7) [p* (@), Ho
= [ @2 2 @ @), e - [ & [P @) He| o @

= [@ln @) HV @)+ [EalV @) Holw @) - [ ¢ U2 @) Ho] o @

= / Bz C(F)V (T) + / Bz [V (£), Ho] 7 (F) — / &z [vﬁ (f),HC} 0o (), (D.2)
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Although (5.11) and (D.4) look more complicated, they are simpler in calculating the Pois-
son brackets.
Using the fact that [7 (Z),p[U]] = 0 and [¢* (Z),p[U]] = 0 (see (5.12)—(5.13)),

~ |7 @), Hol . @) + | [P @) 7 @] He| (D.6)

we get
[l7 @), Hel b )] ~ [W™ (@,9) . Ho] (D.7)
where we used the definition W4 (Z,7) = [ (Z),p" (7)]. Plugging the above into (D.5)

yields

CIV], plU]l

= / d3z Z, (%) [7%(Z), Hc], (D.8)

where we used the fact that V, is the (left) null-eigenvector of W, and U, is the (right)
null-eigenvector of W, In the last step of (D.8) we have defined

Z(@) = [ @7 [V @) @] (@), (D.9)

for short.
Then there comes the crucial point. One can show that

Zo (%) x V, (7). (D.10)
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To see this, we just need to check if
/ d*x Z, (Z) W (7, Z) (D.11)
is vanishing or not. In fact,

/ &z Z, (Z) W (Z, 7)

= [& [ey{[e@we @20 @] - v e @26 0]} o @
- [@ [Eyv@ e @ o @) i
- [ @ @@ (7@ @0 @) 0w, (D.12)

then using the Jacobi identity

0= (7@ .0 A).0" @] + | |p°(2)." @)

—— [ & [y {@we @D . @) - V@0 @ ED ) U @)
=0, (D.14)

where again we used the fact that V, is the (left) null-eigenvector of W4, and Uy, is the (right)
null-eigenvector of W2, The above result implies that Z, (¥) is also a (left) null-eigenvector
of W4 (Z, 7). On the other hand, since we assume the nullity of We is 1, it has and only
has one (left) null-eigenvector. We thus arrive at the conclusion that

Zo(Z) = cV, (7), (D.15)

with ¢ some numerical constant.
Finally, plugging (D.15) into (D.8), we get

C[V], plU]] ~ /d3cha (@) [ (), Ho] = cC[V] ~ 0, (D.16)

which implies
[C(Z),p ()] =~ 0. (D.17)
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